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GLOSSARY

Biodiversity All species of plants, animals, and microbes
in one ecosystem or world.

Biogas A mixture of methane and carbon dioxide pro-
duced by the bacterial decomposition of organic wastes
and used as a fuel.

Biomass Amount of living matter, including plants, ani-
mals, and microbes.

Energy Energy is the capacity to do work and includes
heat, light, chemical, acoustical, mechanical, and elec-
trical.

Erosion The slow breakdown of rock or the movement
and transport of soil from one location to another. Soil
erosion in crop and livestock production is considered
serious worldwide.

Ethanol Also called ethyl alcohol. A colorless volatile
flammable liquid with the chemical formula C,HsOH
that is the intoxicating agent in liquors and is also used
as a solvent.

Methanol Also called methyl alcohol. A light volatile
flammable liquid with the chemical formula CH;OH
that is used especially as a solvent, antifreeze, or

denaturant for ethyl alcohol and in the synthesis of
other chemicals.

Pollution The introduction of foreign, usually man-
made, products or waste into the environment.

Pyrolysis Chemical change brought about by the action
of heat.

Subsidy A grant or gift of money.

THE INTERDEPENDENCY of plants, animals, and mi-
crobes in natural ecosystems has survived well for bil-
lions of years even though they only captured 0.1% of the
sun’s energy. All the solar energy captured by vegetation
and converted into plant biomass provides basic resources
for all life, including humans. Approximately 50% of the
world’s biomass is used by humans for food plus lumber
and pulp and medicines, as well as support for all other an-
imals and microbes in the natural ecosystem. In addition
some biomass is converted into fuel.

Serious shortages of biomass for human use and main-
taining the biodiversity in natural ecosystems now exist
throughout the world. Consider that more than 3 billion
humans are now malnourished, short of food, and various
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essential nutrients. This is the largest number and pro-
portion of malnourished humans ever recorded in history.
Meanwhile, based on current rates of increase, the world
population is projected to double to more than 12 billion
in approximately 50 years. With a population growth of
this magnitude, the numbers of malnourished could reach
5 billion within afew decades. The need for biomass will
continue to escal ate.

Associated with increasing human numbers are di-
verse environmental problems, including deforestation,
urbanization, industrialization, and chemical pollution.
All these changes negatively impact on biomass produc-
tion that is vital to human life and biodiversity. However,
at present and in the foreseeable future the needs of the
rapidly growing human population will stress biomass
supplies. In our need to supply food and forest products
for humans from biomass, intense competition between
human needs for food and the conversion of biomass into
an energy resource is expected to intensify in the coming
decades.

Furthermore, human intrusion throughout the natural
environment is causing a serious loss of biodiversity with
asmany as 150 speciesbeing lost per day. The present rate
of extinction of some groups of organismsis1000-10,000
times faster than that in natural systems. Ecosystem and
species diversity arethevital reservoir of genetic material
for the successful development of agriculture, forestry,
pharmaceutical products, and biosphere services in the
future.

The limits of biomass energy utilization and how this
relates to food production and natural biodiversity and
environmental quality are discussed in thisarticle.

I. BIOMASS RESOURCES

Theamount of biomass availableislimited because plants
on average capture only about 0.1% of the solar energy
reaching the earth. Temperature, water availability, soil
nutrients, and feeding pressure of herbivores al limit
biomass production in any given region. Under optimal
growing conditions, natural and agricultural vegetation
and produce about 12 million kilocalories per hectare per
year (about 3 t/ha dry biomass).

A. World Biomass

The productive ecosystemsin the world total an estimated
50 billion hectare, excluding the icecaps. Marine ecosys-
tems occupy approximately 36.5 billion hectare while the
terrestrial ecosystems occupy approximately 13.5 billion
hectare. Gross primary productivity for the marine ecosys-
tem is estimated to be about 1 t/halyr, making the to-
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tal biomass production about 36.5 billion metric tons or
145 x 10 kcal/yr. In contrast, the terrestrial ecosystem
produces about 3 t/halyr, making the total biomass about
40.5 billion tons or 162 x 10'° kcal/yr. The total biomass
produced is approximately 77 billion tons or about 12.8 t
per person per year.

The40.5 billion tons of biomass produced in the terres-
trial ecosystem provides an estimated 6.8 t/yr per person.
Giventhat humansharvest about 50% of theworld’sterres-
trial biomass, each personisutilizing 3.4 t/yr. This3.4 t/yr
includes all of agriculture, including livestock production
and forestry. The remaining 3.4 t/yr per person supplies
the other 10 million species of natural biota their energy
and nutrient needs.

Currently, approximately 50% of the world’s biomass
(approximately 600 quads worldwide) is being used by
humans for food, construction, and fuel. This major uti-
lization of biomass, habitat destruction associated with
the rapid increase in the world population, and environ-
mental pollution from about 100,000 chemicals used by
humans is causing the serious loss of biodiversity world-
wide. With each passing day an estimated 150 species are
being eliminated because of increasing human numbers
and associated human activities, including deforestation,
soil and water pollution, pesticide use, urbanization, and
industrialization.

B. United States Biomass

In the North American temperate region, the solar energy
reaching a hectare of land per year is 14 hillion kilocal o-
ries. However, plants do not grow during the winter there.
Most plant growth occurs during 4 monthsin the summer
when about 7 billion kilocal ories reach a hectare. In addi-
tion to low temperatures, plant growth islimited by short-
ages of water, nitrogen, phosphorus, potassium, and other
nutrients, plus the feeding pressure of herbivores and dis-
ease organisms. At most, during awarm moist day in July
aplant, like corn, under very favorable conditions, might
captureonly 5% of the sunlight energy reaching the plants.
Under natural and agricultural conditionsfor thetotal year,
vegetation producesapproximately 12 millionkilocal ories
per hectare per year or about 3 t/ha dry biomass.

Total annual biomass produced in the United States is
an estimated 2.6 billion tons (Table 1). This is dlightly
morethan 6% of all theterrestrial biomass producedinthe
world. Based on the United States. land area of 917 mil-
lion hectares, this is the equivalent of 2.9 t/halyr and is
similar to the world average of 3 t/halyr for all the terres-
trial ecosystems of the world. The total energy captured
by all the United States plant biomass each year is ap-
proximately 11.8 x 10* kcal (Table ). With the United
States currently consuming 87 quads (21.8 x 10% kcal)
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TABLE | Annual Biomass Production in the United States

Land area Biomass production

(10%/ha) (108/1t)
Cropland and crops 192 1,083
Pasture and forage 300 900
Forests 290 580
Other 135 68
Total area 917 —
Total biomass — 2,631
Total energy (10%°/kcal) 11.8
Biomass production (t/ha) 29

[FromPimentel, D., and Kounang, N. (1998), Ecosystems 1, 416-426]

of fossil energy each year, thismeansthat it is consuming
85% more fossil energy than the total energy captured by
all its plant biomass each year.

C. United States Agricultural and Forest
Products and Biofuels

Including crops and forages from pastures, the United
States harvests approximately 1307 million tons of
biomass per year in agricultural products and approxi-
mately 100 million tons of biomass per year as forest
products(Tablell). Together the energy value of harvested
agricultural and forest products total 6352102 kcal/yr
(Table I1). These data suggest that the United States is
harvesting in the form of agricultural and forest products,
54% of the total energy captured each year by the United
States biomass annually (Tables | and I1). Thistotal does
not includethe biomassharvested now and used ashiofuel.

Il. CONVERSION OF BIOMASS
RESOURCES

Inadditionto using biomassdirectly asfood, fiber, lumber,
and pulp, biomass is utilized as a fuel. The total biofuel
utilized in the United States is dlightly more than 3 quads
(800 x 10 kcal) per year. If the biofuel energy is added
to that harvested as agricultural and forest products, then
thetotal biomass energy harvested from the United States
terrestrial ecosystemis 7332 x 10%2 kcal/yr. Thisisequiv-
alent to 62% of the total biomass energy produced in the
United States each year. Harvesting this 62% is having a
negative impact on biodiversity in the nation.

A. Direct Heating

Heat production is the most common conversion system
for using biomass resources. Heat from wood and other
biomass resources is utilized for cooking food, heating
homes, and producing steam for industry.
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Each year, worldwide, an estimated 5300 million dry
tons of biomass are burned directly as a fuel, providing
about 88 quads of energy. Rural poor in developing coun-
tries obtain up to 90% of their energy needs by burning
biomass. In developing countries, about 2 billion tons of
fuelwood, 1.3 billion tons of crop residues, plus nearly
1 billion tons of dung are burned each year.

Although some deforestation resultsfrom the use of fu-
elwood, the most significant environmental impacts result
from burning crop residues and dung. When crop residues
and dung are removed from the land and used as a fuel
this leaves the cropland without vegetative protection and
exposed to wind and water erosion. Erosion destroys the
productivity of cropland, by robbing the soil of nutrients,
essential water, soil organic matter, and adequate rooting
depth.

Cooking requiresrelatively large amounts of fuel andis
essential for preventing disease, improving nutrition, and
increasing the palatability of many foods. The transfer
of heat from the woodfire in a stove to the food product
is about 33% efficient, while over an open fire, the heat
transfer to the food is only about 10% efficient. Under
usual cooking conditions, from 2 to 3 kcal are required to
cook 1 kcal of food.

TABLE Il Total Annual Amount of Solar Energy Harvested in
the Form of Agricultural and Forest Biomass in the U.S.

Tons (105) Energy (10'2 kcal)

Corn 194 873
Wheat 71 320
Rice 6 27
Soybeans 51 230
Sorghum 22 99
Potatoes 16 72
Vegetables 6 27
Fruits 5 23
Nuts 0.8 4
Oil seeds 9 41
Sugarcane 25 20
Sugar beets 2 27
Pulses 1 5
Oats 7 32
Rye 1 5
Barley 13 59
Total 407.3 1,853
Pasture forage 900 4,050
Forest products 100 450
Totals 1,407 6,352
Total per capita (tons) 5.2

Total per capita (10%/kcal) 23.3

[From Pimentel, D., and Kounang, N. (1998), Ecosystems 1, 416—
426)
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In a developing country an average, 600-700 kg/yr of
dry biomass per person is used for cooking. For example,
the use of fuelwood for cooking and heating in Nepal is
about 846 kg/yr of biomass per person. Other investigators
report that from 912 to 1200 kg/yr of biomass per person
is used for both cooking and heating. In some devel oping
countries, fuelwood for cooking and heating may cost al-
most as much as the food, making it necessary to use crop
residues and dung.

A significant amount of wood is converted into char-
coal for cooking and heating. Similar to wood fires for
cooking, open charcoal fires are only about 10% efficient
intransferring heat energy to food. However, charcoal has
some advantages over wood. First, it is lightweight and
easy to transport. Onekilogram of charcoal contains about
7100 kcal of potential energy in contrast to akilogram of
wood that has about 4000 kcal. Charcoal burns more uni-
formly and with less smoke than wood.

However, charcoa production is an energy-intensive
process. Although charcoal has a high energy content,
from 20,300 to 28,400 kcal of hardwood must be pro-
cessed to obtain the 7100 kcal of charcoal. Considering
this low conversion efficiency ranging from 25 to 35%,
charcoal heating for cooking has an overall energy trans-
fer efficiency to food of only 2.5-3.5%. Further, the use of
charcoal uses more forest biomass than directly burning
the wood.

Using fuelwood for the production of steam in aboiler
under relatively optimal conditions is 55-60% efficient,
that is, burning 4000 kcal of air-dried wood providesfrom
2200 to 2400 kcal of steam in the boiler. More often the
efficiency isless than 55-60%. Steam production is used
to produce electricity and producing a salable product,
such as steam, for industrial use.

Collecting biomass for fuel requires a substantial
amount of time and human effort. For example, in
Indonesia, India, Ghana, Mozambique, and Peru families
spend from 1.5to 5 hrs each day collecting biomassto use
asafuel.

Estimates are that more than half of the people who de-
pend on fuelwood haveinadeguate supplies. |n somecoun-
tries, such asBrazil, whereforest areasare at present fairly
abundant, the rural poor burn mostly wood and charcoal.
However, in many developing countries crop residues ac-
count for most of the biomass fuel, e.g., 55% in China,
77% in Egypt, and 90% in Bangladesh. Estimates are that
the poor in these countries spend 15-25% of their income
for biomass fuel.

B. Health Effects

Environmentally, burning biomass is more polluting than
using natural gas, but less polluting than coal. Biomass
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combustion releases morethan 200 different chemical pol-
lutants into the atmosphere. The pollutants include, up to
14 carcinogens, 4 cocarcinogens, and 6 toxins that dam-
agecilia, plusadditional mucus-coagul ating agents. Wood
smoke contains pollutants known to cause bronchitis, em-
physema, cancer, and other serious illnesses.

Globally, but especially in developing nations where
peopl e cook with fuelwood over open fires, approximately
4 billion humans suffer continuous exposure to smoke.
This smoke which contains large quantities of particulate
matter and morethan 200 chemical's, including several car-
cinogens, results in pollution levels that are considerably
above those acceptabl e by the World Health Organization
(WHO). Worldwide fuelwood smokeis estimated to cause
the death of 4 million children each year worldwide. In
India, where people cook with fuelwood and dung, partic-
ulate concentrations in houses are reported to range from
8300 to 15,000 ng/md, greatly exceeding the 75 ng/m?®
maximum standard for indoor particulate matter in the
United States.

Because of the release of pollutants, some communi-
tiesin developed areas, such as Aspen, CO, have banned
wood burning for heating homes. When biomassis burned
continuously in aconfined spacefor heating, itspollutants
accumulate and can become a serious health threat.

C. Ethanol Production

Numerous studies have concluded that ethanol production
does not enhance energy security, is not a renewable en-
ergy source, isnot an economical fuel, and doesnot insure
cleanair. Further, its production usesland suitablefor crop
production and causes environmental degradation.

The conversion of corn and other food/feed crops into
ethanol by fermentation is a well-known and established
technology. The ethanol yield from alarge plant is about
9.51 (2.5 ga) from a bushel of corn of 24.5 kg (2.6 kg/l
of ethanal). Thus, a hectare of corn yielding 7965 kg/ha
could be converted into about 3063 | of ethanol.

The production of corn in the United States requires a
significant energy and dollar investment (Table I11). For
example, to produce 7965 kg/ha of corn using conven-
tional production technology requires the expenditure of
about 10.4 million kcal (about 10,000 | of oil equivalents)
(Table I11), costing about $857.17 for the 7965 kg or ap-
proximately 10.8¢/kg of corn produced. Thus, for a liter
of ethanol, the corn feedstock alone costs 28¢.

Thefossil energy input to produce the 7965 kg/ha corn
feedstock is 10.4 million kilocalories or 3408 kcal/l of
ethanol (Table 111). Although only 16% of United States
corn production is currently irrigated, it is included in
the analysis, because irrigated corn production is energy
costly. For the 150 mm of irrigation water applied and
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TABLE lll Energy Inputs and Costs of Corn Production per
Hectare in the United States

Inputs Quantity kcal x 1000 Costs
Labor 114 hr 561 $100.00
Machinery 55 kg 1,018 103.21
Diesel 22L 481 8.87
Gasoline 324L 328 9.40
Nitrogen 144.6 kg 2,668 89.65
Phosphorus 62.8 kg 260 3454
Potassium 54.9 kg 179 17.02
Lime 699 kg 220 139.80
Seeds 21kg 520 74.81
Herbicides 3.2kg 320 64.00
Insecticides 0.92 kg 92 18.40
Irrigation 150 mm 3,072 150.00
Electricity 13.2kg 34 2.38
Transportation 151 kg 125 45.30
Total 10,439 $857.17
Cornyield 27,758

= 7,965 kg keal output/kcal input = 1:2.66

From Pimentel, D., Doughty, R., Carothers, C., Lamberson, S., Bora,
N., and Lee, K. J. Agr. Environ. Ethics (in press).

pumped from only 30.5 m (100 feet), the average energy
input is 3.1 million kilocalories/hectare (Table I11).

When investigators ignore some of the energy inputs
in biomass production and processing they reach an in-
complete and deficient analysisfor ethanol production. In
a recent USDA report, no energy inputs were listed for
machinery, irrigation, or for transportation. All of these
are major energy input costs in United States corn pro-
duction (Table I11). Another way of reducing the energy
inputs for ethanol production isto arbitrarily select lower
production costs for the inputs. For instance, Shapouri
et a. list the cost of a kilogram of nitrogen production at
12,000 kcal/kg, considerably lower than Food and Agri-
cultural Organization of the UN (FAO), which list the cost
of nitrogen production at 18,590 kcal/kg. Using the lower
figure reduces the energy inputs in corn production by
about 50%. Other workers have used a similar approach
to that of Shapouri et a.

The average costs in terms of energy and dollars for a
large (240 to 280 million liters per year), modern ethanol
plant are listed in Table V. Note the largest energy in-
puts are for corn production and for the fuel energy used
in the fermentation/distillation process. The total energy
input to produce 1000 | of ethanol is 8.7 million kilocalo-
ries (Table V). However, 1000 | of ethanol has an energy
value of only 5.1 million kilocalories. Thus, thereis a net
energy lossof 3.6 millionkilocaloriesper 10001 of ethanol
produced. Put another way, about 70% more energy isre-
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quired to produce 1000 | of ethanol than the energy that
actualy isin the ethanol (Table 1V).

In the distillation process, large amounts of fossil en-
ergy are required to remove the 8% ethanol out of the
92% water. For example, to obtain 1000 | of pure ethanol
with an 8% ethanol concentration out of 92% water, then
this ethanol must come from the 12,500 | of ethanol/water
mixture. A total of 124 | of water must be eliminated per
liter of ethanol produced. Although ethanol boils at about
78°C, in contrast to water at 100°C, the ethanol is not ex-
tracted from the water in one distillation process. Instead,
about 3 distillations are required to obtain the 95% pure
ethanol that can be mixed with gasoline. To be mixed with
gasoline, the 95% ethanol must be further processed with
more energy inputs to achieve 99.8% pure ethanol. The
three distillations account for the large quantities of fos-
sil energy that are required in the fermentation/distillation
process. Note, in thisanaysisall the added energy inputs
for fermentation/distillation process areincluded, not just
the fuel for the distillation process itself.

This contrasts with Shapouri et a. who, in 1995, give
only one figure for the fermentation/distillation process
and do not state what the 3.4 million kilocalories repre-
sents in their analysis for producing 1000 | of ethanol.
Careful and detailed analyses and full accountings are
needed to ascertain the practicality of ethanol production
asaviable energy alternative.

About 61% of the cost of producing ethanol (46¢ per
liter) in such alarge-production plant is for the corn sub-
strateitself (28¢/1) (Table V). Thenext largest input isfor
coal to fuel the fermentation/distillation process, but this
was only 4¢ (Table IV). These ethanol production costs
include asmall charge for pollution control (6¢ per liter),
which is probably alow estimate. In smaller plants with
an annua production of 150,000 I/yr, the cost per liter in-
creases to as much as 66¢ per liter. Overall, the per liter

TABLE IV Inputs per 1000 | of Ethanol Produced from Corn

Inputs Kilograms Kilocalories(1000) Dollars
Corn 2,600 3,408 $280
Transport of corn 2,600 312 32
Water 160,000 90 20
Stainless steel 6 89 10
Steel 12 139 10
Cement 32 60 10
Coal 660 4,617 40
Poallution control costs — — 60
Total 8,715 $462

From Pimentel, D., Warneke, A. F, Tedl, W. S,, Schwab, K. A.,
Simcox, N. J.,, Ebert, D. M., Baenisch, K. D., and Aaron, M. R., (1988).
Adv. Food. Res. 32, 185-238.
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pricefor ethanol does not compare favorably with that for
the production of gasoline fuels which presently is about
25¢ per liter.

Based on current ethanol production technology and re-
cent ail prices, ethanol still costs substantially moreto pro-
duceindollarsthanitisworth onthemarket. Clearly, with-
out the approximately $1 hillion subsidy, United States
ethanol production would bereduced or cease, confirming
thefact that basically ethanol productionisuneconomical.
Federal subsidies average 16¢ per liter and state subsidies
average 5¢ per liter. Because of the relatively low energy
content of ethanol, 1.51 of ethanol isthe energy equivalent
of 11 of gasoline. This means that the cost of subsidized
ethanol is 68¢ per liter. The current cost of producing
gasoline is about 25¢ per liter.

At present, federal and state subsidies for ethanol pro-
duction total about $1 billion per year and are mainly paid
tolarge corporations(cal culated from the above data). The
costs to the consumer are greater than the $1 billion per
year used to subsidize ethanol production because of in-
creased corn prices. Theresulting higher corn pricestrans-
late into higher meat, milk, and egg prices because cur-
rently about 70% of the corn grain isfed to United States
livestock. Doubling ethanol production can be expected to
inflate corn prices perhaps as much as 1%. Therefore, in
addition to paying tax dollars for ethanol subsidies, con-
sumers would be paying significantly higher food prices
in the market place. It should be noted that the USDA is
proposing to increase the subsidies to the large corpora-
tions by about $400 million per year.

Currently about 3.8 hillion liters of ethanol are being
produced in the United States each year. This amount of
ethanol provides only about 1% of the fuel utilized by
United Statesautomobiles. To producethe 3.8 hillionliters
of ethanol we must use about 1.3 million hectares of land.
If we produced 10% of United States fuel the land re-
quirement would be 13 million hectares. Moreover not all
the 3.8 hillion liters would be available to use, because a
lot would be needed to sow, fertilize, and harvest 13 mil-
lion hectares. Clearly, cornisnot arenewableresourcefor
ethanol energy production.

The energy and dollar costs of producing ethanol can
be offset in part by the by-products produced, especially
thedry distillersgrains (DDG) madefrom dry-milling that
can be fed primarily to cattle. Wet-milling ethanol plants
produce such by-productsascorngluten meal, glutenfeed,
and oil. Sales of the by-products help offset the energy
and economic costs of ethanol production. For example,
use of by-products can offset the ethanol production costs
by 8-24% (Table 1V). The resulting energy output/input
comparison, however, remains negative (Table 1V). The
sales of the by-productsthat range from13to 16¢ per liter
do not make ethanol competitive with gasoline.
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Furthermore, some of the economic and energy con-
tributions of the by-products are negated by the environ-
mental pollution costsassociated with ethanol production.
These are estimated to be about 6¢ per liter (Table1V). In
United States corn production, soil erodes about 12 times
faster than it can be reformed. In irrigated corn acreage,
ground water is being mined 25% faster than its natural
rechargerate. Thissuggeststhat the environmental system
inwhich cornisbeing produced isbeing rapidly degraded.
Further, it substantiates the finding that the United States
corn production system is not sustainable for the future,
unless major changes are made in the cultivation of this
major food/feed crop. Corn should not be considered a
renewabl e resource for ethanol energy production.

When considering the advisability of producing ethanol
for automobiles, the amount of cropland required to grow
corn to fuel each automobile should be understood. To
clarify this, theamount of cropland needed to fuel one au-
tomobile with ethanol was calculated. An average United
States automobile travels about 16,000 km/yr and uses
about 1900 I/yr of gasoline. Although 8000 kg/ha of corn
will yield about 3100 | of ethanal, it has an energy equiv-
aent of only 1952 | because ethanol has a much lower
kilocalories content than gasoline.

However, even assuming zero or no energy charge for
thefermentation and distillation processand charging only
for the energy required to produce corn (Tablel11), the net
fuel energy yield from 1 haof cornis4331. Thus, to pro-
vide 1900 | per car, about 4.4 haof corn must be grown to
fuel onecar with ethanol for oneyear. In comparison, only
0.6 haof croplandiscurrently used to feed each American.
Therefore, more than seven timesmore cropland would be
required to fuel one automobile than is required to feed
one American.

Assuming a net production of 433 | of fuel per corn
hectare and if all automobiles in the United States were
fueled with ethanol, then a total of approximately 900
million hectares of cropland land would be required to
provide the corn feedstock for production. This amount
of cropland would equal nearly the total land area of the
United States.

Brazil had been a large producer of ethanol, but has
abandoned subsidizing it. Without the subsidy, economic
ethanol production isimpossible.

lll. BIOGAS

Biomass material that contains large quantities of water
can be effectively converted into usable energy using nat-
urally occurring microbes in an anaerobic digestion sys-
tem. These systems use feedstocks, like dung and certain
plants such as water hyacinth, although production and
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harvesting costs of the latter are generally greater than
for dung. The processing facility can be relatively simple
and be constructed for about $700. A large facility ca-
pable of processing the dung from 320 cows might cost
about $150,000. The basic principlesfor both systemsare
similar.

Manure from a dairy farm or small cattle operation is
loaded or pumped into a sealed, corrosion-resistant diges-
tion tank where it is held from 14 to 28 days at temper-
atures from 30 to 38°C. In some digestion systems, the
manurein thetank is constantly stirred to speed the diges-
tion process and assure even heating. During this period,
the mesophilic bacteriabreak down volatile solids (VS) in
the manure and convert them into methane gas (65%) and
carbon dioxide (35%). Small amounts of hydrogen sul-
fide may also be produced. This gas is drawn off through
pipes and either burned directly, similar to natural gas, or
scrubbed to clean away the hydrogen sulfide and used to
generate electricity. The energy output/input is listed in
Table V.

The amount of biogas produced in this system is deter-
mined by the temperature of the system, the V'S content
of the feedstock, and the efficiency of converting it into

TABLE V Energy Inputs Using Anaerobic Digestion for Bio-
gas Production from 100 t wet (13 t dry) using Cattle Manure
(Pimentel et al., 1988)P

Quantity kcal (1,000)
Inputs
Labor hours 20 hr —
Electricity 2,234 kWh 5,822
Cement foundation (30-year life) 0.9kg 2
Steel (gas collector and other 35kg 725
equipment with 30-year life)
Pumps and motors 0.5kg 1
Truck/tractor for transport 10 kg 200
(10-year life)
Fuel for transport (10-km radius) 341 340
Total inputs 7,000
Total biogas output 10,200

2 Theretentiontimeinthedigester is20 days. Theunit hasthecapacity
to process 1,825 t (wet) per year. Note: the yield in biogas from 100t is
estimated at 10.2 million kilocalories. Thus, the net yield is 3.1 million
kilocalories. The energy for heating the digester is cogenerated from the
cooling system of the electric generator.

b It is assumed that anaerobic digestion of the manure takes place at
35°C with a solids retention time of 20 days. The temperature of the
fresh manure is 18°C, and the average ambient temperature is 13°C.
The manureis assumed to have thefollowing characteristics: production
per cow per day, 23.6 kg total; solids, 3.36 kg; and biological oxygen
demand (BOD), 0.68 kg. Thedigester isassumed to transform 83% of the
biodegradable material into gas. The biogas produced is 65% methane,
and its heat of combustion is 5720 kcal/m® at standard conditions.
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biogas. Thisefficiency variesfrom 18 to 95%. Dairy cows
produce 85 kg daily of manure for each 1000 kg of live
weight. The total solids in this manure average 10.6 kg,
and of these, 8.6 kgareVS. Theoretically, a100% efficient
digester could produce 625 | of biogasfor every kilogram
of VSinthe system. The digester utilized for the data pre-
sented in Table V was 28.3% efficient. It produces 1771 of
biogas per kilogram of VS added or 1520 | of biogas per
1000 kg live weight of cattle daily. Note, if the total heat
value of the manure was used in calculating efficiency,
then the percentage efficiency would be only 5%.

Biogas has an energy content of about 5720 kcal/md,
compared to 8380 kcal/m? for pure methane gas, because
carbon dioxide is present in the biogas. Energy costs and
energy outputs for processing 100 t of manure (wet), with
a7.1 million kilocal ories energy input, resultsin atotal of
10.2 million kilocalories produced for a net energy yield
of 3.1 million kilocalories (Table V). Much of the energy
input or cost comes from the production of electricity to
run the pumps and stirring system used to reduce the re-
tention time in the digester. The volume of the digester
is determined by the amount of manure produced by the
animals during the retention time. In this example, with a
retention time of 14 days, it would be slightly over 75 mq.
It is assumed that the electricity is generated from the
biogas and that the electrical conversion efficiency of the
entire operation is 33%. The energy needed to heat the di-
gester is cogenerated by the electric generator viathe use
of the generator’s cooling system as the heat source. The
net energy produced by the digester can either be used to
generate electricity for the farm or be used as heat source
for other on-farm activities.

Although material costs are lowered if thereis no gen-
erator or stirring mechanism on the digester, the size of
the digester must beincreased because of theincreased re-
tention time needed to complete the process. Also, some
of the biogaswill have to be used to heat the digester, per-
haps an additional 610,000 kcal for every 100 wet tons of
manure digested. The critical heat requirements are cal cu-
lated by including the heat losses to the surroundings, the
heat associated with the feed and effluents, and the heat
released by thebiological reaction. Inthetropics, theover-
all efficiency of the biogas systems is enhanced because
thereisno need to heat the system to keep the temperature
in the 30-38°C range.

Dairy cattle are not the only source of manure for bio-
gassystems. They are used asamodel sincedairy animals
aremorelikely to belocated in acentralized system, mak-
ing the collecting and adding the manure to a digestion
system less time consuming and energy intensive than for
range-fed steers, or even for draft animals. Efficiencies
of conversion vary not only from system to system, but
also the sources of manure. Swine and beef cattle manure
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appears to yield more gas per kilogram of VS than dairy
cattle manure. Poultry manure is also used, but sand and
other forms of heavy grit in this dung cause pump main-
tenance problems and reguire more frequent cleaning of
the digester.

Manure processed in the digester retains its fertilizer
value and has the advantage of less odor. Therefore, it can
be spread on fields and may be easier to pump if the ini-
tial pumping system used a cutter pump to break up stray
bits of straw or long undigested fibers. Biogas systems
have the advantage of being able to adjust in size accord-
ing to the scale of the operation. The pollution problem
associated with manure in a centralized dairy production
system isthe same whether or not it goesthrough abiogas
generator.

In developing countries, such as India, the situation is
different. There, asubstantial percentage of the manure as
dried dung is burned directly as fuel. Although burning
utilizes a significantly higher percentage of the total en-
ergy inthemanure, it resultsin acompleteloss of nitrogen
andlossof substantial amounts of the other valuable nutri-
ents. Whether or not biogas is a useful energy alternative
in India and other similar countries is highly problem-
atic in spite of the higher overall energy efficiency of the
conversion system.

If itisnot desirable to produce electricity from the bio-
gas, theenergy datalistedin TableV will change consider-
ably. For instance, lessenergy will belostintheconversion
to electricity if al the energy is used directly for heating.
However, compressing biogas for use in tractors involves
the input of significant amounts of additional energy for
“scrubbing” the biogas to remove hydrogen sulfide and
water.

A. Biogas for Smallholders

Theeconomicsof biogas productioninarural areaof ade-
veloping nation, like Kenyaor India, illustrates that costs
and benefits are complex and results mixed. The capital
costs of constructing a simple biogas digester with a ca-
pacity to process 8 t (wet) of manure per 20-day retention
time, or 400 kg/day, are estimated to be between $2000
and $2500 (Table V1). Such a unit would have usable life
of 30 years, so the capital costs are only $80 per year.

If rural workers construct the biogas generator them-
selves, material costs might range from $300 to $700. At
$400 for materials, without any charge for labor, the in-
vestment would be only $14 per year with the costs spread
out over the life of the digester.

A digester thissizein India, where cowsweigh an aver-
age of between 225to 330 kg each, would requireaccessto
manure from about 20 cows. This system would produce
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TABLE VI Energy Inputs for Anaerobic Digester in the Trop-
ics for Biogas Production using 8 t (1 t dry) of Cow Manure
(Pimentel et al., 1988)2

Quantity (kg) kcal
Inputs
Cement foundation (30-year life) 0.07 140
Steel (30-year life) 0.33 7,000
Total inputs 7,140
Total biogas output 820,000
Net return per 1 t dry manure 812,840

@ Theretention timeis 20 days without ameans of storing the biogas.
The gas is used as delivered. The digestion takes place at 35°C. The
temperature of the fresh manure is assumed to be 21°C, and the average
ambient temperature is 21°C. The efficiency of the digester is 25%.
The biogas produced is 65% methane and its heat of combustion is
5720 keal/m®,

an estimated 2277 m? of biogas per year at a conversion
efficiency of 25% (Table VI). The energy value of this
gastotals 13.0 million kcal. Assuming $8.38 per 1 million
kcal, the economic value of this much energy is $109 per
year. Then if no charge is made for labor and dung and
the capital cost isassumed to be only $14 per year, the net
return is $95 per year. These costs are not equally appli-
cable to Kenya where the energy replacement of biogas
in terms of woodfuel saved is appropriate. Using an aver-
age of 4000 kcal/kg of woodfuel, this amount of biogas
would replace 3 t of wood and since biogas is generally
more efficient than wood when used for cooking, the total
amount of wood replaced might be double.

Although the labor requirement for the described bio-
gasgenerator isonly 5-10 min/day, thelabor input for col-
lecting and transporting biomass for the generator may be
significant. If the sourcefor the 400 kg of manure required
for the digester was, on average, 3 km from the digester,
it would take 2 laborers working an 8-hr day to collect
manure, feed it into the digester, and return the manure to
cropland where it could be utilized as fertilizer. On a per
hour basis, thelaborerswould havetowork for 3¢ per hour
for the biogas digester to have costs equal to the amount
of gas produced. In some situations, especialy in densely
populated parts of a country, the amount of transport re-
quired will be too costly.

Although the profitability of small-scale biogas produc-
tion may be low even without the charge of labor, biogas
digesters have significant advantages in rural areas. The
biomass can be processed and fuel energy obtained with-
out losing the valuable nutrients (N, P, and K) present
in the manure. Nitrogen and phosphorus are mgjor limit-
ing nutrients in tropical agriculture and these are returned
to the cropland. The only loss that the processed manure
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has undergone is the breakdown of the fibrous material it
contains, making it aless effective agent for the control of
soil erosion.

In contrast, when biomass is directly burned as a fuel,
both nitrogen and other nutrients are lost to the atmo-
sphere. The nitrogen in the biogas lurry (for the 146 t/yr
amounts) would amount to about 3.7 t/yr. This has an en-
ergy value of 77 million kcal and market value of $2293.
Then if the nitrogen value and the gas value combined,
the return for such a system is approximately $2388. The
nitrogen fertilizer value of the processed manure makes
it worthwhile as a biogas source rather than burning it as
a primary fuel cakes. Based on this, each laborer would
receive about 60¢ per hour for hiswork.

The total amount of manure produced annualy in the
United States is about one billion tons. It would be an
achievement to manage to process even half of this in
biodigesters. Dueto low net yield of energy, as described,
even 500 million t of manure, with gasproduced at 28% ef -
ficiency, would provideenergy for apopul ation of 270 mil-
lion Americans of 0.0076 kW per person per year. This
represents only 0.0008% of present net energy use.

B. Gasification

Biomass wood with less than 50% moi sture can be heated
inthepresenceof air and gasified. Thegas produced canbe
used to runinternal combustion enginesand also used asa
gasfuel and for other purposes. When used in theinternal
combustion engine, the gas must be cleaned thoroughly
as the several chemical contaminates it contains corrode
engines and reduce its efficiency.

A kilogram of air-dried biomass will produce approx-
imately 2000 kcal of clean gas which can generate about
0.8 kWh of net power electricity. Thelow heating val ue of
the gas-air mixture in agasoline engine resultsin derating
the engine by 30-40%. This problem can be overcome by
supercharging the engine. Using the gas asamixturein a
diesel engine results in derating the engine by only 10%
because of its high excess in the gas-air ratio. However,
thediesel enginewill require asmall amount of diesel fuel
for ignition.

Although gasifier units can be relatively simple for
small-scale operations designed, large-scale systems are
most efficient. Thus, about 11.4 kcal of woodfud is re-
quired to produce 1 kcal of gas. If the gasis cleaned, then
the net return is diminished. The input : output results in
an energy return in terms of wood to gas of 1:0.09. The
equipment for cleaning the gas is expensive and uneco-
nomical for use in rural areas, especially in developing
countries. In addition to using the produced gas for inter-
nal combustion engines, it may be utilized as feedstock
for various chemical products.
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C. Pyrolysis

Air-dried wood or other biomass heated in the absence of
oxygen can be converted into oil, gas, and other valuable
fuels. The biomass feedstock, beforeit isfed to the pyrol-
ysisreactor, must be ground or shredded into smaller than
14-mesh size units. Flash pyrolysis takes place at 500°C
and under high pressure (101 kPa). After processing the
solid char is separated from the fluids produced in a cy-
clone separator. The char is then used as a heating source
for the reactor.

Using dry municipal refuse, the resulting productsfrom
a kilogram of biomass are water, 10%; char, 20% (en-
ergy content is about 4500 kcal/kg); gas, 30% (energy
content is 3570 kcal/m®); and oil, 40% (energy content
is 5950 kcal/kg). Other investigators have reported up to
50% oil production. This gas and oil can be reprocessed,
cleaned, and utilized in internal combustion engines.

The oil and gasyield from arapid processing pyrolysis
plant is about 37% or about 2.7 kcal return per kilocalo-
rie invested. Since the plant analyzed in the study was
processing city wastes, there was no energy or economic
charge for biomass material. However, if tropical dry-
wood isused for pyrolysisabout 5 kcal of wood isrequired
to produce 1 kcal of oil.

The gas from a gasifier-pyrolysis reactor can be fur-
ther processed to produce methanol. Methanol is useful
as a liquid fuel in suitably adjusted internal combustion
engines.

Employing pyrolysisinasuitably large plant to produce
methanol would require at least 1250t of dry biomass per
day. Based on tropical dry-wood, about 32 kcal of wood
is needed to produce 1 kcal of methanol (or 1t of wood
yields 14 | of methanol). A more recent study reports that
1t of wood yields 370 | of methanol. In either case, more
than 150,000 ha of forest would be needed to supply one
plant. Biomassgenerally isnot availablein such enormous
quantities from extensive forests and at acceptable prices.

If methanol from biomass was used as a substitute for
oil (33 quads) in the United States, about 1000 million
hectare of forest land per year would be needed to supply
the raw material. This land area is much greater than the
162 million ha of United States cropland now in produc-
tion. Although methanol production from biomass may be
impractical because of the enormoussize of theconversion
plants, it is significantly more efficient than ethanol pro-
duction using corn based on energy output and economic
use of cropland.

D. Vegetable Oil

Processed vegetable oils from sunflower, soybean, rape,
and other plants can be used in diesel engines. One major
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advantage of burning vegetable cilsin a diesel engine is
that the exhaust smells like cooking popcorn. However,
the energetics and economics of producing vegetable oils
for usein diesel engines are negative.

Sunflower seeds with hulls have about 25.5% oil. The
average yield of sunflower seeds is 1560 kg/ha, and in
terms of oil this amounts to 216 | of vegetable oil pro-
duced per hectare. This much ail has an energy value of
1.7 million kilocal ories which appears promising. How-
ever, the energy input to produce this yield of 1560 kg/ha
is 2.8 million kcal. Therefore, 65% more fossil energy is
used to produce a liter of vegetable oil than the energy
potential of the sunflower oil.

A liter of vegetable oil sells for at least $2 whereas a
liter of gasoline at the pump today sells for 40¢ per liter.
There is no way that vegetable oil will be an economic
alternative to liquid fuelsin the future.

E. Electricity

Although most biomasswill continueto be used for cook-
ing and heating, it can be converted into electricity. Witha
small amount of nutrient fertilizer inputs, an average of 3t
(dry) of woody biomass can be sustainably harvested per
hectare per year, although this amount of woody biomass
has agross energy yield of 13.5 million kilocalories (ther-
mal). The net yield, however, is lower because approx-
imately 33 | of diesel fuel per hectare is expended for
cutting and collecting wood for transport. This assumes
an 80-km roundtrip between the forest and the electric
plant. The economic benefits of biomass are maximized
when the biomass is close to the processing plant.

In addition, asmall amount of nitrogen fertilizer hasto
be applied. For bolewood, 1 t contains about 15 kg of N.
Thus about 837,000 kcal isrequired for 3 t of bolewood.

The energy input: output ratio for the system is cal-
culated to be 1:6. The cost of producing a kilowatt of
electricity from woody biomass ranges from 7-10¢. This
is competitive with other electricity production systems
that presently have an average cost of 6.9¢ with arange of
5-13¢ per kWh. Approximately 3 kcal of thermal energy
is expended to produce 1 kcal of electricity.

Woody biomass could supply the nation with about 5
quads of its total gross energy supply by the year 2050
with the use of approximately 112 million hectare (an
arealarger than the state of Texas). A city of 100,000 peo-
ple using the biomass from a sustainable forest (3 t/ha)
for fuel would require approximately 220,000 ha of forest
area, based on an average electrical demand of 1 billion
kilowatthours (860 kcal = 1 kWh). More than 70% of the
heat energy produced from burning biomass is lost in its
conversion into electricity; thisis similar to losses expe-
rienced in coal-fired plants. The forest area required to
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supply thisamount of electricity is about the same as that
required to supply food, housing, industry, and roadways
for a population of 100,000 people.

There are several factors that limit reliance on woody
biomass. Some have proposed culturing fast-growing trees
in aplantation system located on primeland. Theseyields
of woody biomass would be higher than the average of
3t/haand with large amounts of fertilizers and freshwater
yields might be as high as 15 t/ha. However, thisis un-
realistic because this land is needed for food production.
Furthermore, such intensely managed systemsrequire ad-
ditional fossil fuel inputsfor heavy machinery, fertilizers,
and pesticides, thereby diminishing the net energy avail-
able. In addition energy is not the highest priority use of
forest wood, but rather for lumber for building and pulp.

The conversion of natural forests into plantations will
increase soil erosion and water runoff. Continuous soil
erosion and degradation will ultimately reduce the overall
productivity of the land. If natural forests are managed
for maximal biomass energy production, loss of biodiver-
sity can be expected. However, despite serious limitations
of plantations, biomass production could be increased us-
ing agroforestry technol ogies designed to protect soil and
conserve biodiversity.

IV. BIOMASS AND THE ENVIRONMENT

The presence of biomass on the land protects not only
the land it covers, but also the natural interactions among
all speciesthat inhabit the ecosystem. Conversely, the re-
moval of biomass for all purposes, but most especially
for energy production, threatens the integrity of the entire
natural ecosystem.

A. Soil Erosion

Once the biomass vegetation has been removed from the
land area and the land is exposed to wind and rainfall
energy, erosion is a major threat. Land degradation by
soil erosion is of particular concern to agriculturists and
forestersbecausethe productivity of thesoil isdiminished.
Too often soil erosion and the resulting degradation goes
unnoticed (note, 1 mm of soil weighs 15 t/ha). Soil refor-
mationisexceedingly slow. Under agricultural conditions,
approximately 500 years (range from 200 to 1000 years)
are required to renew 2.5 cm (340 t) of topsoil. This soil
formation rate is the equivalent of about 1 t/halyr. Forest
soil re-formation is slower than in agriculture and is es-
timated to take more than 1000 years to produce 2.5 cm
of soil. The adverse effect of soil erosion is the gradual
loss of productivity and eventually the abandonment of
the land for crop production.
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Serious soil erosion occurs on most of the world’s agri-
culture, including the United Stateswhere erosion on crop-
land averages 13 t/halyr. In devel oping countries, soil ero-
sion is approximately 30 t/halyr. The rates of erosion are
intensifying in devel oping countries because of inefficient
farming practices and because large quantities of biomass
are removed from the land for cooking and heating. Rural
people who are short of affordable fuels are now being
forced to remove crop residues and utilize dung for cook-
ing, leaving their soilsunprotected and susceptibleto wind
and water erosion.

Indeed soil erosion caused by wind and water is re-
sponsible for the loss of about 30% of the world cropland
during the past 40 years. For example, the rate of soil loss
in Africa has increased 20-fold during the past 30 years.
Wind erosion is now so seriousin Chinathat Chinese soil
can be detected in the Hawaiian atmosphere during the
Chinese spring planting period. Similarly, soil eroded by
wind is carried from Africato Floridaand Brazil.

Erosion diminishes crop productivity by reducing the
water-holding capacity of the soil and reduceswater avail-
ability to the plants. In addition, soil nutrient levels and
organic matter are carried away with the eroding soil and
soil depth is lessened. Estimates are that the continuing
degradation of agricultural land will depress world food
production from 15-30% by the year 2020. Others project
that Africa will be able to feed only 40% of its popula
tion in 2025 both because of population growth and soil
infertility in vital cropland areas.

B. Forest Land Erosion

Forestlands lose significant quantities of soil, water, and
soil nutrients wherever trees are cut and harvested. For in-
stance, the surface water runoff from aforested watershed
after a storm averaged 2.7% of the precipitation, but after
forest cutting and/or farming water runoff roseto 4.5 per-
cent. In addition, soil nitrogen leached after forest re-
moval was 6 to 9 times greater than in forestswith normal
cover.

Also, theproceduresused in harvesting timber and pul p-
wood biomass contribute to increased erosion because
they exposethe soil to wind and rainfall energy. Typically,
tractor roadsand skid trailsseverely disturb 20-40% of the
soil surface in forests. In addition, the heavy equipment
needed to harvest and clear the land compacts the soil,
resulting in greater water runoff.

For example, compaction by tractor skidders harvest-
ing Ponderosa pine reduced growth in pine seedlingsfrom
6 to 12% over a 16-year period. Following clearing, wa-
ter percolation in the wheel-rutted soils was reduced for
12 years and in log-skid trails for 8 years. This resulted
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in alack of water for the remaining vegetation and limits
continual forest biomass production.

C. Nutrient Losses and Water Pollution

Rapid water runoff and nutrient losses occur when crop
biomass residues are harvested for fuel and rainfall easily
erodes soils. Water quickly runs off unprotected soil be-
cause raindrops free small soil particlesthat, in turn, clog
holes in the soil and reduce water infiltration. This water
runoff transports soil organic matter, nutrients, sediments,
and pesticides to rivers and lakes where it harms natural
aquatic species. For example, conventional corn produc-
tion lost an average of about 20 t/halyr of soil compared
with only about 5 t/halyr with ridge- and no-till.

As mentioned, the water-holding capacity and nutrient
levels of soils are lessened when erosion occurs. With
conventional corn production, erosion reduced thevolume
of moisturein the soil by about 50% compared with no-till
corn culture. In contrast, soil moisture volume increased
when cornwas grownin combination with living mulches.
Estimates are that about $20 billion in fertilizer nutrients
are lost annually from United States agriculture because
of soil erosion.

Large quantities of nutrients are also lost when fuel-
wood and crop residues are al so removed and then burned.
On average, crop residues contain about 1% nitrogen,
0.2% phosphorus, and 1.2% potassium. When burned, the
nitrogen is released into the atmosphere. Although some
phosphorus and potassium are retained in the ashes, an
estimated 70-80% of these nutrients is lost when the fine
particulate matter is dispersed into the air during burning
process. Thus, only asmall percentage of the nutrientsin
crop residues are conserved even when returning the ash
residues to the cropland.

D. Water Use

All biomass vegetation requires and transpires massive
amounts of water during the growing season. Agricul-
ture uses more water than any other human activity on
the planet. Currently, 65% of the water removed from all
sources worldwide is used solely for irrigation. Of this
amount, about two-thirds is consumed by plant life (non-
recoverable). For example, acorn crop that produces about
8000 kg/ha of grain uses more than 5 million liters per
hectare of water during its growing season. To supply this
much water to the crop, approximately 1000 mm of rain-
fall per hectare, or 10 million | of irrigation, is required
during the growing season.

The minimum amount of water required per capita
for food production is about 400,000 I/yr. If the water
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requirements for biomass energy production were added
to this, the amount of required water would be more than
double to about 1 million I/yr.

In addition to the unpredictable rainfal, the greatest
threat to maintaining adequate fresh water suppliesis de-
pletion of the surface and groundwater resources that are
used to supply the needs of the rapidly growing human
population. Aquifers are being mined faster than the nat-
ura recharge rate and surface water is aso not aways
managed effectively, resulting in water shortages and pol-
[ution that threaten humans and the aquatic biota that de-
pend on them. The Colorado River, for example, is used
so heavily by Colorado, California, Arizona, other states,
and Mexico, it is usually no more than a trickle running
into the Sea of Cortes.

E. Air Pollution

The smoke produced when fuelwood and crop residues
are burned is a pollution hazard because of the nitrogen,
particulates, and other polluantsin the smoke. A report in-
dicated that although only 2% of the United States heating
energy comes from wood, and about 15% of the air pollu-
tioninthe United Statesis caused by burning wood. Emis-
sions from wood and crop-residue burning are a threat to
public health because of the highly respirable nature of the
200 chemicals that the emissions contain. Of special con-
cern are the relatively high concentrations of potentially
carcinogenic polycyclic organic compounds and particu-
lates. Sulfur and nitrogen oxides, carbon monoxide, and
aldehydes are al so released, but with wood there are usu-
ally smaller quantities than with coal.

V. SOCIAL AND ECONOMIC IMPACTS

In the future, if the world biomass is used as a major
source of the world energy supply, shifts in employment
and increases in occupational health and safety problems
can be expected. Total employment would be projected
to increase 5% if about 11% of the United States energy
needs were provided by biomass. This labor force would
be needed in agricultural and forest production to plant,
cut, harvest, and transport biomass resources and in the
operation of various energy conversion facilities.

The direct labor inputs for wood biomass resources are
2-30timesgreater per million kilocaloriethan coal. In ad-
dition, a wood-fired steam plant requires 2-5 times more
construction workers and 3-7 times more plant mainte-
nance and operation workers than a coal-fired plant. In-
cluding thelabor required to produce corn, about 18 times
more labor isrequired to produce amillion kilocal ories of
ethanol than an equivalent amount of gasoline.
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Associated with the possibilities of increased employ-
ment are greater occupational hazards. Significantly more
occupational injuries and illnesses are associated with
biomass production in agriculture and forestry than with
either coa (underground mining), oil, or natural gas re-
covery operations. Agriculture and forestry report 61%
more occupational injury and illness rates than mining. In
terms of a million kilocalories of output, forest biomass
has 14 times more occupational injuriesand illnessesthan
underground coal mining and 28 times more than oil and
gas extraction. Clearly, unless safe harvesting practices
and equipment are developed and used, increased forest
harvesting and agricultural production for energy will re-
sult in high levels of occupational injuries and increased
medical expenditures and workman compensation.

The future devel opment of major biomass energy pro-
grams will require large amounts of cropland suitable
for biomass production and ultimately result in increased
prices for some consumer commodities. The use of com-
modities, especialy grains, for energy leads to compe-
tition with traditional uses of these commodities. Thus,
with increased grain use for ethanol production, inflation
of farm commodity prices could result. Thisin turn would
increase farmland prices and make it more difficult for
new farmers to enter the business and for existing small
farmersto copewith higher rents, taxes, interest payments,
and production costs. Food prices in supermarkets would
be expected to increase.

VI. CONCLUSION

Certainly increased use of biomass as a fuel could pro-
vide the United States and the world with more renewable
energy. A major limitation of biomass energy production
includes the relatively small percentage (average 0.1%)
of light energy that is captured by the earth’s plant ma-
terial. This governs how much biomass can be produced
per unit land area. In addition to solar energy, suitably
warm temperature conditions, adequate amounts of wa-
ter, and the absence of pestsare essential for plant growth.
In North America, for example, plant growth only occurs
for approximately three months of theyear. Inarid regions
of the world plant growth is restricted only to periods of
adequate rainfall.

Theremoval of biomass, such ascrop residues, fromthe
land for energy production intensifies soil erosion, water
runoff, and soil nutrient losses. In addition, the conversion
of natural ecosystemsinto energy-crop plantations would
alter and/or reducethehabitat and food sourcesfor wildlife
and biodiversity.

At present, about half of the world’s biomass is har-
vested as food and forest products. Thus, there is a limit
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as to how much biomass can be harvested as an energy
source without further causing the extinction of more
plants, animals, and microbes because of biomass re-
sources on which biodiversity depends. Agriculture and
managed forests occupy approximately 70% of the total
land area and use about 70% of the total water consumed
by society, and this further limits natural biodiversity.

However, opportunities do exist to combine agriculture
and forest production. If thisisto be done severa changes
would have to be made in many technologies now used in
agriculture and forestry. These technologies include con-
serving soil, water, and nutrient resources. Of particular
importance is keeping the land covered with vegetation
and maintaining high levels of organic matter in the soil.

Although biomass resources have a lower sulfur con-
tent than oil and coal, biomass energy conversion and use
has associated environmental and public health problems.
For example, the chemical emissions from wood-burning
for cooking and heating produce serious chemical pol-
lutants, including some carcinogens and other toxicants.
In addition, on the basis of a million kilocalorie output,
harvesting forest biomass energy is about 14 times more
hazardous than coal and oil mining.

Ethanol production using grainsand other food material
for gasohol can be expected to have a significant negative
impact on social and economic systems. A major ethanol
programwould help fuel inflation by raising food pricesto
the consumer. Inaddition, “burning food” asethanol inau-
tomobiles has serious political and ethical considerations.

In conclusion, the conversion of biomass to provide an
energy source has some potential to contribute to world
energy needs, but the associated environmental, health, so-
cial, and economic problems must be carefully assessed.
The foremost priority is the supply of food. Especially
vital to this goal is maintaining an ample supply of fer-
tile cropland needed to feed the rapidly growing world
population.
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I. Background

[I. Characteristics of Biomass
lll. Uses of Biomass
IV. Bioprocessing of Biomass

V. Potential and Limitations of Biomass
and Biobased Industrial Products

GLOSSARY

Biomass Plant material.

Bioprocessing Any chemical, thermal, physical or bi-
ological processing done to biomass to increase its
value.

Biobased industrial products Plant-derived chemicals,
fuels, lubricants, adhesives, plastics—any and all in-
dustrial products derived from biomass that are not used
for human food or animal feed. For purposes of this ar-
ticle, biomass is bioprocessed into biobased industrial
products.

Biorefineries Large, highly integrated facilities, analo-
gous to petroleum refineries, that process biomass to
biobased industrial products and other value-added
products.

Life cycle analyses Comprehensive inventories of the
material and energy flows required to produce, use and
dispose of specific products throughout their entire life
cycles.

Lignocellulose The structural portion of most plants,
composed of a complex mixture of cellulose, hemi-
cellulose and lignin and comprising the vast major-
ity of all biomass. Cellulose is a polymer of glucose

(sugar) while hemicellulose is a polymer made up of
a variety of sugars. Lignin is a complex polymer of
phenylpropane units.

Sustainable development Economic development that
meets the legitimate needs of current generations with-
out compromising the ability of future generations to
meet their own needs.

BIOMASS is the only potentially renewable source of
organic chemicals, organic materials and liquid transport-
ation fuels. The biomass resource is huge. While esti-
mates are necessarily imprecise, it is believed that photo-
synthesis fixes approximately 150 billion tons of new plant
matter annually on the planet. Production of biobased in-
dustrial products has the potential to benefit both the econ-
omy and the environment and to provide new pathways for
sustainable economic development.

The energy value of our renewable plant resource is ap-
proximately ten times the total energy value of all other
forms of energy used by humanity including all fossil fu-
els, hydropower, nuclear energy and so on. Biomass is
also relatively inexpensive and compares favorably with
petroleum on a cost per pound basis and, frequently, on
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a cost per unit of energy basis. Although the biomass
resource is huge and comparatively inexpensive, we have
invested much less effort in learning how to bioprocess
or convert it efficiently to biobased industrial products
than we have invested in converting petroleum to meet
our needsfor fuels, chemicals, materials, and other indus-
trial products.

Compared to the petroleum processing industry, the
biomass processing industry is still relatively under-
developed, athough the biomass processing industry is
in fact already very large and is also growing rapidly.
Thus much of this article deals with what is required for
the biomass processing industry to grow further and what
some of the possible and desirable growth paths for this
industry might be.

. BACKGROUND

The potential benefits (including economic, environmen-
tal and national security benefits) of obtaining a larger
fraction of our fuel and chemical needs from biomass
rather than from petroleum have driven increasing inter-
estin biobased industrial productsinthe United Statesand
many other countries. Lack of cost—effective bioprocess-
ing technology is perhaps the principal barrier to more
economica production of biobased industrial products.
Although biomass is abundant and low cost, unless we
learn how to cost-effectively convert biomass to these in-
dustrial products, their potential benefits will be largely
unrealized.

While the potential benefits of biobased products are
certainly real, it is also correct that unless such products
are produced with proper intelligence and care, their ben-
efits may be reduced or even negated. We must be careful
that biomass is grown, harvested, converted to industrial
products, and that these products are used and disposed
of, in sustainable, environmentally sound systems. Care-
ful, thorough and easily verified life cycle analyses will
help us realize the potentia of biobased industrial prod-
uctsto benefit our economy and our environment and also
to avoid potential problems with the production and use
of these products.

One of the most important areas demanding careful life
cycle (whole system) attention for biomass conversion to
industrial products is the potential conflict with food and
feed production. Biomass production for biobased indus-
trial products seems to conflict with use of the same agri-
cultural resources for human food and animal feed. This
article briefly addresses this crucia point and finds con-
siderable room for optimism.
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Il. CHARACTERISTICS OF BIOMASS

A. Production of Biomass
1. Natural Inputs to Biomass Production

Natural (or ecosystem) inputs to biomass production are
soil (including the associated nutrients and living organ-
isms found in soil), genetic information, air, water, and
sunlight. All of these inputs are potentially renewablein-
definitely with proper oversight and intelligent design. In
fact, biomass production hasthe potential to improve soil,
water, and air quality. The entire life cycle of biomass
production, bioprocessing, and biobased product use and
disposal should be examined carefully to discover and
properly exploit such opportunities. Intelligent design of
biomass processing systems should take advantage of
opportunities to improve the environment and enhance
ecosystem stability under circumstances peculiar to each
region and product. With careful and thoughtful design,
biomass production and processing can increase or en-
hance the “natural capital” of soil, air, and clean water
upon which al life depends.

Human inputsto biomass production include additional
plant nutrients beyond those provided through the ecosys-
tem, plant genetic improvement, labor, financial capital
and intelligence, asreferred to above. Much agricultureis
also practiced with large inputs of fossil fuels. As men-
tioned, thorough and careful life cycleanalysisisrequired
to determine whether biomass processing to biobased
products actually fulfils its potential to give us a more
sustainable economy.

2. Potential and Actual Yields of Biomass

A key factor determining the economic (and therefore the
resulting ecological) benefits of biomass production and
processing is the yield of biomass, defined as the annual
production of biomass (dry weight) per unit land area, of-
ten expressed as tons of dry biomass per acre per year.
M eeting | egitimate human needs by moreintensively pro-
ducing biomass (i.e., increasing yields) will allow larger
tracts of land to be set aside for recreation, parks, and bi-
ological reserves. Biomass yields vary widely. The upper
limit of solar energy conversion efficiency by biomass ap-
pears to be about 12% (incoming solar energy converted
to the energy content of plant material). Yield seemsto be
tied closely to conversion efficiency; the higher the conver-
sion efficiency, thehigher theyield. Sugarcaneisoneof the
more efficient crops, with solar energy capture efficiencies
inthe neighborhood of 2to 3% and corresponding biomass
yieldsof between 25 and 35 dry tons per acre per year. The
corresponding efficiency value for corn is about 0.8%.
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FIGURE 1 U.S. land required for biomass energy.

Increasing biomassyieldsisacrucial areafor research.
We have invested much effort and money in increasing
the yields of grains such as corn. Average per acre corn
yields increased at a rate of over 3% per year between
1950 and the present: corn yields were about 28 bushels
per acre per year in 1947 and topped 127 bushels per
acre per year in 1997. However, we have done compara-
tively little genetic or agronomic research to increase the
yields of the perennia grasses and tree crops on which
a sustainable biomass processing industry will likely be
based. Thus there is great room for improving these
yields.

Biomass is currently the most practical collector we
have of solar energy on alarge scale. The solar energy in-
cident onthe United Stateseach year isabout 600 timesour
annual energy consumption of about 95 quads (one quad
equals one quadrillion BTU or one million billion BTU).
The higher the biomass yields, the more solar energy is
collected per unit land area. At a solar energy conversion
efficiency of 0.8% (corn efficiency), approximately 40%
of the U.S. land area placed in continuous crop produc-
tion would produce biomass with an energy value equal

to our total use of energy from all forms. At this effi-
ciency, about 10% of our land area, or 100 million acres,
would be required to produce the energy equivalent of all
of the petroleum we use. Thisisroughly equal to the land
currently in hay production (60 million acres) plus land
idled under government programs. Obvioudly, other in-
puts in addition to solar energy are required for biomass
production. Nonetheless, these statistics gives some idea
of the potential to meet our energy needs from biomass.
Figure 1 summarizessomeof figuresfor U.S. land areaus-
ageandthearearequired to equal our energy usageat solar
energy conversion efficiencies typical of corn and sugar
cane.

3. Comparison of Biomass and Petroleum

Worldwide consumption of crude oil, alarge but nonethe-
lesslimited resource, was about 27 billion barrels per year
in 1999 or about 4 hillion tons, with an approximately
equal amount of coal consumed. As mentioned earlier,
total production of new biomass, an indefinitely renew-
able resource, is approximately 150 billion tons per year.
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The energy value (heat of combustion) of petroleum is
about twice that of biomass (trees have a higher energy
content than grasses) while coal averages about oneand a
half times the energy value of biomass. The lower energy
value of biomassis due to the fact that it contains substan-
tial oxygen, while petroleum has little or no oxygen.

The lower energy content (i.e., the higher oxygen con-
tent) of biomass is both an advantage and a disadvantage
for this renewable resource. Biomass and the many oxy-
genated compounds that can be made from biomass are
inherently more biodegradable and therefore more envi-
ronmentally compatible than petroleum and petroleum-
derived compounds. Put another way, alarge spill of wheat
straw is not an environmental disaster, while we are well
aware of the impacts of petroleum spills. Powerful eco-
nomic considerations tied to raw material use efficiency
also direct us toward maintaining the oxygen molecules
in biobased industrial products.

Petroleum, aliquid, iseasier and lessexpensivetotrans-
port and store than solid biomass. One consequence of this
fact is that much biomass processing will likely be done
relatively close to where the biomass is produced. This
may provide opportunities to integrate biomass produc-
tion with biomass processing and to more easily return to
the land the unused or unusable components of biomass.
Few such opportunities exist with petroleum processing.
In many climates, biomass production takes place only
during part of the year, so there are additional storage
issues that are unique to biomass. Findly, large quanti-
ties of biomass can be produced in many, if not most,
countries, while comparatively few countries produce
significant quantities of petroleum. Thus biomass pro-
duction is inherently more “democratic” than petroleum
production and is certainly less susceptible to political
manipulation.

4. Cost of Biomass versus Fossil Feedstocks

Petroleum costsvaried between about $10 and $20 per bar-
rel ($65 to $130 per ton) during the decade of the 1990s.
Currently oil prices are about $30 per barrel or roughly
$200 per ton. Codl is available for approximately $30 per
ton. By comparison, corn at $2.50 per bushel, an “average”
corn price over the last decade, is roughly equivalent to
$90 per ton. Corn is currently less than $2.00 per bushel,
or about $70 per ton, approximately one third the current
price of crude oil. Hay crops of different types and quali-
tiesare availablein very large quantities (tens of millions
of tons) for approximately $30-$50 per ton and several
million tons per year at least of crop residues such asrice
straw and corn stover areavailablein the United Statesfor
less than $20 per ton. Figure 2 summarizes some of these
comparisons of the relative prices of biomass and fossil
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resources. Worldwide, many hundreds of millions of tons
of crop residues such as rice straw, sugar cane bagasse
and corn stover are likely to be available at very low cost,
probably lessthan $20 per ton. Thuswhilefossil resources
are relatively inexpensive (even given oil price volatility)
renewabl e plant resources are equally inexpensive, and in
many cases, |ess expensive. Theimportance of thisfact to
biomass processing cannot be overstated.

Plant raw material costs are crucia for the devel-
opment of cost-competitive biobased products. For
well-developed processes making commodity chemicals
and fuels, approximately 50-70% of the total production
costs are due to the raw material costs. Thus inexpensive
biomass should eventually lead to inexpensive biobased
products, if the necessary bioprocessing technologies

for converting biomass to biobased products can also be

made inexpensive. In general, we do not yet have inex-
pensive hiomass processing technology. However, if the
necessary research and devel opment work isdoneto learn
how to inexpensively convert biomass to biobased prod-
ucts, there is every reason to believe that these biobased
products can compete on a cost and performance basis
with similar products derived from petroleum.

Toillustrate, the large chemical companies Dow Chem-
ical and DuPont haverecently announced plansto produce
monomers for polymer (plastic) production from renew-
able sugars and starches. These carbohydrates are rela-
tively inexpensive, and the companies have also devel-
oped inexpensive and effective conversion technologiesto
produce the monomers. For example, Cargill Dow Poly-
mers (CDP) LLP (Minnetonka, MN) is building the first
of up to five large processing plants to convert corn starch
into lactic acid and then into polymers (polylactides). Al-
though biodegradability of the polymers is obviously a
benefit, CDP expects its polylactide polymers to compete
on a cost and performance basis with petroleum-derived
competing products. Similarly, DuPont’s carbohydrate-
derived product, 1,3 propanediol, is intended to com-
pete directly with the identical molecule produced from
petroleum. The chemical industry is therefore beginning
to change its raw material base. As technologiesimprove
and bioprocessing costs decrease, there is every reason to
believe that more such products will follow.

B. Major Types of Biomass: Their
Production and Composition

1. Sugar Crops

The major sugar crops are sugar cane and sugar beets.
Worldwide, approximately 100 million tons per year of
sugar (sucrose) are produced from sugar cane and sugar
beets. Most of these sugars are used ultimately in human
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nutrition. Sugar caneisgrown largely in thetropicswhile
sugar beets are grown mostly in temperate zones.

Approximately 10 dry tons of a fibrous residue (called
bagasse) are produced for every ton of cane sugar while
about 0.5 dry tons of residue are produced for every ton of
beet sugar. Worldwide the total production of sugarcane
bagasseisapproximately 800 million metric tons per year.
These residues have few other uses and represent a very
large potential resource for bioprocessing to biobased in-
dustrial products.

Sugar cane bagasse consists of approximately 40%
cellulose, 30% hemicellulose and 20% lignin with small
amounts of minerals, sugars, proteins and other com-
pounds. The composition of bagasseis, however, variable
depending on growing conditions, harvesting practices
and processing methods. Beet sugar residue consists of
approximately equal portions of cellulose, hemicellulose
and pectins, with a few percent of lignin. Cellulose and
hemicellulose are polymers of glucose and other sugars.
However, the sugars in cellulose, and to a lesser degree
those in hemicellulose, are not very good animal feeds
and they are essentialy indigestible as human foods.

Microbia and enzymatic conversion of these sugars in
hemicellulose and cellulose to biobased products is also
significantly limited for the same reasons cellulose and
hemicellulose are not easily digested by animals. The
resistance of cellulose to conversion to simple sugars is
akey limitation in biomass processing that must be over-
come if biomass processing is to attain its full potential.
To put the potential of cellulose and hemicellulose in
perspective, the potential sugar that might be produced
from cellulose and hemicellulose in sugar cane bagasse
aoneis approximately six times the total sugar produced
worldwide by both sugar cane and sugar beets.

2. Starch Crops

A wide variety of starch crops (mostly grains) are grown
worldwide, including corn (maize), rice, wheat, manioc
(cassava), barley, rye, potatoes and many more. At least
2 billion tons per year of these crops are produced world-
wide. While most sugar is used to feed human beings,
much grain is used to feed animals, particularly in the
moredevel oped countries. Onekey indicator of acountry’s
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economic growth, in fact, is a substitution of meat for
grains in the human diet. Animals convert grain to meat
or milk with widely varying efficiencies, however. Fish,
poultry, and swinearerelatively efficient converters, while
beef cattle are considerably less efficient.

Most grain crops produce a byproduct, or residue, that
is primarily composed of cellulose, hemicellulose, and
lignin, called collectively lignocellulose. Thus very large
tonnages of rice straw, corn straw (called corn stover), and
many other straws are produced as alow value (and low
cost) byproduct of grain production. Approximately 1 to
2 tons (dry weight) of these straws are produced per dry
ton of grain. Using this ’rule of thumb,” the total world-
wide production of just corn stover and rice straw isinthe
neighborhood of 1 billion tons per year. Taken together
with sugar cane bagasse production, the total amount of
corn stover, rice straw and bagasse produced each year is
approximately 2 billion tons.

Very largequantitiesof other strawsand crop processing
residues are also produced. Many such residues are pro-
duced at centralized processing facilities. While some of
thisresidual plant matter should be left on the field, much
of it can be removed and used el sewhere without degrad-
ing soil fertility. For example, rice straw is often burned
to clear the fields for the next crop. Thereis considerable
political pressure in the United States and elsewhere to
eliminate or greatly reduce this practice of field burning.

3. Plant Oil and Protein Crops

There are many different plant oil crops including soy-
beans, palm, coconut, canola, sunflower, peanut, oliveand
others. The total worldwide production of fats and oils by
these crops exceeds 75 million tons per year, with an addi-
tional 12 million tons per year or so of animal fats. (An oil
issimply aliquidfat.) Most plant oilsgo into human foods
or animal feeds. However, there is a very long history of
also using and modifying plant oils for fuels, lubricants,
soaps, paints and other industrial uses. Oils consist chem-
ically of an acohol (glycerol) to which are attached three
long chain carboxylic acids of varying composition. Plant
oil composition varies widely with species and the com-
position strongly affectstheindustrial usesto which these
oils can be put. Therefore by modifying these ails, they
can potentially be tailored to desired applications.

The other major product of oilseed cropsis ahigh pro-
tein “meal,” usually produced by expelling or extracting
the oil from the seed. Total world production of high pro-
tein meal sfrom oil seedsisapproximately 180 milliontons
per year. The predominant oilseed meal is soybean meal
containing approximately 44% protein. While there are
some industrial uses for this meal, the bulk of it isfed to
animals.
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As with the starch crops, most of these oilseed crops
produce one or more residues that are rich in lignocellu-
lose. For example, soybean straw is typicaly left in the
fields when the beans are harvested. Soybean hulls are
produced as “wastes” at the oilseed processing plant. In
the United States, approximately 10 million tons per year
of these soybean hulls are produced as a byproduct of
soybean crushing operations.

4. Tree and Fiber Crops

In contrast with the crops mentioned, essentially all of
the wood harvested is destined for industria uses, rather
than food/feed uses. Production of wood for lumber in the
United States amounts to about 170 million tons per year
while U.S. pulpwood production (destined for all kinds
of paper uses) is about 90 million tons/year. A wide vari-
ety of industrial chemicals such as turpentine, gums, fats,
oils, and fatty acids are produced as byproducts of pulp
manufacture.

Not al paper is derived from trees, however. Some
grasses and crop residues such as kenaf and sugar cane
bagasse have been used or are being considered as
fiber/paper crops. The giant reed kenaf, in particular, has
very rapid growth rates and favorable agronomic char-
acteristics. A major impediment to its introduction as an
alternative newsprint crop seems to be the huge capital
investment required for a new pulp and paper plant.

The growing worldwide demand for paper products of
all kinds may limit the ability to use tree and pul pwood
crops for other industrial applications, given the value of
long plant fibers in paper production. Even short rota-
tion woody crops (trees grown for energy use as if they
were grasses), must cope with the demand for that land
and the long fibers grown on it for pulp and paper uses.
Typical pulp prices are in the neighborhood of $600 per
ton or $0.30 per pound, a high raw material cost hur-
dle indeed for commaodity chemicals that are often tar-
geted to sell for less than $0.30 per pound. Some residues
from fiber crop production and processing may be avail-
able at much lower cost and could perhaps be used for
chemical and fuel production. Typically theseresiduesare
burned to get rid of them and recover at least their energy
value.

Themost important fiber cropiscotton. Worldwide pro-
duction of cotton in 1998 totaled about 91 million bales,
each weighing about 480 |b. Given the high value textile
usesof cotton, itissimilarly unlikely that much cotton will
be devoted to other uses. However, there are many mil-
lions of tons of wastes generated at cotton gins and mills
that might be used industrially if appropriate, low-cost,
conversiontechnologieswereavailable. Chemically, these
tree and fiber crops and their residues are essentially all
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lignocellulosic materials, i.e., they are composed mostly
of sugar polymers and lignin.

5. Forage and Grass Crops

For purposes of this article, we will not distinguish be-
tween grasses and legumes, but will consider al non-
woody annual and perennial plants as “grasses.”” Most
grasses utilized by humans are employed for animal feed-
ing. Most forage grasses are also produced for local use
and are not widely traded, making it difficult to establish
a“market price” for many grasses.

Available statistics on forage and grass crops are much
less complete than for the sugar, starch and oilseed crops.
However, there are approximately 7 billion acres world-
wide devoted to animal pasture. If we assume that only
1 ton of forage grasses is produced per acre per year on
such lands (the U.S. average for managed hay lands is
approximately 3 tons per acre per year), the total amount
of animal forage from pasturelandsis about 7 billion tons
per year, on a worldwide basis. In the United States we
produce at least 300 million tons per year of mixed forage
grasses (dominated by alfalfa).

Forages and grasses vary widely in composition, al-
though they can be considered lignocellulosic materials.

Major crop
residues, 1800
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However, grasses contain a much wider variety of com-
ponents that do most tree species. In addition to cellulose,
hemicellulose and lignin, grasses often contain 10% or
more of protein, in addition to minerals, starch, simple
sugars, vitamins and other components. Thewider variety
of components in grasses versus woody plants offers the
potential for producing additional valuable products, but
may also complicate the processing required.

To summarize this section, in very rough terms the
world’sagricultural system producesabout 2.5 billiontons
per year of total sugar, starch, oil, and plant protein to feed
both humans and animals, as well as for some industrial
uses. At least thismuch crop residueis aso produced asa
byproduct of sugar, starch and oilseed crops. Cropresidues
are generally lignocellulosic materials. Additionally, well
over 10 billion tons per year of lignocellulosic materials
aregrown with some degree of human involvement ascrop
and forest residues, animal forages and pasture, not in-
cluding the managed production of timber and pul pwood.
Many more billions of tons of lignocellulosic materials
are produced annually in the biosphere with essentially no
human intervention. Thus the size of the lignocellulosic
resource dwarfsthat of the food/feed resource represented
by the sugar, grain and oilseed crops. Figure 3 attemptsto
summarizethese dataon theannual production of biomass

Grains, 2100

(minimum)

/

~__—— Sugar, 100

N

Protein meals,
180
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FIGURE 3 World food and forage production (millions of tons).
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for thesemany food and feed uses, aswell asavail ablecrop
and forestry residues.

C. Biotechnology and Biomass Production

1. Modify Biomass Composition
for Easier Processing

Plant breeding and/or molecular biology techniquescanbe
used to alter the composition of plant matter to makeit eas-
ier to process. As mentioned previoudly, given the already
relatively low cost of biomass, it is believed that reducing
the costs of converting biomassto industrial productswill
be the key factor in helping these products compete with
petroleum-derived products on a much larger scale. For
example, reducing the lignin content of grasses and trees
should make it easier to convert the cellulose and hemi-
cellulose portions to sugars that might then be fermented
or otherwise processed to awide variety of chemicalsand
fuels. Changing the fatty acid composition of a particular
plant oil could improve the ability to separate that oil in
a processing facility. The possibilities are quite literally
endless. The ability to modify the raw material composi-
tion and properties has no parallel in petroleum refining
(or hydrocarbon processing generally). This is a major
potential advantage of biobased industrial products that
should be exploited whenever possible.

2. Enhance Biomass Yields and Reduce Inputs

As mentioned, both plant breeding and molecular biology
can be used to increase the yields of biomassgrownfor in-
dustrial uses and to reduce the inputs required to produce
these industrial crops. High yields are important both to
reduce the costs of biobased products and to decrease the
total amount of land required to supply these products.
Reductions in crop production inputs such as fertilizers,
pesticides, herbicides and even water will also tend to
reduce the costs of biomass production and could have
very large, positive environmental effects. For example,
deep-rooted perennial grass species or trees destined for
conversion to industrial products might be planted around
fields devoted to row crops such as corn and at the edges
of streamsto intercept fertilizersand pesticidesin ground-
water and to reduce soil erosion. Agricultural chemicalsin
runoff are believed to contribute significantly to oxygen-
depleted, and therefore life-depleted, regions in the Gulf
of Mexico and elsawhere.

3. New Products

Breeding has long been used to alter the composition of
plant materials, for example to increase the content of
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various starch fractions in corn or to modify the sugar
content of sugar cane. Plant breeding has also been used
to alter the composition and amounts of various biomass
fractions for industrial uses, for example, to increase the
resin (rubber) content in the desert shrub called guayule.
Such plant breeding efforts are relatively uncontroversial.

However, molecular biology/genetic engineering can
also be used to modify the existing genes of plants and to
transfer entirely new genesinto plants. For example, bac-
terial genes for a biodegradable plastic called have been
successfully expressed in plants, leading to the possibil-
ity of “chemical plantsin green plants” Thisis an excit-
ing and technically very promising possibility. Itisalso a
possibility with potentially great environmental benefits.
However, considerably more political and environmen-
tal controversy is likely to surround such efforts. Care-
ful studies will be needed to demonstrate that expres-
sion of foreign genesin plants destined for industrial uses
will not lead to undesired environmental or human health
consequences.

lll. USES OF BIOMASS

A. Current Uses

1. Food/Feed Consumption and World
Protein/Calorie Demand

Average human requirementsare approximately 2000 kcal
of food energy and about 50 g of protein daily, in addi-
tion to smaller amounts of essential oils and vitamins.
Assuming a total world population of 6 billion people,
then the total human demand for protein is approximately
120 million tons/year and the total calorie requirement is
about 4.5 million billion kcal/year (4.5 x 10'° kcal/year).
Total world grain (corn, wheat, rice, oats, sorghum, bar-
ley, millet and mixed grains) productionin 1998/1999 was
approximately 2.1 billion tons.

If we assume that grain contains on average 70% car-
bohydrate (sugars) and 11% protein, then this grain crop
alone is sufficient to supply al of the calorie needs of
the world’s people and about 50% more than the protein
needs of al of humankind. If we include the additiona
calories and protein available from sugar cane and sugar
beets, oilseeds and a myriad of other crops such as pota-
toes and cassava, the total worldwide production of calo-
ries and proteins is several fold greater than the human
demand.

Obviously, much of the plant matter we grow is used
to feed animals, not people directly. However, if we so
chose, we could easily feed the world’s population with
an adequate, plant-based, diet using a fraction of the land
now devoted to agriculture and animal husbandry. (There
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FIGURE 4 Human needs for protein and calories vs. nutrient production in crops and lignocellulosics.

is aso some consumption of plant matter for industrial
uses, the subject of this article.)

Past history suggests that people seek to increase their
consumption of meat, milk and eggs as their income
grows. Looking at these consumption figures in a differ-
ent light, if we found another way to meet more of the
protein and energy (calorie) needs of our animals from
sources other than grains and oilseeds, we could then free
up large quantities of grain and oilseed crops for other
uses, including industrial uses. From the crop production
statistics quoted above it is obvious that the potential and
actual production of grasses and other lignocellulosic ma-
terials far exceeds the production of grains, oilseeds and
sugar crops.

2. Animal Feeds

In 1998 the United States produced about 40 million tons
of beef, pork, and poultry as well as hillions of dozens
of eggs and tens of millions of tons of milk. To gener-
ate these products, livestock and poultry consumed well
over 500 million tons of feed expressed on afeeding value
equivalent to corn. Over half of this total feed was from

forages, about two thirds of which was grazed as pasture
and therest of which camefrom harvested forages such as
hay and silage. The remainder of animal feed consumed
was concentrates such as corn, sorghum, oats, wheat, etc.
If it were possible to derive more and better animal feeds
from forages and other lignocellulosic materials, it might
be possible to increase the use of agricultural raw mate-
rials for biobased industrial products without negatively
impacting food availability and food prices.

3. Existing Fuels/Chemicals/Materials
Uses of Biomass

Asdescribed above, biomass haslong been used asasolid
fuel, as a building material and also as a source of fiber
for clothing and paper. These uses continue. In the United
States, theforest productsindustry isvalued at $200billion
per year and the cotton produced is worth another $5 bil-
lion per year. Prior to the early 1800s, biomasswasin fact
the chief source of fuel and materials. With the coming of
the Industrial Revolution, a gradual switch from biomass
asthe major fuel sourcetook place, first through atransi-
tionto coa and later to petroleum and natural gas. Theail
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refining industry was developed over about the last 120
years and catalyzed the development of a huge chemical
industry, based mostly on petroleum as the ultimate raw
meaterial. Today in the United States, the chemical process
industries have total sales of over $360 billion per year
and the petroleum refining industry is worth about $250
billion per year.

Use of biomassfor chemicalsand materialsisrelatively
small, apart from building materials (wood products). In
the United States, more than 90% of total organic chemi-
cal production is based on fossil feedstocks. Biomass ac-
counts for less than 1% of all liquid fuels, essentially all
of it ethanol derived from corn. Approximately 7% of the
total U.S. corn crop is processed into fuel ethanol, in-
dustrial starches, industrial ethanol and other chemicals.
Not withstanding the relatively small size of the biomass-
derived chemicals and fuels industry, this industry pro-
duces a very wide range of products including oils, inks,
pigments, dyes, adhesives, lubricants, surfactants, organic
acids and many other compounds.

As we have seen, biomassis relatively low cost. How-
ever, the processes for converting biomass to industrial
products are not, in general, well enough developed or
low cost enough to compete effectively with comparable
petroleum-derived products. Petroleum-derived products
are supported by over a century of research, development
and commercial experience. However, the competitive po-
sition of biomass is beginning to change. This change is
being driven by acombination of technical, economic and
social/palitical factors. Several recent authoritativereports
suggest a gradual shift over this next century to a much
larger fraction of fuels, chemicals and materials derived
from biomass.

B. New and Developing Uses of Biomass

1. New Chemicals and Materials Uses

From 1983 to 1994, the sales of some biomass-derived
products (fuel and industrial ethanol, corn syrups, citric
acid, amino acids, enzymes and specialty chemicals, but
excluding pharmaceutical products) rose from about $5.4
billion to approximately $11 billion. These products seem
likely to continue to grow. The market for new and exist-
ing enzymes may be particularly strong, given the abil-
ity of enzymes to transform biomass into new products
and to provide more environmentally clean chemistries
for older petroleum-derived products and processes. En-
zymes also have growing applications to improve envi-
ronmental quality while reducing costs in selected agri-
cultural and domestic uses (e.g., animal feed processing
and detergents). Enhanced environmental compatibility
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and economic benefits are also key factors driving the
adoption of soybean oil-based inks. These soybased inks
were introduced in the 1970s in response to il shortages
and now account for about 40% of all inks.

In the United States, approximately 100 million tons
per year of organic chemicalsare produced annually, with
much less than 10% of these chemicals currently de-
rived from biomass. It seems likely that chemical uses
of biomass will grow fastest among these or other or-
ganic chemicals, particularly for those chemicalsthat con-
tain oxygen. Some examples of these oxygenated chem-
icals include organic acids and their derivatives (acetic,
adipic, lactic and succinic acids and maleic anhydride),
alcohols (butanal, isopropanol, propanediol, and butane-
diol) and ketones (acetone, methyl ethyl ketone). Indeed,
the Cargill-Dow joint venture is focused on polymer pro-
duction from lactic acid while the DuPont venture with
Tate and Lyle is focused on 1, 3 propanediol as another
polymer feedstock.

Therefore, bioplastics may proveto bethe most rapidly
growing new materials application for biomass. Indus-
trial starches, fatty acids, and vegetable oils can serve as
raw materials for bioplastics, including polymer compos-
ite materials. Waste paper and crop and forest wastes and
virgin materials are being used as the basis of new com-
posite material sand new fabrics, including Tencel, thefirst
new textile fiber to be introduced in 30 years.

It isinstructive to consider the amount of plant matter
that might be consumed by new chemicals and materials
uses of biomass. Given total U.S. production of about 100
million tons of organic chemicals annually, this is about
one third of the total mass of the U.S. corn crop of ap-
proximately ten billion bushels per year. The corn residue
or stover that might be converted to various products to
substitute for or replace these organic chemicalsis easily
equal to the total mass of these organic chemicals, even
without converting any of the corn itself. Furthermore,
corn yields continue to increase.

If we assume a 1% per year increase in yield for corn
(versus 3% per year over the past 50 years) and no change
in the planted acreage, then the annual increase in corn
produced is about 100 million bushels per year, or over 2
million metric tons of new corn every year. The Cargill—
Dow Polymers plant being opened in Blair, Nebraska, in
late 2001 will produce 140,000 metric tons per year of
polylactic acid from approximately 200,000 metric tons
of corn. That is, anew large scale plant for bioplasticswill
only useabout 10% of oneyear’sincrease inthecorn crop.
Thusit seemsunlikely that biomass use for chemicalsand
materials will really have much effect on grain supplies
and prices. However, this does not hold true for new large
scale liquid fuel uses of biomass.
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2. New Liquid Fuels from Biomass

Total consumption of gasolineand diesel fuel intheUnited
States is about 150 billion gallons per year. Assuming an
average density of theseliquid fuels of six pounds per gal-
lon, the total mass of raw material that would need to be
processed just to supply the U.S. with liquid fuel is about
450 million tons per year, assuming complete conversion
of the mass of the raw material into fuel. In practice, sig-
nificantly less than 100% raw materia conversion to fuel
products will be obtained.

In the case of biomass raw materials, however, the sit-
uation is even more constrained. If the entire domestic
corn crop of about 10 billion bushels per year were con-
verted to fuel ethanal, the total gallons of fuel produced
would be less than 20% of domestic diesel and gaso-
line consumption. However, ethanol has an energy con-
tent about 70% of that of gasoline, a consequence of its
oxygenated character. Thus a gallon of ethanol will pro-
vide lower vehicle mileage than agallon of gasoline, even
when burned in high compression enginesdesigned totake
advantage of its high octane value. Thus grain-derived
ethanol can never meet more than a small fraction of our
liquid fuel needs, however important corn ethanol may be
as a bridge to a biomass fuel industry based on lignocel-
lulosics. What is the potentia of the lignocellulosics for
liquid fuel production?

The United States produces at least 300 million tons
per year of lignocellulosic crop and forest residues that
might be available for conversion to liquid fuels. Current
laboratory best yields of ethanol from such residues are
about 100 gallons per ton. The total ethanol that might be
produced from these lignocellulosic residues is therefore
approximately 30 billion gallons per year, a significant
fraction of our total domestic liquid fuel demand. World-
wide, if all of the corn stover, rice straw and sugarcane
bagasse now produced were converted to ethanol at these
yields, approximately 200 billion gallons of ethanol could
be generated annually, versus an approximate worldwide
consumption of petroleum-derived liquid transportation
fuels of 800 billion gallons per year.

The requirements for liquid fuels obviously depend
strongly on vehicle mileage. For example, if average ve-
hicle fuel efficiency were to increase by a factor of two,
demand for liquid fuelswould be cut in half. Were that to
happen, the fuel ethanol that could be produced just from
theresiduesof thesethree major cropsmight satisfy nearly
half of the worldwide demand for liquid transportation fu-
els, without the need to plant additional crops dedicated
for energy uses. We must not lose sight of the need to
work on the demand side of the fuel equation, as well as
the supply side.
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3. Land Requirements for Fuel Production

However, assuming no improvement in vehicle efficiency
and that only half of the tonnage of the three major crop
residues (corn stover, rice straw and sugarcane bagasse) is
available for conversion to fuel ethanol (because of pos-
sible constraints of collection, erosion, aternative uses,
etc), the approximate worldwide liquid fuel replacement
that might berequired from biomass-derived ethanol could
be as high as one thousand billion gallons per year. At 100
gallons per ton, roughly 3.0 billion acres of land world-
wide would need to be devoted to liquid fuel production
from biomass to produce the total required biomass ton-
nage of 10 billion tons per year, assuming that the aver-
age U.S. hay production of 3 tons per acre per year were
obtained.

However, as pointed out earlier, thereis great potential
toincrease crop yields. Several tropical grasses, including
sugarcane, have been shown to yield as much as 25-35
tons of dry matter per acre per year. Furthermore, most
land currently used for animal pasture (about 7 billion
acres worldwide) is not managed for intensive biomass
production. For example, the United States has about 600
million acres in permanent pasture. Grazing animals ob-
tain about 150 million tons of forage annually from this
pasture, for an average yield of lessthan 0.3 tons per acre
per year, versus about 3 tons per acre per year from our
managed hay lands. Without a demand, there is no incen-
tive to increase forage grass production on the available
pasture land.

Thereforethedemand for land and other agricultural re-
sources required to support biobased industrial products
is probably not a factor for chemicals and materials, but
will be an issue for biobased fuels. The demand for land
to supply liquid fuels depends on the yields of biomass
from the land, the yield of fuel from the biomass and the
miles traveled per unit of fuel. All three factors are im-
portant and must be considered in conjunction. Increasing
the efficiency (yield) of each step will increase the over-
al system efficiency. In particular, biomass conversion to
fuel ethanol must be highly efficient and low cost if the
product isto compete with petroleum-derived fuels.

4. Cost of Liquid Fuel Production from Biomass

It iswell known that fuel ethanol derived from corn must
be subsidized to compete with gasoline. Raw material
costs (primarily the corn) alone are in the neighborhood
of $1.00 per gallon of ethanol produced, without any al-
lowancefor processing costs. Therefore, it seemsunlikely
that corn ethanol will ever be able to compete economi-
cally with petroleum-derived fuels. Nonetheless, a large
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industry producing over 1.3 billion gallons of fuel ethanol
from corn in highly integrated, efficient plants has arisen
in the United States over the past twenty years, based at
least partly on this subsidy.

It isnot the purpose of this article to argue the pros and
consof subsidizing thecorn ethanol industry. However, we
note that the existence of the corn ethanol industry pro-
vides alearning opportunity, a production platform and a
marketing springboard for both achemicalsfrom biomass
industry aswell aspotentially hugeindustry based on con-
verting lignocellulosic materials to fuel ethanol. Such an
industry may eventually arise because lignocellulosic ma-
terials are so inexpensive.

While the cost and supply of grain severely limit its
potentia to replace a large percentage of gasoline, the
situation for lignocellulose-derived ethanol is very dif-
ferent. Ample raw material supplies exist for lignocel-
lulosic biomass. Further, because crop residues, grasses,
hays and wood residues cost much less than grain, fuel
ethanol produced from theselignocellul osic materials can
potentially cost much less than grain ethanol. Assuming
biomass processing technology at asimilar stage of matu-
rity as petroleum processing technol ogy, it hasbeen shown
that the cost of fuel ethanol from lignocellulosics should
bein the $0.50-$0.70 per gallon range, assuming biomass
costing about $30.00 per ton delivered. Given low cost
corn stover, another estimate projects ethanol costs at less
than $0.50 per gallon for large scale plants, assuming best
laboratory yields. Clearly, there is rea potentia for low
cost fuel ethanol from cellulosic biomass if the process-
ing technology for conversion of biomass can be made
both efficient and inexpensive. Processing technology is
the subject of the final section of thisarticle.

IV. BIOPROCESSING OF BIOMASS

A. Historical Lessons from the Chemical
and Petroleum Processing Industries

1. Importance of Raw Material and
Processing Costs for Commodities

Thechemical and petroleum industries grew together over
the past century. These industries add value to raw ma-
terials by converting them to commaodity and speciality
products. Processing technologies of various kinds are
used including chemical, thermal, physical and biologi-
cal methods. By long experience, it has been found that
the cost to produce commodities depends on two major
factors: (1) the cost of the raw material and (2) the cost of
the conversion process. Theindustriesthat produce chem-
icals and fuels from petroleum are characterized by high
raw material costs relative to processing costs. Typically
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50-70% of the cost to produce acommodity product from
petroleum is due to the petroleum cost itself. Thisis why
gasoline prices fluctuate so widely when crude oil prices
change.

However, for the analogous biobased products indus-
tries, the processing costs predominate, rather than raw
material costs. Therefore, a given percentage decrease in
processing costs has much more impact on the profitabil-
ity and economic competitiveness of biobased industrial
products than does the same percentage decrease in raw
material costs. Aswehave seen, the cost per ton of biomass
raw materialsis generally comparableto (e.g., corn grain)
or much less (e.g., corn stover) than the cost of petroleum.
Because of this fact, there is rea potential for biobased
products to be cost competitive with petroleum products
if we can learn how to reduce the costs of processing
biomass to desired products. Before discussing specific
technical areas that seem to offer the best opportunities
to reduce processing costs, a brief discussion of several
lessons from the petroleum and chemical industries will
be useful.

2. Need for Complete Raw Material Utilization

Thispoint is so elementary that it is often overlooked. For
processes producing millions of pounds of biobased plas-
tics or hillions of gallons of fuel ethanol per year, essen-
tially all of the raw material must be converted to saleable
products, or a a minimum, not into wastes requiring ex-
pensive treatment and disposal. The petroleum refining
industry has over time learned how to convert nearly all
of the raw material into products. To compete effectively
withthisentrenched industry, thebiobased productsindus-
try must become similarly efficient. Yield (conversion of
raw material to products) must beincreased andimproved.

A simple calculation will illustrate this point. If araw
materia costing $0.10 per pound is converted into prod-
uct at ayield of 0.9 pounds of product per pound of raw
material, then the raw material cost is about $0.11 per
pound of product. If the same raw materia is converted
to product at a yield of only 0.5 pounds of product per
pound of raw material, the raw material cost is now $0.20
per pound of product, nearly double the previous case.
The petroleum industry is characterized by high yields;
the biobased products industry must strive to improve its
yields also.

Whilelow yields are adefinite economic handicap, they
may be an even more severe environmental (and by con-
seguence an economic) handicap. Whatever portion of the
raw material isnot converted to saleable productsbecomes
waste instead. These wastes must be treated before dis-
posal, if disposal ispossible. Liquid wastes from biobased
products will likely be characterized by relatively low
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toxicity, but by high oxygen demandsif processed in con-
ventional sewage treatment facilities. Solid wastes from
biomass processing could occupy large volumesof landfill
space, and would tend al so produce high oxygen demand
liquid effluents from landfills.

The volume of landfill space that might be occupied
by these productsis remarkable, particularly for biobased
fuels. For example, corn stover contains approximately
10-12% of protein and fat, in addition to the 70-75% of
the plant material that is carbohydrate and that could be
converted to fuel ethanol in a large fermentation facility.
If no economic uses are found for the protein and fat or
if economical recovery processes are not devel oped, these
biomass components will have to be burned, landfilled,
or treated as sewage and the resulting sludge disposed
of. A hypothetical ethanol plant producing 100 million
gallons of ethanol per year (lessthan 0.1% of current U.S.
gasoline demand) from 1 million tons of corn stover will
also produce at least 100,000 tons of protein and fats.
Assuming a bulk density of about 50 Ib per cubic foot,
thismuch protein and fat will occupy avolume equivalent
tothesurfaceareaof afootball field stacked approximately
100 ft deep. Clearly there is strong economic incentive to
find uses for all of the components of biomass.

Therefore, ashasoccurred with theoil refiningindustry,
“biorefineries” will tend to emerge. These biorefineries
will be large, highly integrated processing plants that will
yield numerousproductsandwill attempt to sell apound of
product for every pound of raw material entering the plant.
Prototype biorefineries already exist, including corn-wet
and dry mills, soybean processing facilities and pulp and
paper mills.

The number and variety of these biobased productswill
increase over time, as has occurred with the oil refining
industry. Many biorefinery products can also be produced
by ail refineries; including liquid fuels, organic chemi-
calsand materials. However, biorefineries can make many
other products that oil refineries cannot, including foods,
feeds, and biochemicals. Theseadditional capabilitiesgive
biorefineriesapotential competitiveedgeand may provide
increased financia stability.

3. Incremental Process Improvement

As we have seen, the number of products from arefinery
tends to increase with time. In addition, the processing
technol ogies used by refineriestend to improveincremen-
tally over time. Thisispartly dueto research that improves
or replaces existing processes, supported within the cost
structure of a successful industry. Research targets those
process elements that most impact the overall cost of con-
version. Incremental cost reductionisalso partly dueto or-
ganizational learning that can only occur in afunctioning
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industry. The more biorefineries that are established and
become successful, the more that will be built as risks
decline and “know how” increases.

The cumulative effect of incremental processimprove-
ment is to cause the raw material costs to eventually be-
come the dominant cost factor. This has already occurred
with the oil refining industry and will take place in the
biomass processing industries as these are established
and grow to maturity. In this regard, biorefineries have a
significant potential advantage over petroleum refineries
because plant-based raw materials are abundant, widely
available and inexpensive. The availability and prices of
plant raw materials may thus be more stable and pre-
dictable than those of petroleum. As we have seen, plant
raw materia prices are already comparable on a cost per
ton basis with petroleum and coal. Over time, petroleum
prices must riseto reflect the fact that it isanonrenewable
resource, whilethereisthe potential to keep biomass costs
low indefinitely.

4. Innovation and Risk

While biorefineries have some inherent advantages over
petroleum refineries, they also have some significant dis-
advantages. First, the costs and risks of petroleum refining
arewell understood and the commaodity organic chemicals
industry based on petroleum isvery well devel oped. How-
ever, the costs and risks of biomass refining are not nearly
sowell understood, particularly for large scale plants con-
verting lignocellulosic biomass into fuel ethanol. Innova-
tion is always regarded as risky compared to the status
quo. Investors demand a greater return on investment to
compensate for these increased risks and they also require
additional capital investment in the processing plant to re-
duce processing risks or uncertainties. Second, when the
petroleum industry was new there was little or no compe-
tition for many of its products as they emerged. However,
most of the potential new biobased products must com-
pete with acomparabl e petroleum-derived product. These
two factors are significant hurdles for biomass processing
industries to overcome.

A better fundamental understanding of the underlying
science and technology for biomass conversion processes
could reduce the risks of such processes as they are
scaled up to commercial practice. Better fundamental un-
derstanding would reassure investors and allow them to
reduce the return on investment required. Better funda-
mental understanding of the processes would also tend to
reduce the processing equipment redundancy required be-
cause of lack of certainty about its proper functioning un-
der commercial practice. Someof thekey areasof biomass
processing in which greater fundamental understanding is
required are discussed below.
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B. Current Status of Biomass Processing

Biomass processing to industrial products based on starch,
sugar, and oilseed raw materials is partially developed.
Fiber crop processing to pulp and paper is very well de-
veloped and is not discussed further here. Processing of
lignocellulosic materialsto industrial products other than
pulp and paper is very limited.

For processing of starch, sugar, and oilseed crops, a
primary need isto develop additional industrial products
from these raw materias. This is because a processing
infrastructure, or at least the beginnings of one, already
exists or could be devel oped for each of these raw materi-
als. Therefore the capital risk of atotally new plant is not
required. Corn wet and dry mills, sugar refineriesfor cane
and beet sugar, and oilseed crushing mills already exist
and industrial products are already produced from these
raw materials.

As additional products are developed and appear prof-
itable, they can often be added to existing product lines at
existing facilities, for instancein acorn wet mill. Corn wet
millers have steadily increased the number and variety of
their products over the past two decades or so. Thistrend
islikely to continue. Growth of new biobased products at
oilseed crushing mills appears to have been much slower.

However, when circumstances appear favorable, totally
new processing facilities can and will be built around spe-
cific new industrial products, as evidenced by the new
plants for polylactic acid production announced and/or
under construction. Many of these starch or sugar-based
products might also be produced at even lower cost from
inexpensive sugars generated in a lignocellulose conver-
sion plant. Processing plants based on lignocellulose are
struggling to become established, at least partly because
the processing technology is underdeveloped and there-
forerelatively expensive compared to petroleum process-
ing technol ogy.

C. Priorities for Developing
Lignocellulose Biorefineries

1. Enhancing Yield and Feedstock Modification

Theemphasisin thisarticle on development of processing
technologiesfor large scalerefining of lignocel lulosic ma-
terialstoindustrial productsisnot intended to detract from
at | east two other important devel opment areasthat are not
directly connected with processing technology. The first
of these isyield. The profitability of biomass conversion
industries using dedicated (grown for that purpose) feed-
stockswill bestrongly affected by theyield of raw material
(tonsof dry lignocellulosic material produced per year per
acre of land). Agronomic research to increase yields and
develop improved plant varieties for biomass production
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isimportant and requires continuing attention. A key area
of agronomic research, particularly for large-scale energy
crops, is to reduce the amounts of fertilizers, pesticides,
herbicides and other inputs required, both to minimize
costs and to reduce potential environmental hazards.

The second important area that is not directly process
development is plant feedstock modification, either by
breeding or genetic modification. As mentioned, feed-
stocks can be atered to make them easier to process, a
major advantage of biomass feedstocks compared with
petroleum raw materials. Feedstocks can also be altered to
contain larger amounts of desirable components or even
to contain entirely new components such as bioplastics.
Careful integration of processing technology development
and product recovery with feedstock modification is re-
quired to achieve the maximum benefits of these genetic
manipulations. Presumably yields might also be affected
by some of these modifications. Thus feedstock modifi-
cation and yield enhancement should proceed as an inte-
grated whole.

2. New Technologies Needed for Low
Cost Lignocellulose Conversion

Whileitisrelatively easy to convert starchy materialssuch
as corn to fermentable sugars and then to a variety of
fermentation products, lignocellulosic materialsare much
more difficult to convert to fermentabl e sugars. The poten-
tial benefit of economical conversion of lignocellulosics
to fermentable sugarsisthe much larger possible volumes
and therefore lower costs of lignocellul ose-derived sugars
compared to starch-derived sugars. Such low cost sug-
ars are a prerequisite to inexpensive fuel ethanol. Inex-
pensive sugars could also significantly reduce the costs
of other biobased products such as polylactic acid or 1,3
propanediol.

Three primary areas for new technology development
are required to reduce the cost of producing fuel ethanol
and commodity chemicalsfrom lignocellulosic materials:
(1) an effective and economical pretreatment to unlock the
potentially fermentable sugarsin lignocellulosic biomass
or alternative processes that enable more biomass carbon
to be converted to ethanol or other desired products, (2)
inexpensive enzymes (called “cellulases”) to convert the
sugar polymers in lignocellulose to fermentable sugars,
and (3) microbes that can rapidly and completely convert
the variety of five and six carbon sugarsin lignocellulose
to ethanol and other oxygenated chemicals.

Several lignocellulose pretreatment processes have re-
cently been developed that promise to be technicaly ef-
fective and affordable, and some of them are undergoing
large scale testing and development. Advanced lignocel -
lulose treatments include processing with ammonia and
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other bases, pressurized hot water and catalytic amounts
of acid. Such pretreatments may eventually make it pos-
sible to convert a large array of lignocellulose residues
into useful products. It has long been recognized that a
technologically and economically successful lignocellu-
lose pretreatment will not only unlock the sugarsin plant
material for conversion to industrial products but will also
make these sugars more available for animal feeding.

Considerabl e progress has been madein devel oping ge-
netically engineered microorganisms that can utilize the
completerangeof sugarsinlingocellulosic materials. Both
genetically engineered bacteria and yeasts are now avail-
able that utilize both five and six carbon sugars and con-
vert them to ethanol. However, less progressisapparent in
production of low cost cellulase enzymes, an active area
of development at this time. Fortunately, while research
on cellulases will take both time and money, the research
pathways required to achieve success, (i.e., much lower
cost active cellulases), are relatively clear.

It may also be possible to largely bypass the processes
of cellulose pretreatment and enzymatic hydrolysisto pro-
duce fermentable sugars. One such approach is to gasify
biomass to mixtures of carbon dioxide, hydrogen and
carbon monoxide and then to ferment the resulting gas
mixture to ethanol or other products. This amounts to a
technological “end run” around the processes of biomass
pretreatment and enzymatic hydrolysis, and could also sig-
nificantly simplify the fermentation process. Two major
technical obstacles to this approach include clean up of
the gas stream, particularly to remove sulfur and nitrogen-
containing compounds, and also the difficulty of trans-
ferring dlightly soluble gases into a liquid fermentation
mixture.

3. Generic Biomass Processing Technologies

Thefollowing comments apply generally to biomass con-
version, not just to lignocellulose conversion. Processing
technologiesthat utilize microbes and enzymes have great
potential for low cost biomass processing. Unlike most
thermal and chemical processes, bioprocesses take place
under relatively mild conditions of temperature and pres-
sure. Higher temperatures and pressures add significantly
to the cost of processing in conventional chemical indus-
tries so that advanced bioprocessing technologies have
the potential to beless expensive than their non biological
counterparts. Some advanced bioprocessing technologies
utilizing microbes and enzymes have already been de-
veloped, for example, immobilized cell technology and
simultaneous hydrolysis and fermentation of sugars from
lignocellul osics. Bioprocessesresult in stereospecific con-
versions (the particular arrangement of atoms in space)
and producerrel atively nontoxic byproducts. However, the
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volume of such byproducts can be very large and there is
apressing need to find markets for al such products and
byproducts.

Bioprocessing research should thereforefocuson (1) in-
creasing processing rates to reduce the capital investment
required, (2) increasing product yieldsto decreasethe raw
material costs and to reduce the load on the separation
and waste disposal systems, and (3) increasing product
concentrations to reduce separation costs. One drawback
is that bioprocesses typically yield dilute agueous prod-
uct streams that require further processing to separate
and purify products. Separation technol ogies for biobased
productsaretypically less devel oped than separation tech-
nologiesfor comparabl e petroleum-based products. A ma-
jor need is to find low cost ways of removing the large
amounts of water that often accompany biobased prod-
ucts. In general, research on the underlying production
processes should focus on the science and engineering re-
quired to overcome the most significant cost barriers to
commercializing biobased products.

Experience with commercial amino acid production il-
lustrates the potential of combining inexpensive raw ma-
terials with advanced processing technologies. Interna-
tional amino acid markets were completely dominated by
Japanese firms in the early 1980s. However, in the 1990s
U.S. companies used inexpensive corn-based sugars and
an advanced processing method, immobilized cell tech-
nology, to penetrate these markets and now occupy a sig-
nificant part of the global amino acid trade.

One of the reasons these corn-based sugars for amino
acid production were so inexpensive is because they were
produced in large, integrated biorefineries. The Archer
DanielsMidland plantin Decatur, lllinois, isaprototypical
biorefinery. At that location, alarge corn wet-milling plant
and a steam and €electricity cogeneration station burning
wastetiresformthenucleusfor several other plantsthat are
highly integrated. These other plantsarean ethanol facility
as well as an amino acid production plant. Biorefineries,
whether based on corn, straw or any other material, must
aspire to asimilar degree of integration and effectiveness
in raw material conversion.

V. POTENTIAL AND LIMITATIONS
OF BIOMASS AND BIOBASED
INDUSTRIAL PRODUCTS

A. Potential Benefits

Biomass production and processing have the potential to
give us a uniquely sustainable source of organic chemi-
cals, organic materials (such as biopolymers) and liquid
transportation fuels. Biomass can also hel p us sustainably
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produce electricity, although there are several other sus-
tainable sources of eectricity. Biomassis also uniquely a
source of human food and animal feed.

Because biomass production is widely dispersed geo-
graphically, biobased industrial products can potentially
form the basis of both local and worldwide economic sys-
tems that are much more equitable and balanced. Also
because biomass productioniswidely dispersed, resource-
driven international conflicts over petroleum might be
minimized or avoided entirely.

Biomass production is a key part of globa cycles of
carbon, oxygen, nitrogen, water and other compounds. If
weintelligently produce and use biobased industrial prod-
ucts we may actually improve environmental quality and
increase or enhance the stocks of “natural capital” such as
soil, water and air upon which all life depends. Numerous
opportunities also exist to integrate biomass production
and processing with waste utilization and recovery of dam-
aged or lessfertilelands. For example, the organic fraction
of municipal solid wastes might be combined with human
and animal wastes and composted to enrich marginal soils
producing perennial grasses for a bioethanol facility. Fur-
thermore, since plantsfix atmospheric carbon bothin their
above and below ground parts, the potential existsto con-
tinue to use petroleum and other fossil fuels indefinitely,
balancing the amount of atmospheric carbon dioxideliber-
ated by fossil fuel combustion with the uptake and fixation
of carbon dioxide by plants.

B. Potential Limitations of Biomass
and Biobased Industrial Products

Perhaps the most serious potential limitation of biomass
and biobased industrial products is the possible conflict
with food and feed production on the same land. While
biomass utilization for organic chemicals and materials,
done properly, isnot likely to result in conflicts with food
production, biomass production and utilization for liquid
fuels such as ethanol might indeed conflict with food pro-
duction. Thisisparticularly trueif fuel use efficiency does
not increase dramatically over thetimeframethat biofuels
areimplemented. Food production will alwaysbeahigher
human priority than production of fuels or plastics. This
issue must be carefully considered and appropriate reso-
lutions achieved if biobased industrial products, including
biomass-derived liquid transportation fuels, areto provide
ustheir full social, economic and environmental benefits.

Some threats to biodiversity and water and soil qual-
ity are also possible from greatly increased levels of
biobased industrial products. Erosion and increased con-
tamination of soil and water with fertilizers, pesticides
and herbicides might result from intensive production
of biomass for biobased products. Disposal of biobased
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products, done with reasonable care, should not have en-
vironmental impacts more severe than the corresponding
petroleum-derived products. Infact, biobased productsare
well suited to composting or other resource recovery ap-
proaches that return their constituent atoms to the global
cycles of materials.

C. Achieving the Benefits
of Biobased Products

While the potential benefits of biobased products are cer-
tainly real, so are their limitations and possible problems.
One way of achieving the benefits of biomass processing
to biobased productsisto do careful, system-level studies
of specific products in order to anticipate and resolve po-
tential problems before large industries are launched and
the damage is done. Life cycle analysisis suited to such
system studies. For example, thereis an obvious potential
for biomass production for biobased products to conflict
with food production. Careful studies are required to an-
ticipate and resolve such conflicts before they occur.

One potential resolution of this apparent conflict with
food and fuel production isto coproduce foods and animal
feeds with fuel and chemical production from biomass.
Most biomass produced is actualy fed to animals, rather
than directly to humans. Since most biomassalso contains
protein (required in al animal diets), the potential exists
to recover this biomass protein in a biorefinery and use
it to feed animals, or perhaps even people. Assuming an
average protein content of 10% in grasses and residues,
and assuming 80% recovery of thisproteinin biorefineries
also producing ethanol fuel, about 1 billion tons of grass
would be required to replace all of the protein currently
produced worldwide as high protein meals from oilseeds
such as soybeans. The equivalent amount of ethanol
produced would be about 100 hillion gallons per year,
about half of the U.S. demand for liquid transportation
fuels.

Similarly, the calories (food energy) in lignocellulosic
materials are not very available for animal digestion and
they areessentially usel essin human nutrition. However, if
the technical roadblock of lignocellul ose pretreatment for
production of fuelsisresolved, it will also be resolved for
pretreatment to increase the food and feed calories avail-
ablefromlignocellulosics. For example, ruminant animals
typically digest less than half of the calories potentially
availablein grasses. If pretreatments make those calories
90% percent availableboth for fermentati onto ethanol and
also for animal feeding, then the treatment of about 4 bil-
liontonsper year of grasseswill makeavailablefor feed (or
food) and fuel usesnew, additional cal oriesapproximately
equal to the calories contained in the entire world grain
crop of about two billion tons per year. Thus while both
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the protein and calorie issues in biomass processing need
careful analysis, it may be possible to actually increase,
rather than decrease, world food and feed resources as a
consequence of large-scale biomass processing to fuels.

While the potential difficulties of biomass processing
are certainly real, so are the potential benefits. In essence,
we have the unique opportunity to guide and develop a
new industry so that it improves the quality of our en-
vironment at the same time it provides many economic,
environmental and socia benefits. Both the opportunity
and the challenge are ours.

SEE ALSO THE FOLLOWING ARTICLES

BIOENERGETICS e BIOMASS UTILIZATION, LIMITS OF
o BIOREACTORS e ENERGY EFFICIENCY COMPARISONS
BETWEEN COUNTRIES e ENERGY FLOWS IN ECOLOGY
AND IN THE ECONOMY e ENERGY RESOURCES AND
RESERVES e WASTE-TO-ENERGY SYSTEMS
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GLOSSARY

Biomaterials A substance that is used in prostheses or
in medical devices designed for contact with the living
body for an intended application and for a planned time
period.

Biocompatibility The capability of being harmonious
with biological life without causing toxic or injurious
effect.

Ceramics Stiff, brittle materials that are generally pre-
pared by high temperature methods; the resulting ma-
terials are insoluble in water.

Composites Materials composed of a mixture or com-
bination of two or more microconstituents or macro-
constituents that differ in form and chemical com-
position and that are essentially insoluble in each
other.

Metals Any of a class of elements that generally are solid
at ordinary temperature, have a grayish color and a

shiny surface, and will conduct heat and electricity
well.

Polymers Large molecules formed by the union of at least
five identical monomers.

Tissue engineering The study of cellular responses to
materials implants, manipulation of the healing envi-
ronment to control the structure of regenerated tissue,
the production of cells and tissues for transplantation
into the body, and the development of a quantitative
understanding of biological energetics.

I. INTRODUCTION TO MEDICAL
BIOMATERIALS

The normal description of a biomaterial is “a substance
that is used in prostheses or in medical devices designed
for contact with the living body for an intended applica-
tion and for a planned time period.” The development of
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biomaterialshasoccurred in responseto the growing num-
ber of patients afflicted with traumatic and nontraumatic
conditions. As the population grows older thereis an in-
creased need for medical devices to replace damaged or
worntissues. Themarket isabillion dollar per year market
and requires the skills of clinicians, surgeons, engineers,
chemists, physicistsand material s scientiststo work coop-
eratively in the development of materialsfor clinical use.

Therearefive classes of biomaterials; metals, ceramics,
biological materials/polymers, synthetic polymers, and
composites. The choice of material to replace biological
tissue is largely governed by the physical properties of
both the natural tissue and the proposed replacement. In
general, natural and synthetic polymersareused to replace
skin, tendon, ligament, breast, eye, vascular systems, and
facial tissues, and metals, ceramics and composites are
usedtoreplaceor reinforceboneand dentin. Replacements
for these natural tissuesclearly require materialsof differ-
ent strength. Table| showsthe strength of the main groups
of natural materials together with the synthetic counter-
parts used in the development of replacement materials.
It is often the case that the strengths of the materials used
to replace natural components are stronger and/or stiffer
which often leads to problems of compatibility bothin re-
spect of mechanical behaviour of the implant within the
host and in terms of the biologic response.

TABLE | Physical Properties of Tissues and Materials Used
in Their Replacement

Ultimate strength Modulus
Material (Mpa) (MPa)
Natural materials
Soft tissue
Arterial wall 05-1.72 1.0
Hyaline cartilage 13-18 0.4-19
Skin 25-16 6-40
Tendon/ligament 30-300 65-2500
Hard tissue (bone)
Cortical 30-211 16-20 (GPa)
Cancellous (porous) 51-193 4.6-15 (GPa)
Synthetic materials
Polymers
Synthetic rubber 10-12 4
Glassy 25-100 1.6-2.6 (GPa)
Crystalline 22-40 (0.015-1) (GPa)
Metal alloys
Steel 480-655 193 (Gpa)
Cobalt 655-1400 195 (GPa)
Platinum 152-485 147 (GPa)
Titanium 550-680 100-105 (GPa)
Ceramics
Oxides 90-380 (Gpa) 160-4000 (GPa)
Hydroxylapatite 600 19 (GPq)
Composites
Fibers 0.9-4.5 (Gpa) 62-577 (GPa)
Matrices 41-106 0.3-3.1
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Many of the materials used today in the clinical envi-
ronment were not originally engineered for biomaterials
applications. In crude terms, they became “biomaterials”
when, by a series of trial-and-error experimentation, they
were implanted in the human body in a variety of forms
and found to “work.” Clearly there were many other mate-
rialswhichdid not ‘work’ causing at theleast perhapspain
and discomfort to patients and at the worse unnecessary
suffering and death. Increase in litigation for problems
allegedly caused by biomaterials has caused some com-
panies to remove products from sale in this area and may
lead to adistinct shortage of available materialsfor device
fabrication. For a variety of reasons, trial-and-error opti-
mization is not the way forward for the production of the
next generation of materialsto be used in the human body.

What is required is the systematic design of a wide
range of materials with specific functions for predefined
medical use. The goal is to produce biomaterials that
smoothly integrate into living systemsrather than fighting
against the normal functioning of aliving body. There are
many factors to consider in order to understand how this
might be accomplished. The factors include the structure
of the original material to be replaced or augmented, its
physiology, anatomy, biochemistry and biomechanicsin-
cluding pathophysiological changesthat have necessitated
the use of a substitute biomaterial. In addition, as devices
are often present in the body for considerable periods of
time then it is necessary to understand the natural degen-
erative processes of normal tissues, particularly inrelation
to the biomaterial substitute. This|latter areais at present
very poorly understood. All of the above clearly impact on
thedesign and devel opment of materialsfor clinical usage.
Thus materials need to be developed with a clear under-
standing of the nature and extent of interactions between
the device (whatever it is) and the surrounding tissue. It
cannot be emphasised too strongly the importance of bio-
compatibility in the development of the next generation
of materialsfor applicationsin abiological environment.

This chapter will describe the materials currently used
as biomaterials and routes to their formation. It will de-
scribe some aspects of the structural chemistry of natural
materials that are to be replaced or augmented and it will
look at the way forward for the design of materialsfor use
in the medical environment in the 21st century.

IIl. ASPECTS OF THE STRUCTURAL
CHEMISTRY OF NATURAL MATERIALS
USED IN THE HUMAN BODY

Biological organisms make use of proteins, polysaccha-
rides and combinations of these two types of molecule in
the polymeric phases that are found in a living organism
together with simple cal cium salts. Chemical composition
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and structure both play important rolesin determining the
propertiesof thenatural polymeric phasewhetheritisused
aone or in acomposite form.

A. Natural Polymers

The key to the mechanical properties of fibrous materials
(collagen, silks, chitin and cellulose are all natural exam-
plesand polyethylene and nylon are examples of synthetic
polymers) lies in their structure, in particular the extent
of their crystalinity. Crystallinity equates with material
rigidity, hardness and toughness, Table I. For crystaline
polymersto form they must have great regularity of chain
structure and be linear in form. The presence of more
than one stereo-isomeric form of the polymer can cause
problems in structural alignment for synthetic polymers
but thisis not a problem in natural polymers. Collagen or
cellulose asonly one stereo-isomer is utilized in the build-
ing of these structures. When the level of crystallinity is
less than 20%, the crystalline regions act as cross-links
in an amorphous polymer network with materials be-
ing mechanically similar to cross-linked rubbers. Above
40% crystallinity the material s become quiterigid and the
mechanical properties of the polymers are largely time-
independent. The behavior of drawn fibers, such as those
produced from synthetic polymersmay befurther different
from the bulk material as the regions of amorphous char-
acter are greatly extended and aigned perpendicular to
the stress direction. In general, the Young’s modulus (the
stress-strain curve) of a bulk crystallized polymer is two
to three orders of magnitude greater than that of an amor-
phouspolymer such asrubber and themodul us of oriented,
crystalline fibers is another order of magnitude greater
still.

Collagen isaprime exampleof animportant crystalline
polymer in mammals and is found in both rigid (e.g.,
bone) and pliant materials(e.g., tendon, skinand cartilage)
(Table I1). Each collagen chain is ca. 1000 amino acids
in length and is dominated by a 338 contiguous repeat-
ing triplet sequence in which every third amino acid is
glycine. Proline and hydroxyproline together account for
about 20% of the total amino acids. The structure of col-
lagen is based on the helical arrangement of three non-
coaxial, helical polypeptides, stabilized by inter-chain and
intra-chain hydrogen bondswith all theglycinesfacing the
center of thetriplehelix. Individual collagen moleculesare
ca. 280 nm in length and 1.5 nm in width with adjacent
molecules being transposed in position relative to one an-
other by one quarter of their length in the axial direction.
Collagen is the protein used in tissues where strength or
toughnessisrequired. In addition to the effect of itsintrin-
sic chemical structure on the observed mechanical proper-
ties, part of its toughness arises from specific cross-links
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between the molecules. These naturally increase with age
leading to aless flexible material as someone gets older.
Elastin is used in situations where a highly elastic fiber
isneeded such asinligamentsand blood vessels(Tablell).
The polypeptide chain of elastin contains high levels of
both glycine and alanine, is flexible and easily extended.
To preventinfiniteextensionthe peptide sequencecontains
frequent lysine side chains that can be involved in cross-
links that allow the fibers to “snap-back” on removal of
tension. Elastinisonly ever found asfine fibersand isusu-
aly found in association with collagen and glycosamino-
glycans. The hydrophobic character of the protein (95%
of the amino acids have nonpolar side chains) leadsto wa-
ter becoming more ordered and the polymer less ordered
when fibers of the material are stretched.
Carbohydrate-based natural polymers include gly-
cosaminoglycans (polysaccharides containing amino
acids formerly known as mucopolysaccharides), proteo-
glycans (covalently bonded complexes of protein and
glycosaminoglycan in which the polysaccharide is the
dominant feature) and protein—polysaccharide complexes
where a complex is held together through noncovalent
linkages. Important examples are the chondroitin sulfates
and keratan sulfates of connective tissue, the dermatan
sulfates of skin and hyaluronic acid. All are polymers of
repeating disaccharide units in which one of the sugars
is either N-acetylglucosamine or N-acetylgal actosamine.
Examples are given in Table I1. A major function of this
group of moleculesisthe formation of amatrix to support
and surround the protein components of skin and connec-
tivetissue. A schematic view of the proteoglycan complex
in cartilage used to bind to collagen in a strong network
is shown in Fig. 1. The filamentous structure contains at
its heart a single molecule of hyaluronic acid to which is
attached via noncovalent interactions proteins known as
“core” proteins. Thesein turn have chondroitin sulfateand

Hyaluronic Acid
Link Protein

Core Protein

Chondroitin Sulphate

Keratan Sulphate

FIGURE 1 A schematic view of the proteoglycan complex in
cartilage used to bind to collagen in a strong network.
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TABLE Il
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Natural polymer

Structural unit

Collagen

(gly-x-pro/Hpro), where x is another amino acid.

Triple helices are built up from the basic structural units and held together
by inter- and intra-molecular bonds between helices to form fibers

Elastin (gly-val-gly-val-pro),

Polypeptide rich in glycine and alanine, 95% hydrophobic residues
Lysine side-chains used in cross-linking to give fibers
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keratan sulfate chains coval ently bound to them. The prop-
ertiesof these moleculesand their protein—polysaccharide
complexes are largely determined by the poly-anionic
character of the glycosaminoglycans. Both carboxyl and
sulfated groups are ionized at physiological pH to give
highly charged polymeric molecules where the molecule
takes on a highly expanded form in solution. Perhaps un-
usally, glycosaminoglycan complexesof connectivetissue
may also contain a small amount of silicon (ca. 1 silicon
atom per 100 sugar residues) as a cross-linking agent be-
tween adjacent chains.

Hyaluronic acid has additional functions within the
body due to its high solubility in water. In addition to the
properties described above, molecules are able to interact
with one another at low concentrations to form entangle-
ment networks and produce solutions with viscoelastic
properties. In addition, if some permanent cross-bridges
can form then gel-like structures with rubber-el astic prop-

erties can result. Hyaluronic acid is thus able to act as a
viscosity modifier and a lubricating agent in the synovia
fluid of joints and in the vitreous humor of the eye.

B. Natural Pliant Composites

Pliant composites are tendon, skin, and cartilage, all of
which contain fibers (in some proportion) and a chemical
matrix to support and modify the behavior of the high
strengthmaterial . Collagenisgenerally used asthefibrillar
component with differencesin thethickness of thesefibers
(15 to 150 nm) being related to the required mechanical
properties of the composite. There are differences in the
extent of cross-linking between the collagen molecules
and in the nature and organization of the fibrils and the
matrix in which it isfound.

Tendon isthe structure that enablestherigid attachment
of muscleto bone, and as such it must transmit the muscle
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force with a minimum of loss. This is achieved through
the parallel arrangement of collagen fibers to form rope-
like structures with a high modulus of elasticity and high
tensilestrength. Tendons, such asthe Achillestendon, that
are under alot of stress probably contain collagen fibers
that are more highly cross-linked to reduce the rate of
stress-relaxation to an insignificant level.

in is a complex tissue made up of a thick collage-
nous layer (the dermis), a basement membrane and an
overlying keratinized epidermal layer. The mechanical
properties of skin arise principally from the dermiswhich
is a three-dimensional feltwork of continuous collagen
fibers embedded in a protein—polysaccharide matrix rich
in both dermatan sulfate and hyaluronic acid, the latter
being used to reduce frictional wear between the collagen
fibers. Elastin fibers are distributed throughout the tissue
or concentrated in the lower layers of the dermis depend-
ing on the preciselocation of the skinwithinthe body. The
arrangement of elastin fiberswithin acollagen framework
results in a material showing rubber-elastic properties at
small extensions but islimited at longer extensions by the
dimensions of the collagen framework.

Cartilage acts as a material that maintains the shape
of ears, the nose, and the invertebral disc. Cartilage con-
tains collagen fibers, a proteoglycan matrix phaserich in
chondroitin 4- and 6-sulfate and sometimes elastin fibers
and yet the material must be able to resist compression
and bending forces. Cartilage can be thought of as a hy-
drostatic system in which the fluid element is provided
by the hydration water of the proteoglycan gel and the
container provided by the collagen fiber meshwork which
immobilizes the molecules of this gel. Thus, the rigid-
ity of the system arises from the osmotic swelling of the
proteoglycan gel against the constraints imposed by the
collagen fiber system. Cartilage may additionally be min-
eralized and will be discussed below in conjunction with
other mineralized tissues.

C. Natural Mineralized Tissues,
Bone, Cartilage, and Enamel

Vertebrates construct their skeletal and dental hard parts
from calcium phosphates with calcium carbonates being
used for balance organs and egg shells. Bone, dentin,
enamel, and mineralized cartilage all contain crystalline
calcium apatite phases but the crystals exhibit differ-
ent sizes, compositions, and ultrastructural organization.
Apart from enamel they all contain collagen fibers, and
additional inorganic salts and biomolecules.

Bone has unusual physical and mechanical properties
inthat it isableto support its own weight, withstand acute
forces, bend without shattering and can be flexible with-
out breaking within predefined limits. Bone also acts as
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TABLE Ill  Polymers Used in Medical Devices

Polymer Medical device applications
Polyethylene Hip, tendon/ligament implants and
facial implants
Polyethylene terphthalate Aortic, tendon/ligament and
facial implants
Polymethylmethacrylate Intraocular lens, contact lenses and
bone cement

Polydimethylsiloxane
Polyurethane

Breast, facia and tendon implants
Breast, vascular and skin implants

an ion reservoir for both cations and anions. In material
terms bone is a three-phase material; the organic fibers
(collagen) can be compared to steel cablesin reinforced
cement, the inorganic crystalline phase (carbonated hy-
droxyapatite) to a heat-treasted ceramic and the bone ma-
trix to a base substance which performs various cellular
functions. The unique physical and mechanical properties
of bone are a direct result of the atomic and molecular
interactions intrinsic to this unusual composite material.
Bone comprises collagen fibrils intimately associated
in an orderly fashion with small calcium phosphate
crystals. The crystals are of carbonated-hydroxyapatite
more correctly described as the mineral dahllite. The
formula Cag 3(PO4)4.3(COs3)x(HPO4)y(OH)o.3 represents
bonemineral withthevaluesof X and Y changingwith age
(Y decreasesand X increaseswithincreasing age, whereas
X+Y remains constant with age equal to 1.7!). Traces
of other elements such as silicon may also be associated
with deposition of the mineral phase. Theindividual crys-
tals have an average length of 50 nm (range 20-150 nm),
width 25 nm (range 10-80 nm) and thickness of 2-5 nm.
In additionto collagen at 85-90% of the detectable protein
there are more than 200 noncollagenous proteins (NCPs)
present. The three major classes of NCP’s are acidic gly-
coproteins, proteoglycans and Gla- (y-carboxyglutamic
acid) proteins. The acidic glycoproteins contain consid-
erable amounts of the amino acids phosphoserine, phos-
phothreonine, and y -carboxyglutamic acid. The phospho-
poteins are intimately associated with the initiation and
regulation of crystal growth and may serve as a source
of inorganic phosphate on enzymatic release by phos-
phatases. Theproteoglycanshave oneor more (negatively)
charged glycosaminoglycan chains attached to the main
protein chain and may be present to inhibit crystal growth
due to their negative charge and to reserve the extracellu-
lar space for future cal cium phosphate crystal growth due
to their ability to structure water. Both these classes of
proteins together with alkaline phosphatase are found in
arange of mineralized tissues and their wide distribution
suggests that they have a basic role to play in controlling
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mineralization systems. Bone Gla-containing proteins are
uniqueto bone and dentin and as such are expected to have
a specific functional role to fulfill in these tissues.

Stages in the formation of bone are: (1) synthesis and
extracellular assembly of the organic matrix framework,
(2) mineraization of the framework, and (3) secondary
mineralization as the bone constantly forms and reforms.

All of the salts and biomol ecules associated with bone
described abovewill play their own role(s) in the devel op-
ment of bone, the structure of which can vary considerably
according to the location and use to which the resulting
natural compositeisto be used. Figure 2 showspictorially

FIGURE 2 Schematic drawings of (a) human corticalbone and (b)
humand cancellous bone. Note the difference in packing density
and porosity between the two idealized structures. (Reprinted with
permission from Perry, C. C. (1998). In “Chemistry of Advanced
Materials.” (L. V. Interrante and M. J. Hampden-Smith, eds.), pp.
499-562, Wiley VCH, New York.
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the difference in porosity of cortical and cancellous bone
with the former being found where load bearing isimpor-
tant. Boneis constantly in a state of dynamic equilibrium
with its environment and changes with age. Changeswith
timewill also beexpected for diseased statesand whenfor-
eign bodies (e.g., implants) arein close proximity to these
phases although much less is known for such situations.
An understanding of the structure and dynamics of natu-
ral materials should enable to design of materialsfor their
replacement which will be chemically more compatible
with those they are seeking to replace.

Mineralized cartilage contains much thinner fibers of
collagen than are found in bone, high levels of water of
hydration, and hydroxyapatite crystals, although there is
no regular organization of the crystallites with respect to
the collagen matrix.

Enamel is formed via the assembly of a matrix com-
prising both collagenous and noncollagenous proteinsinto
which large oriented hydroxyapatite crystals are formed.
The crystals may be of the order of 100 microns in
length, 0.05 microns in diameter, and with an hexagonal
cross-section. At maturity water and protein (including
collagen) are removed from the tooth leaving a collagen-
free composite.

Ill. GENERAL REPAIR MECHANISMS
AND BIOCOMPATIBILITY

Under normal circumstances most tissues in the body
are able to repair themselves athough the process and
the presence or absence of scarring is tissue dependent.
Bone repair occurs either through formation of membra-
nous bone or through mineralization of cartilage. In fa-
cial bones, clavicle, mandible, and subperiosteal bones,
membranousbone growthinvolvescal cification of osteoid
tissue (endochondral bone formation). In long bones the
stages of repair include induction, inflammation, soft cal-
lus formation, callus calcification and remodeling.

Cartilage and skin can also repair themselves although
scarring does occur. For skin, repair involves inflamma-
tion, immunity, blood clotting, platel et aggregation, fibri-
nolysis, and activation of complement and kinin systems.
Intheabsence of achronicinflammatory response, dermal
wounds are repaired through deposition and remodeling
of collagen to form scar tissue.

Enamel is not repaired by the body.

Early studies on biomaterials were based upon the idea
that implants would not degrade in the human body or be
involved in biological reactions. Hence the search wasfor
bioinert materials, whatever their chemical composition.
However, no material implanted in living tissue is inert
and all materialsdlicit aresponse from the host tissue. For
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catalyst

i i i
n HOCH,CH,OH + » HOC@C —0OH —» ‘EOCHZCHQ—OC‘@\C %‘ +
n

ethylene glycol terephthalic acid

+ (2n-1) H,O
polyester
polyethylene terephthalate

SCHEME 1 Condensation polymerization.

toxic materials, the surrounding tissue dies. For nontoxic
materials and those that dissolve, the surrounding tissue
replaces the implant. For biologically nontoxic and inac-
tive materials, a fibrous tissue capsule of variable thick-
ness can form. For nontoxic and biologically active mate-
rials, aninterfacial bond forms. Materials used in medical
procedures should be biocompatible with the host tissue.
Biocompatibility of an implant material is deemed opti-
mal if it promotes the formation of normal tissue at its
surface, and in addition, if a contiguous interface capable
of supporting the loads that normally occur at the site of
implantation is established.

Hence the current goal is to produce materials that are
recoghized and assimilated by the body.

IV. MATERIALS OF CONSTRUCTION

All medical implants are composed of polymers, metals,
ceramics, or mixtures and composites of these materials.
Tissue replacement with synthetic materials requires se-
lection of amaterial or materials with physical properties
most similar to those of the natural tissue (Table ).

A. Synthetic Polymers

These are the most widely used materials in health care
and are used in almost all phases of medical and/or dental
treatment. Typical polymersin use are listed in Table Il
together with selected uses.

1. Synthesis

Polymers are large molecules made from many smaller
units called monomersthat are chemically bonded to form

initiator
n CI 12=CI 12

ethylene

—

the polymer. If only one species of monomer is used
to build a macromolecule the product is termed an ho-
mopolymer, normaly referred to as a polymer. If two
types of monomer unit are used the material is known
as a copolymer and if three different monomers are used
then aterpolymer results.

Polymers may be formed by condensation reac-
tions between complimentary functiona groups to
make poly(esters), poly(amides) and poly(urethanes)
(Scheme 1).

They may also be formed by free radical polymerisa-
tion of unsaturated compounds to give addition polymers
(Scheme 2).

Examples of this class include poly(ethylene),
poly(vinyl chloride) and poly (methyl methacrylate).

A third route to polymers includes ring opening reac-
tions as in the formation of nylon-6 from ¢-caprolactam
(Scheme 3).

Thestructure, chemical functionality and physical prop-
erties of the polymer phase and hence its potential in
medical devices depends on the monomers used and the
method of synthesis. The presence of more than one func-
tional monomer can lead to different arrangements of the
monomers in the polymer chain (Fig. 3). These structural
variations, including effects dueto chirality have an effect
on the way in which the polymer chains can pack together
and hence they have an effect on the physical properties
of the materid itself.

Polymers are often compounded with arange of other
materials to lower the cost and improve the performance
of the proposed polymer device. Accelerators are used to
increasethe extent and rate at which cross-linking between
the chains occurs. Antioxidants such asaminesand hydro-
quinones are added to minimize the cracking of a device
when exposed to oxidants. Fillers such as carbon black,

*ECI L—CI Iz}
n

polyethylene

SCHEME 2 Addition polymerization.
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CH,
cm” N\
¢=o0 water, 520 K
CH, | —> NH(CH,)sCO
acidic / basic
N—H catalysts n
CH, nylon-6
T~CH,

g-caprolactam

SCHEME 3 Ring opening polymerization.

glass fiber, mica, and silicacan be used to reinforce poly-
mers and improve their mechanical properties. There are
problems associated with the use of many of these addi-
tives because of their low molecular weight (in relation to
the polymer phase) asthey may beleached fromthedevice
causing deleterious effects on the device itself and on the
human body. Not only can there be problemsdueto leach-
ing of additives but al so there may be problems dueto the
very components used in the synthesis of a material. For
example, contaminants found in silicone polymers due to
the synthesis route include; siloxane monomers, platinum
catalysts, and peroxide derivatives. This problem is aso
significant in the production of bioceramics and compos-
ites for use in biomedical applications.

The mechanical properties of polymers are a conse-
guence of the distribution and packing of the polymer
chains (degree of crystallinity) and the transition temper-
ature at which they change from a viscoelastic material
to arigid glass. They cover awide range of strengths (as
measured by values for the Young’s modulus) and can
therefore be used for awide range of applications.

Random copolymer

Alterating copolymer

2. Polymer Modification

Polymers are required for use under agueous conditions
wherethebinding of proteins (for recognition by the body)
and cells is required in order to produce a favourable
biological response. Polystyrene, polyethylene and ter-
phthalate, polyfluoroethylene and perfluorinated ethylene
propylene copolymer are poor supports and require post-
synthesis modification of their surfaces to improve bio-
compatibility. Gas plasma (glow discharge) methods have
become popular as a way of fabricating a range of sur-
face chemistries. Surfaces are produced with function-
alities rich in oxygen groups including O, OH, surface
sulfonate and carboxyl which are, in principle, more com-
patiblewith biological tissuesthan the carbon-carbon and
carbon-hydrogen bonds present in the parent polymers.
It is also possible to use grafting (long used in indus-
tries based on polymers) to modify the surface chem-
istry of polymers. A grafted surface can be produced
primaril by graft polymerization (often afreeradical pro-
cess) of monomers or the covalent coupling of existing

SNNAAABABBABABBBBAABAB A~

N "ABABABABABABABAABAB ~_~_~

Block copolymer AN AAAABBBBAAAABBBBAAAA AN A
B B
B B
B B
Graft copolymer ANNAAAAAAAAAAAAAAAAAAA AN
B B
B B
B B

FIGURE 3 Schematic of polymer structures possible when two different monomers are used in the synthesis.
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polymer molecules onto the substrate polymer surface. A
terminal group reactive to functional groups present on
the substrate polymer surface is required for the poly-
mer chains to be used in the coupling reaction, while
the graft polymerization method needs active species on
the substrate polymer to initiate radical polymerization.
An apparently grafted surface can aso be produced by
physical adsorption of existing polymers. The adsorbed
chains are readily desorbed upon immersion in solvents
or washing with surfactants unless the adsorptive force
is remarkably strong. Polyethyleneoxide (PEO) has been
used to modify artificial surfaces by the above chemical
surface modification methods with the establishment of
PEO-surface and PEO-interpenetrating networks. An al-
ternative simple and cost-effective approach is to use the
melt blend techniquewhere small amountsof protein com-
patible additives, such as PEO, polyvinyl alcohol (PVA),
poly(ethyl oxazoline) (PEOX), and poly(vinyl pyrroli-
dine) (PNVP) have been used to modify the substrate
polymer. The base polymer could be a single polymer
or mixture of ethylene-vinyl acetate (EVA), polypropy-
lene (PP), glycol modified poly(ethylene terephthalate)
(PETG), poly(methylmethacrylate) (PMMA), styrene-
butadiene copolymer and polyamide-based copolymers.
Materials modified by these techniques can show en-
hanced protein adhesion important for general biocompat-
ibility or show reduced protein adsorption which is useful
in the production of blood-contacting devices, chromato-
graphic supports, coatings to minimize biofouling, sepa
ration membranes, contact lenses, immunoassays, protein
drug-contacting materials, etc.

3. Biodegradable Polymers

Although there are many medical applications for poly-
merswhich require materialsto be stable over along time
period, there are also devices such as sutures, small bone
fixation devices, skin grafts, and drug delivery systems
where polymers that break down in a controlled fashion
arerequired. Materialsthat can betailored to break down
either unaided or by enzyme-assisted pathways under the
conditions inherent in the location where the implant is
found are desired.

Two main factors affect the biodegradability of poly-
mers. The first is the chemical composition of the ma-
terial and the presence of hydrolysable and/or oxidizable
chemical groupsinthemain chain, suitable substituentsin
side chains, stereoconfiguration, balance of hydrophilicity
and hydrophobicity, and conformational flexibility all con-
tribute to the biodegradability of synthetic polymers. The
second aspect is the morphology of the polymer sample
with amorphous polymer regions degrading prior to crys-
talline and cross-linked regions. Functional groups such
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as amides, enamines, enol-ketones, esters, ureas, and ure-
thaneswhen present in polymersall show somebiodegrad-
ability.

Materials being developed include lactide/glycolide
polymers, polyorthoesters, derivatives of pseudo-
and poly-amino acids such as poly(l-glutamate),
polyphosphazenes, poly(e-caprolactone) and tyrosine-
polycarbonates. Advantages of these materials lies in
their ease of processability and their biocompatibility
with extracellular matrix components present in the body.
They may be made as high surface area, porous devices
thereby allowing cell movement and adhesion within the
device both important for the assimilation of the material
within the body and in the eventua replacement of the
bi odegradable component with the bodies own tissue.

Future applications of degradable polymers may in-
volve their use in afoam form as scaffolds for the regen-
eration of specific tissues such asliver, bone, cartilage, or
vascular walls.

B. Polymers from Natural Sources

In the search for biocompatible materials scientists
have taken naturally occurring polymers and modifed the
structure of thematerialsfor arange of end uses. Materials
based on collagen and hyaluronic acid are in common
use for both dental, ophthalmological and maxillofacial
reconstructive work where the “natural” polymer phase
is used to fill out defects in the bone thereby providing
a matrix around which bone will develop. Collagen is
used in film, membrane, solution, gel, and sponge forms.
It is also used in conjunction with glucosaminoglycans,
tricalcium phosphate, hydroxyapatite, allogeneic bone,
cells, and with drugs such as tetracycline.

Most implant procedures where collagen has been used
have required the implant to be a permanent feature in the
human body. The “collagen” used was usualy partialy
degraded, enzyme-extracted collagen, or had been stabi-
lized by cross-linking it with cytotoxic glutaral dehyde or
chromium salts, or else had been assembled into non-
natural polymeric structures such as films and sponges.
An aternative approach isto maintain as much of the bio-
|ogical and organi zational structure of collagen aspossible
using continuous collagen threads to make collagen fibers
which can then be used to knit and weave fabrics with a
structure more akin to that found naturally. Many differ-
ent materials have been fabricated each with different bulk
and extensibility properties.

Materials derived from hyaluronic acid are convention-
aly esterified (either 100% or fractional amounts) and
the acid esters so produced have physicochemical prop-
erties which are significantly different from those of the
parent molecule. Ethylhyaluronic acid ester (HYAFF-07)
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TABLE IV Metals Used in Medical Devices

Metal Medical device applications

Cobalt-chromium aloys Dental applicances, fracture plates, heart
valves, joint components, nails, screws

Conductive leads, joint components,
pacemaker cases, nails, screws

Fracture plates

Titanium alloys

Stainless steel

and benzy! hyaluronic acid ester (HYAFF-11) are used to
replace short nerve segments and in wound healing. The
materialscan be used asthreads, films, fabricsand sponges
and additional aplications are expected in plastic surgery
and orthopedics.

C. Metals

Metals have a large range of applications as devices for
fracture fixation, joint replacement, surgical instruments,
external splints, braces and traction apparatus, as well as
dental amalgams (Table IV). The high modulus and yield
point coupled with the ductility of metals makes them
suitable for bearing heavy loads without large deforma-
tions and permanent size changes. Metals are generally
inert and if the composition is chosen carefully do not
degrade in a saline environment. Metals are crystalline
materials with a specific arrangement of metal atoms
within a crystal lattice. Figure 4 shows the arrangements
of atoms in the common crystal packing arrangements
adopted by metals. The limits of a perfect crystal
lattice are defined by grain boundaries where individual
perfect crystals come together (Fig. 5). It is possible to

% K

Fae centred cbic

Body centred cubic

w‘._b%’f
ot 7 -

Hexagonal close pack

FIGURE 4 Common crystal packing arrangements for metals.
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Perfect crystalline array

Amorphous or disordered region
(grain boundaries)
FIGURES5 Schematic diagram of grain boundaries between crys-

tallites. The boundaries may occupy only one row of atoms or
more.

incorporate a wide range of different atoms either within
the crystal lattice, at interstitial sites within the crystal
lattice (spaces/sites where atoms or ions are not normally
located), or at grain boundaries and thus a multitude of
metal -containing material s can be made. The deformation
characteristics of ametal are determined by the grain size
of the crystals as imperfections are concentrated at the
grain boundaries. Mixing of metal atomsof different sizes
as in the production of an alloy can serve to modify the
properties of themetallic phase. Metallic elementsused in
the formation of implantsinclude: aluminium (Al), cobalt
(Co), chromium (Cr), copper (Cu), gold (Au), iridium
(Ir), iron (Fe), manganese (Mn), molybdenum (Mo),
nickel (Ni), niobium (Nb), paladium (Pd), platinum
(Pt), silver (Ag), tantalum (Ta), tin (Sn), titanium (Ti),
vanadium (V), tungsten (W), zinc (Zn) and zirconium
(Zr). Nonmetallic elements that are used to modify the
properties of the metallic phases include carbon (C),
nitrogen (N), phosphorous (P), sulfur (S), and silicon (Si).

The metals and alloys that were originally used in the
medical environment were selected on the basis of their
strength and ductility although their original genesis may
have been for a totally different purpose. To surmount
problems due to corrosion under saline conditions alloys
(homogeneous mixtures of the metalic elements at the
atomic level) have been developed to render materials
passive to corrosion. Another method is to promote the
formation of an adherent oxide layer, often by acid treat-
ment of the metallic phase. Both methods are currently
used.

Although the properties of metals can be modified by
the chemical addition of different atoms to the alloy mix-
ture, physical treatments such as annealing, precipitation
hardening, tempering, work hardening, and polishing can
also modify the modulus, toughness, and surface proper-
ties of the metallic phase. Processing of the metallic ma-
terial is necessary to produce functional components and
a combination of brazing (complex part formed by heat-
ing in the presence of another metallic material), drawing
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(wires and sheets formed from metallic ingots), forg-
ing (metallic forms obtained from dies), machining (for
complex geometries), and welding (local heating and fu-
sion to produce complex parts) may additionally modify
the physical properties of the metal or alloy being used.

The materials currently used in the production of med-
ical devices include stainless steels, cobalt-base alloys,
titanium-base aloys, platinum-base alloys, and nickel-
titanium alloys. Steels were the first modern metallic al-
loys to be used in orthopedics and initial problems with
corrosion were overcome by modifying the composition
of the steel with the addition of carbon, chromium, and
molybdenum. Carbon was added at low concentrations
(ca. 0.03-0.08%) to initiate carbide formation, while the
addition of chromium (17-19%) facilitated the forma-
tion of a stable surface oxide layer and the presence of
molybdenum (2.0-3.0%) was found to control corrosion.
The compositions of stainless steelsused can vary widely.
Table V showsthelimitsfor the chemical compositions of
three different alloys containing eleven different elements
together with the mechanical properties for the samples
after annealing and cold working.

There are at least four compositions of cobalt-base al-
loysin use which are similarly designated by code num-
bers such as F75, F90, F562, and F563. Again, these
differ in the relative composition of the following ele-
ments: manganese, silicon, chromium, nickel, molybde-
num, carbon, iron, phosphorus, sulfur, tungsten, titanium,
and cobalt. These aloys are used because of their superior
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strengths but they are difficult to machine and much more
expensive to produce. Titanium-base aloys are found in
many commercial medical devices and they are also used
ascoatings. For dental implantsboneisfound to grow best
in the presence of titanium or materials coated with tita-
niumwhere surfaceroughening during manufactureisal so
found to improve the performance. Platinum-base aloys
are used primarily in electrodes for electrical stimulation
for although they show excellent strength and corrosion
resistance they are very expensive materials to produce
and machine.

Figure 6 shows the clinical uses of metals in the hu-
man body. In many instances metallic implants have to
be fixed in to the body and the implants must be com-
patible with the fixative which may be metallic (screws),
ceramic (screws and other components) and/or polymer
phases (e.g., glue). In the design of replacement compo-
nents with high strength it is important that the compati-
bility of all of the biomedical componentsisrequired and
investigated before novel implantsareplacedinthehuman

body.

D. Ceramics

During the last 40 years arevolution in the use of ceram-
ics has occurred. The revolution is the development of
specially designed and fabricated ceramics, termed “bio-
ceramics” when used in the body for the repair and re-
construction of diseased, damaged, and “worn out” parts

TABLE V Chemical Composition and Tensile Strength of Standard
Stainless-Steel Alloys Used in Biomedical Applications

F55(%) F138(%)
Composition

Element Gradel Grade?2 Gradel Grade2 F745(%)
Carbon 0.08< 0.03< 0.08< 0.03< 0.06<
Manganese 2.0< 2.0< 2.0 2.0 2.0<
Phosphorus 0.03< 0.03< 0.025< 0.025< 0.045<
Sulfur 0.03< 0.03< 0.01< 0.01< 0.03<
Silicon 0.75< 0.75< 0.75< 0.75< 1.0
Chromium 17-19 17-19 17-19 17-19 17-19
Nickel 12-14 12-14 13-155 13-15.5 11-14
Molybdenum 2.0-3.0 2.0-30 2.0-3.0 2.0-3.0 2.0-30
Nitrogen 0.1< 0.1< 0.1< 0.1<
Copper 0.5< 0.5< 0.5< 0.5<
Iron Balance Balance Balance Balance Balance
Ultimate tensile
strength MPa MPa MPa
Annealed 480-515 480-515 480>
Cold-worked 655-860 655-860
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Cranial Plates
Ti, Ti Alloys

316L Stainless Steel
Ta

Maxillofacial Reconstruction
Ti, Ti Mesh
Ti-Al Alloy

Bone Fracture Fixation
316L Stainless Steel
Co-Cr-Mo Alloys

Ti, Ti Alloys

Harrington Rod

(spinal manipulation)
Co-Cr-Mo Alloy

316L Stainless Steel
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Orbit reconstruction
Co-Cr Mesh
Ti Mesh

Dental Implants
316L Stainless Steel

Co-Cr-Mo Alloys
Ti, Ti Alloys

Heart Pacemaker
Can:
316L Stainless Steel
Ti
Electrodes:
PL Pt-Ir

Prosthetic joints
(hip, knee, shoulder, elbow, wrist)
316L Stainless Steel
Co-Cr-Mo Alloys
Ti
Ti-Al-V-Alloys
Harrington Rods
Co-Cr-Mo Alloys

FIGURE 6 Clinical use of metals in the human body.

of the human body. Figure 7 shows many of the clini-
cal applications of ceramics together with the materials
used. Most applications relate to the repair of soft and
hard tissues but ceramics are also used in the formation of
replacement heart valves.

Ceramics include inorganic materials such as carbons,
silica, and metal oxides in crystalline and glassy phases
and salts such as cal cium hydroxyapatite, found naturally
in bone and enamel. Ceramics are stiff, brittle materials
that are generally prepared by high temperature methods
and the resulting materials are insoluble in water. The
materials have high strength and hardness but they are
only able to deform minimally under loading and there-
forefracture easily. The materials are made in avariety of
physical formssuch aspowders, coatings, and bulk phases.
They can show arange of crystallinity from singlecrystals
(e.g., sapphire), polycrystaline materias (e.g., alumina
and hydroxyapatite), glasses (e.g., Bioglass®), glasses
mixed with other ceramics (e.g., A/W glass-ceramic).

They can also be used in polymer ceramic composites
(e.g., polyethylene-hydroxyapatite). The specific mate-
rial form used depends on the application. For example,
single crystal sapphireisused asadenta implant because
of itshigh strength. A/W glass-ceramic is used to replace
vertebrae because it has high strength and bonds to bone.
Bioactive glasses have low strength but bond rapidly to
bone and are therefore used in the repair of bony defects.
It shouldbenotedin all applications, implantsmust remain
within the human body for many years and the long-term
stability of the materials used in the biological aqueous/
saline environment must be considered.

1. Conventional Ceramics

These include oxides and salts of metallic elements and
silicon together with carbons. The use of oxide phasesin
implants eliminates the problem of metallic corrosion in
a saline environment with high-purity alumina (Al,O3)
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Cranial Repair

Bioactive Glasses

Ouolaryngological Implants
AlLO;

HA

Bioactive Glasses

Bioactive Glass-Ceramics

Dental Implants
Al O;

HA

Bioactive Glasses

Periodontal Pocket Obliteration
HA

HA-PLA Composite

TCP

Bioactive Glasses

Artificial Heart Valves
Pyrolytic Carbon Coatings

Iliac Crest Repair
Bioactive Glass-Ceramics

Bone Space Fillers
TCP
Bioactive Glass-Ceramic Granules

Artificial Tendon and Ligament
PLA-Carbon Fibre Composite

185

Keratoprostheses (Eye Lens)
ALO;

Maxillofacial Reconstruction
Al,O;

HA

HA-PLA Composite

Bioactive Glasses

Dental, and Maxillofacial Prosthetics
HA

Bioactive Glasses

Bioactive Glass-Ceramics

Alveolar Ridge Augmentations
A1203

HA, TCP

HA-Autogenous Bone Composite
HA-PLA Composite

Bioactive Glasses

Percutaneous Access Devices
Bioactive Glass-Ceramics

Bioactive Glasses

HA

Pyrolytic Carbon Coatings

Spinal Surgery

Bioactive Glass - Ceramic
HA

Orthopaedic Load-Bearing Applications
AlLO;

Stabilised Zirconia

PE-HA Composite

Orthopaedic Fixation Devices
PLA-Carbon Fibres
PLA-Calcium Phosphate-Based Glass Fibres

FIGURE 7 Clinical use of inorganic bioceramics in the human body.

being one of the first oxide materials to be developed
for use in load-bearing orthopedic prostheses. Cermam-
ics based on alumina mixed with beta-silicon nitride (8-
Si3N4) known as Siadon® are also used with the mixture
having higher fracturetoughnessthan either component on
itsown. Zirconia (ZrO,) and yttrium and magnesium sta-
bilized zirconias are al so used when applicationsrequirea
fully densified material. Machinable glass-ceramics con-
taining mica as the main crystal phase such as Macor®
with abaseglasscompositionof 47.2 Si0,,8.5B,03, 16.7
Al,03, 14.5 MgO, 9.5 K,0, and 6.3 F~, and DICOR®,
which contains significant amounts of the alkaline earth
oxides are used in the production of dental crowns be-

cause the material's show excellent machinability, translu-
cency, and good bending strength. BIOVERIT® 11 is a
phlogopite-type glass-ceramic with two major crystal
phases, micaand cordierite, present in the glassy ceramic.
The translucency, mechanical properties, and thermal ex-
pansion coefficient can all beregulated in accordancewith
the required medical usuage. The material is biocompat-
ible but not bioactive and is used in middle ear implants
and in dental work. BIOVERIT® | hasadifferent compo-
sition being a mica-apatite glass-ceramic and offers the
possibility of a machinable glass together with bioactiv-
ity. Both of BIOVERIT® materialshave successfully been
used in head and neck surgery and in orthopedic surgery.
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A range of carbons with different structure are used
in the production of artificial heart valves and orthope-
dic applications. Glassy carbons (showing different de-
grees of short-range order) and pyrolytic carbons are both
used. Glassy carbon manufactured by pyrolysisof asemi-
coke retains some porosity and has relatively good wear
resistance. Silicon carbide/carbon composites are pre-
pared by impregnating aporouscarbonwithliquid silicon.
Carbon-reinforced carbons and other reinforced carbons
are made by impregnating organized filaments with acar-
bon filler, compressing, heat-treating, and carbonizing or
graphitizing. Composites such as CFSIC admixed with
SiC lead to materials with Young’s moduli close to that
of bone. They exhibit biologica and mechanical stabil-
ity and they are being investigated as new candidates for
hip joint replacement rather than the metal or oxide phase
conventionally used.

The other ceramic widely used are phosphate salts of
calcium, with the chosen phase usually being hydroxyap-
atite. Thismaterial is conventionally prepared by thermal
methodsat temperatureswell in excessof 1000°C. Asare-
sult of their preparation at high temperatures, the salts are
carbonate free and are made up of much larger and more
perfect crystalsthan thosefound in biological apatite min-
erals including bone. The imperfect crystalline structure
of bone mineral leads to the natural material being solu-
ble and reactive with respect to body fluids. In contrast,
the synthetic materials are much less reactive than those
found in living tissue and problems with biocompatibility
can arise.

In al cases, solid nonporous implants do not alow for
biofilm or cell attachment at any site other than the bulk
surface. If porous implants of the previously mentioned
materials can be made interfacial stability between the
implant and tissue will increase as cells will migrate into
the structure. For example, bonewill grow in poresgreater
than 100 pm in diameter and a blood supply can be main-
tained throughout amaterial with such porosity. However,
such materials show reduced strength and toughness. A
compromise isthe application of porous ceramic coatings
to metals as in-growth of, for example, bone can occur
at the porous interface with the mechanical load being
carried by the bulk—-metal substrate. Problems with such
implants usually arise from any incompatibilities between
the metal substrate and ceramic film rather than between
the ceramic and the natural tissue which overgrows the
implant.

2. Bioactive Ceramics

Bioactive ceramicsaredefined asthosewhich are nontoxic
and biologically active and that favor the development
of an interfacial bond, 0.01 to 200 um thick between
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implant and tissue. In al cases interfacia dissolution of
the ceramic phase in the saline environment of the body
leads to modifications in surface chemistry which affect
the precipitation of the calcium phosphate phase prior
to cell growth and the more general incorporation of the
implant. Four major categories of materials have been
developed. These include: Dense hydroxy(l)apatite (HA)
ceramics, Bioactive glasses, Bioactive glass-ceramics,
Bioactive composites.

Bioactive glasses are conventionally prepared by the
traditional methods of mixing particles of the oxides or
carbonates and then melting and homogenizing at tem-
peratures of 1250-1400°C. The molten glassis cast into
steel or graphite molds to make bulk implants. A final
grind and polish are often required. Powdered materi-
als are produced by grinding and sieving the ceramic
to achieve the desired particle size characteristics. The
chemical components of bioactive glasses include Ca0,
P,Os, Na,O, and SiO,. The bonding to bone has been
associated with the formation of hydroxyapatite on the
surface of the implant. Although a range of composi-
tions can be used (up to 60% silica), an even narrower
range of compositions are found to bond to soft tissues.
A characteristic of the soft-tissue bonding compositions
is the very rapid rate of hydroxyapatite formation. This
has previously been attributed to the presence of Na,O
or other alkali cations in the glass composition which
increases the solution pH at the implant-tissue interface
and thereby enhances the precipitation and crystallisation
of hydroxyapatite. The rate of hydroxyapatite formation
has also been shown to be strongly dependent on the ra-
tio of SiO,, the glass network former to N&O, the net-
work modifier in the glass. When the glass contains over
60% SiO, or more, bonding to tissues is no longer ob-
served. The solubility and chemistry (including diffusion
of Na' ions, for example, by the addition of La,Os) of the
glass phase can be modified by the incorporation of other
phases.

Problems which associated with the conventional high
temperature method of production arise from:

1. Highly charged impurities such as AI3t, Zr+t, Sh3t,
Ti*+, Tab+ etc., which can be picked up at any stage
of the preparation process. The incorporation of
impurity ions leads to dramatic reductionsin
bioactivity.

2. Processing steps such as grinding, polishing etc. al
expose the bioactive powder to potential
contaminants.

3. Thereisacompositional limitation on materials
prepared by the conventional high temperature
methods due to the extremely high equilibrium
liquidus temperature of SIO,, 1713°C, and the
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extremely high viscosity of silicate melts with high
silica content.

High temperature processing leads to increased
processing costs.

The relative expense of sol-gel materialsrelativeto
traditional precursors for melting gives increased
processing costs.

An alternative route to the production of bioactive
glasses is to use low temperature processing methods
including “Sol-Gel Technology.” Materials can be pre-
pared from colloidal powdersand simple molecul ar alkox-
ide precursors. The “glass” phase originally forms as a
gel that can subsequently be dried by supercritical meth-
ods or conventional heating to moderate temperatures of

Alkoxide or salt
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600-700°C. The two methods of solvent removal give a
much better control over sample purity. Advantages of
the technology are the ability to make materials with
a much wider range of composition and/or microstruc-
ture through manipulation of the processing parameters.
Figure 8 shows reaction pathway for the formation of a
sol-gel material and application of the technology to the
production of materials in a variety of different physi-
cal forms from films and coatings through to powders
and glasses. All precursors show different reactivity in
the initial stages leading to the formation of sol particles
(1-500 nm diameter) and gel structure.

Using this technology it has been possible produce
produce bioactive glasses from CaO-P,05-SiO, mix-
tures. Materials produced by the sol-gel route show much

precursor
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higher levels of bioactivity for correspondingly lower
levels of calcium oxide within the glass due to porosity
generated during sample formation by this route which
provides additional sites for mineral nucleation and sites
for bone cells.

3. Toward Resorbable Implants

Biomaterials which are used to repair the body need to
last as long as the patient does. At present thisis not the
case and some people may face several hip replacement
operations, for example, each time there being less bone
material (or less healthy bone material) for incorporation
of devices. The current life expectancy of such replace-
ments is on the order of 10 years at present. This needs
to be doubled on tripled in the future. None of the ma-
terials described above is able to address the problem of
tissue alteration with age and disease. The skeletal system
has the capacity to repair itself, this ability diminishing
with age and disease state of the material. The ideal solu-
tion to the problem is to use biomaterials to augment the
body’s own reparative process. Certain of the resorbable
implants such as tricalcium phosphate and some bioac-
tive glasses are based on this concept. Problems which
exist with the devel opment of resorbable materials are (a)
the products of resorption must be compatible with cel-
lular metabolic processes and (b) the rate of resorption
must a so be matched by the capacities of the body to pro-
cess and transport the products of this process. In addi-
tion, asthe materia is resorbed and new materia formed,
the properties of both phases will alter and compatibil-
ity must be maintained at al times. This is difficult to
achieve.

E. Composites

Composite materials are used clinically in order to take
advantage of the desirable properties of each of the con-
stituent materials while limiting the undesirable or dele-
terious properties of the individual phases. Composites
cover a wide range of compositions and representative
materials are listed in Table VI. Most of what is dis-
cussed in this section will relate to bioceramic compos-
ites. Bioceramic composites are either bioinert, bioactive
or biodegradable. Examples of each of these classes of
composite and their applications are given in Table V1I.
The ceramic phase can be the reinforcing material, the
matrix material or both. Theincorporation of high strength
fibersincreasesthe mechanical strength of the composites
while maintaining the bioactivity of the material. In the
case of glass doped materials, the fracture toughness of
the material increases dramatically and renders materi-
als suitable for dental implantation and hip replacement
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TABLE VI Composites Used in Medical Devices

Composite Medical device applications
Glass, glass-ceramic or Bone cement
HAP with PMMA
Tricalcium phosphate/HAP Bone Substitutes
with PE
Glass-ceramic, quartz Dental restorations
with BISGMA

Drugs with various
polymers/ceramics

Carbon or glass fiber with
PMMA and other matrices

Drug delivery

All of the above applications but with
increased strength and/or stiffness

therapy. The chemical composition of the fibers can be
important in establishing continuity between the metallic
component and the coating with titanium being an espe-
cialy good candidate to achieve such an effect.

1. Composites Based on HAP

There are many applications for calcium phosphate bio-
ceramicscan beseenin Fig. 7. Theform of calcium phos-
phate used in orthopedic clinical applications is usualy
based on hydroxyapatite and 8-tricalcium phosphate. The
materials are widely used in composite formulations to-
gether with:

1. Ceramics. Mixed calcium phosphates, calcium
sulfates, zinc calcium phosphates, aluminium calcium
phosphates, metacal cium phosphates, sodium
metacal cium phosphate, calcium carbonate,
magnesium calcium carbonate and magnesium
carbonate.

2. Biological derivatives. Bone derivatives (autografts,
alografts and xenografts), collagen, dura, fibrin,
amino acids, polyfunctiona acids, inductive factors

TABLE VIl Bioceramic Composites

Category Examples

Inert Carbon fiber reinforced carbon

Carbon fiber polymeric matrix materials (polysulfone,
poly(aryl) ether ketone

Carbon fiber reinforced bone cement

A-W glass-ceramic

Stainless stedl fiber reinforced Bioglass®

Titanium fiber reinforced bioactive glass
Zirconiareinforced A-W glass-ceramic

Calcium phosphate particle reinforced polyethylene

Calcium phosphate fiber and particle reinforced
bone cement

Calcium phosphate fiber reinforced polylactic acid

Bioactive

Resorbable
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(bone morphogenic protein), growth factors (bone,
epidermal tissue, cartilage, platelet, insulin).

3. Therapeutic agents. Hormones, antibiotics,
chemotherapeutic drugs.

4. Synthetic polymers. Polylactic acid (PLA),
polyglycolic acid (PGA), polycaprolactone (PCA),
polyamino acids, polyethylene (PE) and high
molecular weight derivatives, polysulfone,
polyhydroxybutyrate.

5. Metals. Titanium-, cobalt-, and iron based alloys.

These materials can be developed in the form of partic-
ulates with a range of porosities, moldable forms, block
forms, scaffolds, fibers, and coatings.

2. Bone Graft Materials

Bone graft substitutes are available based on aumina
chemistry, silica, synthetic and natural calcium salts
(phosphate, carbonate, sulfate, and hydroxide) and these
materials combined with natural polymers such as col-
lagen, and synthetic polymers such as PMMA, PHEMA,
and UHMWPE. Both sintered and nonsintered materials
based on calcium phosphate are avail able with the nonsin-
tered versions showing greater biocompatibility (simply
due to better resorption characteristics!). Materials can be
produced with a high degree of porosity thus mimicking
natural bone and allowing cellsto permeate the implanted
material over time. These can be produced from natural
corals where the biomineralized skeleton of calcium
carbonateisreplaced by calcium phosphate. Examplesin-
clude Interpre 200 and 500 with the material sbeing nearly
nonresorbable. The same coral based materials, can be
used intheir calcium carbonate form without modification
with resorption and replacement by fibro-osseus bonetis-
sue. Calcium sulfateisroutinely used asacasting material
for fractures and is used for dental repairs together with
porous hydroxyapatite granules (Hapset). The calcium
sulphate is resorbed and can be replaced with the osseous
tissue growing around the HA granules and holding them
in place. Another biomaterial which makes use of calcium
hydroxide together with PMMA coated with PHEMA is
the hard tissue replacement polymer HTR. The implant
material consists of PMMA beads which are sintered
together to give a porous mass which is then coated with
PHEMA and calcium hydroxide. The PHEMA coating
absorbs a lot of water and a gel is formed at the surface
containing calcium ions. This materia is very bio-
compatible.

Other alternativesfor implantsarebased on natural bone
rather than the synthetic derivatives. For example, ashed
bone can be used in combination with Ultra-High Molec-
ular Weight Polyethylene, UHMWPE for coating on a
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porous implant for the purpose of biological fixation in
joint repair. UHMWPE is the polymer of choice for the
matrix material because of its abrasion-resistance, impact
resistance, corrosion resistance and zero moisture absorp-
tion. The ashed bone provides the bioactive properties to
prevent rejection.

V. THE WAY FORWARD,
TISSUE ENGINEERING

Although many materials, both synthetic and natural, are
used in medical devicesand treatmentsit remainsthe goal
of scientists and clinicians to be able to replace diseased
or damaged tissues with living substitutes produced in
the laboratory. These substitutes would be available in
limitless quantities and be able to avoid rejection due to
the body’s own immune system. Tissue engineering is a
way forward. Tissue engineering encompasses the study
of cellular responses to materials implants, manipulation
of the healing environment to control the structure of re-
generated tissue, the production of cells and tissues for
transplantation into the body, and the development of a
quantitative understanding of biological energetics. Engi-
neers, chemists, life scientists, and clinicians al have im-
portant roles to play in the furtherance of the discipline.
Current areas of interest are the design of biocompatible
casings for cell transplants, the development of polymer
composites for patching wounds, the generation of scaf-
folds that guide and encourage cells to form tissues, the
building of bioreactors for the large-scale production of
therapeutic cells, and the establishment of experimental
and mathematical models to predict cell behavior.

A. Prevention of Unwanted Tissue Interactions

Experimentation in this area began as early as 1933
with the use of synthetic nitrocellulose membranes to en-
compass cells and prevent an immune response. Current
applications of the technology extend to the use of
|aboratory-grown skin in the treatment of burns and ul-
cers, the treatment of cancer patients via an increase in
their marrow cells with culture external to the body and
in the detoxification of liver cells from patients with liver
failure.

Some materials that are being investigated as im-
munoprotective coatings are, a ginate-polylysine coacer-
vates, polyacrylates, polyphosphazenes, materials based
on hyaluronic acid, and cellulose as well as hydro-
gel membranes directly synthesized on cells. The ad-
vantage of synthetic membranes as immunoprotective
coatings is that they can be tailored for mechanical
strength, biocompatibility, permeation characteristics, and
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biostability via modifications to the synthesis procedure.
They are being explored for the encapsulation of liver and
dopamine-secreting cells for the treatment of liver disor-
dersand nervoussystemdisordersaswell astheprevention
of scar-tissue formation after surgery.

B. Directing Tissue Formation

Tissue engineering is causing significant advances to be
made in “guided tissue formation.” Isolated cells within a
larger body of tissue exhibit little ability to organize them-
selvesand formtissues. However, if cellsareinfairly close
proximity to one another they can grow and exhibit order
intheformation of tissuewith particular chemical and bio-
logical properties. Thegoal in tissue engineering has been
to create an in vitro environment that would enable cells
to organize themselves to form functioning tissues. The
intention would then be to implant the artifically created
cell structure to create new tissue or organs. In order to
do this degradable polymer scaffolds have to be synthe-
sized. Approaches to this have used copolymers of lactic
acid and glycolic acid. Controlled porosity can be gen-
erated by use of salts and other additives that are later
washed out prior to seeding the scaffold with cells. An
aternative approach to the generation of porosity isto use
carbon dioxide to dissolve the polymer phases and then
allow them to reform around the gas bubbl es on placement
of the carbon dioxide dissolved polymer in an atmosphere
of air.

Living structural supports hold cells close together us-
ing adhesive proteins such as fibronectin and vitronectin
which bind reversibly to cell surfacesviaaspecific amino
acid sequence-arginine-glycine-aspartic acid. This en-
ablesthe cellsto adhereto and interact with each other and
with collagen and other constituents of the extracellular
matrix. A modification of alactic acid-lysine copolymer
has been made with the tri peptide attached to the polymer
viaanamino group onthelysine. Thisapproachtothesyn-
thesisof synthetic polymerswith the essential components
of natural proteins is being widely investigated. It com-
bines the advantages of synthetic polymers with their de-
sired materials characteristics such as strength, controlled
degradation and processibility together with the essential
features of biological polymers such as cell recognition
and the capacity to control cell differentiation. A goa is
to modify the specificity of the interaction between the
polymer support and cells of choice. Specific advancesin
thisareahave been madefor substrates used in bonerepair
which have been atered by binding peptides comprising
lysine-arginine-serine-arginine to the surface. This al-
lows specific interaction with osteoblasts rather than en-
dothelia cells and fibroblasts that are also present in an
implant area thus encouraging the formation of new bone.

Biomaterials, Synthetic Synthesis, Fabrication, and Applications

Onceacell-seeded scaffold isimplanted into host tissue
it must allow blood vessels to grow into the new tissue.
This can be promoted by the addition of a slow-release
angiogenic growth factor which stimulates growth of new
blood vessels. Although a polymer scaffold-cell-growth
factor complex as described earlier was thought neces-
sary for effective regeneration of tissue, scaffolds alone,
cellsalone, and diffusible bioactive factorsalone may also
serveto allow regeneration of ti ssueunder specific circum-
stances. Tissueswhich are being prepared or are proposed
for preparation via this route include cartilage, skin sub-
stitutes, and dental/orthopedic materials.

C. Large-Scale Culture of Therapeutic Cells

Conventional methods of cell culture have not been suc-
cessful in the in vitro culture of cells for transplantation.
Novel methods of culture are being devised in order to
satisfy the demand for cultured cells. Specia bioreactors
and optimal, precisely controlled culture conditions are
necessary to generate large quantities of therapeutic cells
such as bone marrow cells for transplant to cancer pa
tients undergoing chemotherapy. A goal for the futureis
the culture of stem cells from marrow which have been
genetically modified to counter disease.

D. Future Directions

Tissue engineering has had successes in the blocking of
unwanted rejection reactions between implants and host
tissues, in the synthesis of polymer or polymer—cell com-
posites for tissue repair without scarring, in the devel op-
ment of tissue cell culture for therapeutic cellsand in the
growth of simple tissuesin the laboratory.

Future goals include the development of synthetic
strategies to materials for implantation which overcome
the bodies natural immune response and to generate “uni-
versal” donor cells that could be given to al as their im-
mune characteristics would not be recognized by the host
as“foreign.” Learning how to stimul ate the regeneration of
complex multicellular structures in vivo is important and
would allow the regeneration of (potentially) al tissuesin
situ. An important component of these advances will be
the identification of specific cell signalling pathways and
their spatial and time based involvement in the generation
of organs built up from many tissue types. Practically all
tissues are capabl e of being repaired by tissue engineering
principles. Engineers, scientists, and cliniciansneed to use
their understanding of synthetic and natural materials and
the way in which the human body functions at the cel-
lular level to develop the next generation of biomaterials
and cellular transplants for use in the human body. The
field is wide open for innovation in the development of a
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new generation of biocompatible materials for use in the
human body.

SEE ALSO THE FOLLOWING ARTICLES

BIOCONJUGATE CHEMISTRY e BIOINORGANIC CHEM-
ISTRY e BIOMINERALIZATION AND BIOMIMETIC MATERI-
ALS e BIOPOLYMERS e CERAMICS o CERAMICS, CHEMI-
CAL PROCESSING OF e POLYMER PROCESSING e TISSUE
ENGINEERING
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GLOSSARY

Biomedical materials Materials for medical implants.
May be soft, as in vascular grafts, or hard, as in hip
replacement. May be wholly synthetic or of biologi-
cal origin. Tissue-engineered implants are coated with
cells previously removed from the patient and cultured
on the implant.

Biomimetic (or bionspired) materials Synthetic mate-
rials formed using principles derived from the growth
of biological tissue.

Biomineralization The process of forming inorganic ma-
terial as part of the growth of biological tissue.

Freeform fabrication Family of methods to buiild ob-
jects from a three-dimensional computer representation
driving some deposition system. As opposed to mold-
ing or machining.

Structural materials Materials with the principal func-
tion of carrying mechanical load, as opposed to sensors,
actuators or electrical conductors.

THE MICROSTRUCTURE AND PROPERTIES of
biological tissues are of interest because they influence
the morphology and behavior of each species. Biologi-
cal tissues are also of interest in that they can suggest
new designs for synthetic materials and new ways of us-
ing synthetic materials to achieve an engineering goal. In
surgery, we have the more difficult problem of developing
synthetic materials that will work in tandem with animal
tissues. The following article contrasts synthetic and bio-
logical approaches to processing, to material structure and
to the use of materials in design, especially as this applies
to mineral-reinforced composite structures.
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A key observation concerning biological materials is
that they areall composites. At any scaleabove 10 microns
there are no uniform structures in biology. This makes
the concept of a“biological material” rather uncertain be-
cause structures and properties change with position in
the body, with the individual plant or animal, and with
time. Thus, we can consider “bone” to be a material, but
then distinguish the structures of woven, Haversian, and
lamellar bone. We then subdivide the bone into dense and
cancellous. Finaly, the details of the structure will vary
with site. Also, in contrast to assembled machines, sharp
boundaries between structural materials are rare so it is
quite difficult to define where bone stops and mineral-
ized cartilage or mineralized tendon starts. For these rea-
sons, it is also relatively difficult to characterize tissues
and compare their properties with those of plastics, ce-
ramics, or metals. This article will summarize biological
polymer matrix materials, discussmineralized tissues, and
then discuss biomimetic composites and ceramics.

I. STRUCTURAL BIOLOGICAL
MATERIALS

In their survey of biological materials, Wainwright et al.
(1986) make a division into tensile materials, rigid mate-
rias, and pliant materials. Following amore conventional
materialsdivision, wewill discusspolymers, ceramicsand
mineralized polymers, and gels, however, such boundaries
are even less clear in biology than in the synthetic world.

Two processing-induced limitations should be recog-
nized for structural polymersin biology. First, they are al
formed from agueous solution and so are all very sensitive
to plasticization by moisture. In most cases, the properties
of the dry material have little relevance because they will
only occur in adead organism. The plasticizing effect of
water on biological polymers can be regarded as parallel
to the softening effect of increased temperature on syn-
thetic amorphous polymers. As temperature will take a
hard polymer through the glass transition into a rubbery
state, so will increased water content convert amorphous
proteinsfrom glassto rubbery. Thereislittle sensein mea-
suring the mechanical properties of biologica materials
without defining the water content.

Second, the growth process allows avariety of routesto
theformation of fibersbut thereareno simplewaystoform
adense isotropic plastic. Thus, even essentially isotropic
materials will have a fibrous composite microstructure.
Weiner et al. (2000) have argued that many biological
structures can be viewed as a search for isotropic prop-
erties, or at least orthotropic properties (strong in two di-
mensions), from fibrous materials. This would reflect the
unpredictability of stresses encountered by a structure in
a dynamic environment.
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II. STRUCTURAL PROTEINS

Silks have been reviewed Kaplan et al. (1997). Many in-
sects and arachnids make extensive use of these protein
fibers for a range of purposes. Spiders typically produce
five different silks for the radial and spiral parts of the
web, for asticky web coating, for wrapping prey, and for
the dragline. The properties variations come from differ-
ences in the amino acid sequence of the polymer. Silks
are stored in agland as an aqueous solution, at least some
of the time in a lyotropic liquid crystalline state. For the
strong silks, shear at the spinneret leads to a change in
conformation to avery highly oriented and stiff fiber. The
combination of strength, stiffness, and toughness shown
by spider dragline silks has led to efforts to characterize,
clone, and produce a synthetic version of this material .

Bulk crystalline polymers, such as nylon or polyethy-
lene, have an amorphous fraction of 30 to 50% that arises
from the inability of entangled polymer chainsto become
completely ordered. Thiscrystallinity can be controlled to
some extent by processing and can be reduced by copoly-
merization to introduce random irregularity into the chain.
Fiber structures are less easy to resolve but behave sim-
ilarly. In many silks, the structure seems to be blocky,
with irregular sections spaced along the chain to define
noncrystallizable sections. We are not yet able to resolve
the role of these irregular sections in stabilizing the lig-
uid crystalline state and in defining the final structure and
properties of the fiber. In all biological polymers, thereis
a degree of control over the molecular structure that may
be very important for properties and cannot be duplicated
synthetically.

Collagen is the structural material of skeletal animals
and has properties that are quiteinferior to those of cellu-
lose, chitin, or silk. The key to its use seemsto liein the
versatile processability. Soluble procollagen isformed in
the cell and exported into the growing tissue. An enzyme
cleaves a bulky end section from the molecule to form
tropocollagen that organizesinto atriple helical structure.
Thesetriple helices self-assembleinto collagen fibrilsthat
make up the bulk of tensile structures such as tendon and
ligament. As it ages, the collagen becomes cross-linked,
which increases the stiffness and strength but reduces the
toughness. Baer and co-workers (1991) have discussed
the structure and properties of collagen in tendon and
ligament.

Keratin can be seen as a biological answer to the need
for atough plastic equivalent to nylon. As hair and fur, it
isafiber. As epidermis, it is a film, and as hoof or horn,
it is tough solid. The structure contains fibrils, which are
built from three-stranded ropes of alpha-helical chainsin
a coiled-coil arrangement. The fibrils are embedded in a
cross-linked matrix of amorphous protein that is heavily
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cross-linked by cystines (sulfur—sulfur links). The high
sulfur content is a defining characteristic of members of
the keratin family and gives burning hair its characteristic
smell. The fibrils confer great toughness by converting to
amore extended beta-sheet structure under stress. Feather
keratin is a beta-sheet structure presumably for providing
higher stiffness. Amphibian skinisalso abeta-sheet, again
presumably to limit water swelling. The best-studied ex-
ample of keratin iswool, but there is also recent work on
hoof keratin.

. STRUCTURAL POLYSACCHARIDES

Vincent (1980) discusses insect cuticle, which is a com-
posite of chitin fibers embedded in a cross-linked protein
matrix. Chitin isapolysaccharide, similar to cellulose but
with acetylamino substitution. Metabolically, polysaccha
rides should be less expensive than protein since nitrogen
hasamuch lower abundancein the bi osphere than carbon,
hydrogen, and oxygen. It is not clear what improvement
in properties or processing led the insects to select chitin
in the place of cellulose as their main structural material.
The layered structures of cuticle, with various sequences
of fiber orientation, do strongly resemble the layered
structures of carbon-fiber composite laminates. Given that
both insects and military aircraft are lightweight, roughly
cylindrical systems, the resemblance cannot be acciden-
tal. Gunderson and Schiavone (1995) have discussed how
insects adopt unbalanced or asymmetric layupsthat would
not be used in synthetic composites. Some of the patterns
aso involve thick layers oriented along the major struc-
tural axes, with many finelayersforming therotation from
one direction to the next, apparently to delocalize shear
stresses that would cause delamination.

Many layered biological systems resemble cholesteric
liquid crystals in the rotation of orientation from layer to
layer. This has raised recent interest in whether they actu-
aly are liquid crystals, in that the rotation forms sponta-
neously as a result of interactions between fibers in suc-
cessive layers . Thiswould occur in afluid state, whichis
subsequently embedded in a hard matrix. The core ques-
tion isreally whether the rotation pattern is directly con-
trolled by some form of oriented extrusion during the
deposition process or is controlled through the surface
chemistry of fibrils deposited in successive layers.

The mechanical properties of chitin are difficult to de-
fine because large oriented samples are unavailable. In
cellulose, many plants contain bast fiberswith very highly
aligned polymer, allowing us to calculate the stiffness of
the polymer and so analyze the properties of wood and
other plant materials. The stiffness of cellulose in such
fibers, 40 GPa wet and 100 GPa dry, is comparable to
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the stiffest synthetic fibers, such as Kevlar®. The polymer
chains are wholly aligned with the fiber axis.

Plant cells are hollow tubeswith spirally wound fibrils.
Successive layers go in opposite senses, making a criss-
cross pattern. The outer and inner layers may be wound at
different anglesto therest. Thisisvery likethewinding of
fibersonacomposite pressurevessel, such asapressurized
gas tank. The wood composite structure is designed to
retain internal pressure or longitudinal compression with
very high energy absorption on fracture as the windings
collapse inwards.

Plants again have the problem of how to manufacture
the polymer without it enveloping and choking the pro-
duction site. It is laid down by a “track-laying” system,
which seems to carry out the polymerization at the cell
surface on a moving organelle and which draws glucose
for polymerization through the membrane from inside.

Inwood, hemicellulosesand lignin act asamatrix bond-
ing the cellulose fibers into a composite structure. It isa
puzzle that the stiffest, strongest, and cheapest of the bio-
logical polymersisnot used at all in animals.

IV. MINERALIZED TISSUES

In the synthetic world, some applicationsinvol ve predom-
inantly tensile loading, the wall of apressure vessel being
one example. Much more commonly, partswill be loaded
incompression or bending. Whilestrong fibersintheform
of arope can provide excellent resistance to tension, they
are of little use in compression. Large animals with an
external or internal skeleton will need stiff materials that
aremoreisotropicin their propertiesand so can withstand
the varying stresses that come from moving around and
colliding with other objects. Mineralized composites pro-
vide improved compressive properties over purely poly-
mer structures. Compared to stiff polymers, minerals can
also be formed at alower metabolic cost for agiven level
of stiffness, but do increase the overall weight. A wide
range of minerals is found in microbes, plants, and ani-
malsbut silica, calcium carbonate, and hydroxyapatite are
the most important.

A. Silica

Silica occurs as spicules (short reinforcing rods) in
sponges. Thespiculesaretypically 10 umin diameter and
100 mlong and may besimplerodsor complex branched
structures. They apparently form by aggregation of silica
nanoparticles onto a thread of polysaccharide or protein
within a vesicle, a membrane-enclosed space inside the
organism. The material is amorphous, highly hydrated,
and not fully dense. There is one example of a deep-sea
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sponge, Monoraphis, that is attached to the seabed by a
large silicarod, 1 mlong. The structure of this material is
a series of concentric layers where the weaker interlayer
regions may enhance the toughness of the structure, like
alaminated glass windshield.

Siliceous diatoms are single-celled prokaryotes, about
100 um in diameter, enclosed by a porous silica shell,
in the form of two overlapping dishes, like a petri dish.
The organism multiplies by dividing into two disc-shaped
cells and then forming two new dishes back-to-back. The
cells then separate, each with one new half shell and one
old one. Recent work on the proteins involved in silica
mineralization has started to clarify the details of silica
deposition in diatoms and sponges. Plants often contain
silica as areinforcing material, and the structure of bam-
boo has been much studied in this context. Seawater and
soil water contain low levels of dissolved silica as sili-
cic acid, which the cell probably binds and transports as
a complex with catechols (dihydroxybenzene) and then
converts thisto silica nanoparticles.

B. Carbonate

Calcium carbonate is widespread as a protective shell
in marine animals, from single-celled coccoliths through
coral, gastropods, and bivalves. It also occurs as a rein-
forcement in the cuticle of crustaceans such as crabs. The
use of calcium carbonate for shells, rather than silica, may
reflect the greater control of structure available through
calcium-binding proteins and through control of crystal
morphology with nucleators and growth inhibitors. Silica
does occur as a component of many mollusk teeth, as do
various iron oxides.

There has been much recent work on the formation,
structure, and properties of mollusk shell. Most shells are
constructed of calcite and aragonite in various arrange-
ments with small amounts of protein, up to about 5% by
weight. Higher protein levels would be expected to in-
crease the toughness of the shell but at the expense of
reduced stiffness. It can be assumed that particular shell
structures are adapted to the particul ar lifestyles of the an-
imals and the stresses encountered. For instance, it might
be expected that a swimming bivalve, such as a scallop,
would haveastiffer, lighter shell structure. Oneof themost
studied shell structuresisnacre, or mother-of-pearl, which
isalayered structure of aragonite plates, 0.5 pm thick by
several microns wide. Between each layer of platesis a
thin protein sheet that is responsible for nucleation of the
aragonite layers and acts as a crack stopper, which gives
wet nacre avery high fracture energy.

Whilethe detail s of shell formation are not understood,
itisclear that organic content contains proteins capabl e of
selectively nucleating calcite or aragonitein aspecific ori-
entation and proteinsthat inhibit growth of specific crystal
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faces. These work in concert with the supply of calcium
and carbonate from the mantle tissue. The mantle adds
new shell at the existing edge by extruding over thelip to
extend the outer and inner faces.

The vaterite form of calcium carbonate often occurs
in laboratory crystallization and is occasionally found in
shells. There is increasing evidence for precipitation of
amorphous, hydrated calcium carbonate as a metastable
precursor for the crystal. In some cases, including lobster
cuticle and asponge, stable amorphous cal cium carbonate
isfound.

C. Hydroxyapatite

The human body is supersaturated for both calcium car-
bonate and for hydroxyapatite, Caio(OH)2(PO4)s, the
mineral of bone and tooth. Since the environmental avail-
ability of phosphorusislimited, its use asareinforcement
seems peculiar. Possibly bone acts aphosphorusreservoir.
Boneisessentially apolymer-matrix compositereinforced
with ribbons of hydroxyapatite. The structure and proper-
ties of bone are discussed by Currey et al. (1995). A key
current questionistheway thelamellar structuregivesrise
to acombination of high stiffness, high strength, and high
toughness. Similar synthetic composites tend to break at
relatively low strain and so have low toughness.

Dentine has a structure similar to bone but with signifi-
cant differencesin the mechanism of mineralization. Tooth
enamel is amost wholly mineral with a fibrous structure
that forms under the control of a completely different set
of mineralization proteins, including amelogenin.

V. BIOLOGICAL AND SYNTHETIC
PROCESSING

In practical engineering, where cost is very important,
thereislittle sensein designing a part without avery good
idea of how it will actually be made. Materials selections
are then made once the manufacturing route and basic
design have been decided. The same must be truein biol-
ogy; many interesting structural featuresmay be primarily
aconsequence of the growth process and only secondarily
a source of improved properties.

Small numbers of synthetic parts can be made by sub-
tractive processes such as machining but the process is
sow and wasteful. Molding is generally cheaper and
faster. Hot liquid material isinjected into ahollow tool and
allowed to solidify. Extrusion, forging, rolling, and other
hot processes can be viewed as variants on molding. The
sintering of ceramicsisaseparate case; compacted powder
isheated until surfaceenergy drivesthesl ow shrinkageand
densification to a solid. Chemical processing is not com-
mon in the synthetic world. Thermosetting resins such as
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epoxies are solidified by chemical reaction and there is
some exotic reactive processing of ceramics. Generally,
chemistry has the problem that small changes in starting
conditions or purity can cause big changesin the reaction
kinetics, so reliability is poor.

In biology, all processing is essentially chemical. Solu-
ble reagents are fed to a site where they combine to make
asolid plus dissolved by-products. In the case of epoxies,
mentioned above, there is little volume change between
the liquid and solid states. In forming solids from solu-
tion, there is also a massive shrinkage to be accommo-
dated. The biological equivalent of molding can be seen
intheformation of isolated particleswithin an envel ope of
lipid membrane. Examplesinclude the formation of silica
in sponge spicules and diatoms and calcite in coccolith
skeletons. Thewall of the “mold” is now permeableto al-
low reagentsin and soluble products out. Thisapproachis
suitable for isolated particles, such as the magnetic parti-
clesin magnetotactic bacteriaand for thewall of asingle-
celled diatom. The particles may also be later assembled
into asimple framework, asin the sponges. However, this
method does not lend itself to strong, dense, 10ad-bearing
structures suitable for large plants and animals.

A problem with building alarge solid object by chem-
ical precipitation is to avoid surrounding and entombing
the cellular machinery for providing the reagents and re-
moving the products. The obvious solution isto build the
solid layer-by-layer, suchthat alayer of cellsprovidesma-
terial to add to the surface of the growing solid and retreat
ahead of it. The layer approach is apparent in the growth
ringsof trees. Bone, tooth, and shell formin the sameway.
Inwood and skin, itisthe cell sthemsel vesthat becomethe
structural unit by depositing solid cellulose or keratin in
or onthecell. Each new layer startsasanew layer of cells.

In bone and tooth, the depositionisexternal to thecells.
In the case of bone growth, the cell layer continuously
forms new collagenous matrix material. This then miner-
alizesand convertsto hard bone asnew matrix isdeposited
over it. The control system thus promotes crystal growth
in layers several microns from the cell surface while not
mineralizing thefreshly formed matrix. Many proteinsare
known to be associated with this process control but it is
not yet clear how they work together.

One natural consequence of thislayerwise growth pro-
cess is that layers of different material can readily be
formed within a single solid. As will be seen below, bi-
ology makes extensive use of layered structures to add
toughnessto strong material s. Recent devel opmentsin ce-
ramics have also focused on the use of layered structures
to add toughness. New methods of freeform fabrication
should ultimately allow the production of complex lay-
ered structures resembling those of biological materials.

A result of chemical precipitationisthat it isrelatively
difficult to make dense structures. The large change in
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volume as a soluble polymer assemblesinto fibersor asa
minera precipitates will lead to highly porous structures
unlessthe deposition rateis extremely slow. Any structure
forming in adiffusion field will tend to grow towards the
source rather than filling in gaps in a layer. Very slow
growth will allow equilibration, which will favor dense
structures. One solution to thisisto lay down a mesh of
strong fibers, fill in the pores with a softer matrix, and
then arrange for this to slowly expel water and harden
chemically. This kind of process is seen in wood and in
cuticle and very similar issues occur in the formation of
carbon-carbon composites. For such reasons, biological
materials must be composites.

VI. THE PROCESS OF BIOMINERALIZATION

It has long been recognized that most biologica tissues
mineralize by precipitation in an existing organic matrix
that controlscrystal form, size, and orientation. Originally,
it was thought that the key step would be nucleation on a
protein where a suitable spacing of charged groupswould
match the crystal lattice to be formed. This picture was
supported by the observation that acidic proteins extracted
frommollusk shell wouldinhibit crystal growth of calcium
carbonate from aprotein sol ution but would nucleate crys-
tal growth if the protein were immobilized on a surface.

Since then the picture has become much more compli-
cated. Studies on nucleation at Langmuir monolayers and
on self-assembled monolayers have shown that surface
ionic charge is important but there is no strong evidence
for lattice matching. While the nucleation effect can be
important in growing surface-attached minera films, it
seems to work only in a window of concentration just
below that at which nucleation occurs readily in solution.
Thiswindow can sometimesbewidened by adding growth
inhibitor to the solution. The filmsthat form often seemto
be limited in thickness, contrary to the reasonable expec-
tation that growth would readily continue once a mineral
layer had covered the substrate. In the case of molluscan
nacre it has been shown that some species, at least, nucle-
ate each new layer of aragonite by growing through holes
in a protein layer, rather than via a nucleating protein as
had been thought.

Studies of protein synthesis during biological miner-
aization have shown that large numbers of proteins are
being produced during the growth of tooth or bone. This
gives us the problem of too much information, asit is not
at all clear why so many are needed and what they all
do. It is clear that much of the control is viainhibition of
growth on specific crystal faces, leading to control of crys-
tal shapeand orientation. At first it might seem strangethat
aprotein can hind so specifically to one crystal face, but
adifference in binding strength may be all that is needed
to change the relative growth rates of two crystal faces
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and thiswill lead to achangein crystal habit. One essence
of control is that signals can be turned on and off. Prote-
olytic enzymes which degrade specific inhibitors can also
be expected to be part of a mineralization process.

Studieshaveal so demonstrated that amorphouscalcium
carbonate does occur in some species and is a transient
mineral in some others. This structure presumably results
from high levels of incorporated protein in the structure.
Other work on solution growth has shown that metastable
complexes of calcium and acidic polypeptide can be
important in growth of carbonate films. It has long been
known that silica speciesin solution will promote precipi-
tation of hydroxyapatite on many substrates. Again, some
metastable complex is presumably involved. De Guire
et al. (1998) have studied biomimetic growth of various
minerals on substrates treated with self-assembled
monolayers. They have shown that some cases seem to
correspond to growth by addition of individual ions, while
others involve colloidal attraction of preformed clusters
to the surface and aggregation. Matijevic has shown that
apparently crystalline, faceted particles of many minerals
formed from dilute solution are actually aggregates of
clusters. Thus, many mineralization processesin complex
solutionsmay involveanintermediatecluster or polymeric
State.

One striking example of the complexity of biominer-
alization is the fact that bone is largely mineralized by
hydroxyapatite entrained in collagen fibrils, where it is
believed to nucleate at the acidic terminal regions of col-
lagentriple helices. Many synthetic studieshave produced
themineral on collagen fibrilsbut none has produced min-
eral in the fibrils. We are missing some key aspect of the
process.

It should aso be kept in mind that mineralization is a
process that occurs in space and time. Mineralized tissue
is generally formed by a layer of cells that sequentially
deposit organic matrix and mineral and move back. There
is astructura gradient away from the cell surface; some
species will act locally while others must diffuse some
way to their site of action. In bone formation, matrix vesi-
clesalso providethe cellswith the possibility of delivering
species into the mineralizing zone, several microns from
the cell surface. In mollusk shell, day—night cycles may
also providethestructural sequence. Studiesof “flat pearl”
have al so shown the progression of structure formation on
a glass surface embedded under the mantle of a mollusk.
Most studies of biomimetic mineralization have used con-
stant precipitation conditions.

VIl. BIOMIMETIC MATERIALS
The concept of biomimesis has long been used in chem-

istry in the context of compounds with enzyme-like cat-
alytic action. Since the mid-1980s it has been applied to
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materials, particularly with a view to producing ceramic
and composite material s with improved toughness, analo-
gousto shell, tooth, and bone. There was some discomfort
in the materials community with the idea that we wanted
to mimic biological materials, in the sense of producing
an indistinguishable copy. However, mimesis more gen-
eraly refers to copying some essential aspects of athing
rather than duplicating or faking it. The phrase “bioin-
spired materials” is also used to express the ideain more
familiar terms but is grammatically less desirable asit is
aGreek/Latin hybrid. The field has now spread to include
agroup of loosely linked goalsin new materials and pro-
cesses, which are surveyed below.

It should be kept in mind that materials development is
considerably upstream from the devel opment of new prod-
ucts. It isquite typical for new materiasto find their way
into commercial products about 20 years after their disco-
very. Examples include Kevlar®, high-Tc ceramic super-
conductors, piezoelectric polymers, and gallium arsenide.
It is also typical for the first applications to be quite dif-
ferent from those originally proposed and for their impact
to be modest compared to that suggested during theinitial
excitement. A personal view of the statusand prospectsfor
biomimetic materialswill begivenat theend of thisarticle.

A. Polymers

The core difference between the proteins and synthetic
polymers is that protein synthesis provides total con-
trol of the sequence of units aong a chain while the
best-controlled polymerizations can only provide several
blocks of functional units on achain. One obviousgoal is
theformation of synthetic polymerswith enzyme-like cat-
alytic activity. Many enzyme-active sites have an array of
active groupsheld in close proximity so asto interact with
the substrate (target molecul €) and to reducethe activation
energy for reaction by a precise spatial array of ionic or
hydrogen-bonding interactions. To achieve such a precise
spacing of active groups on a synthetic polymer would
require a rigid structure, which would in turn normally
render the material insoluble and so inactive. Recent stud-
ies of dendrimer molecules with highly branched struc-
tures may lead us to the required combination of flexible
and soluble outer structures combined with ahighly struc-
tured core. Many proteins also go through large changes
in shape in response to binding of substrates or other en-
ergy inputs. This seems to require a structure where two
well-defined conformations are closely balanced in en-
ergy so the molecule can flip from one to another. Such a
change is not likely in awholly flexible system but again
some subtle combination of flexible segments and rigid
unitsis required. We still have much to learn in these as-
pects of macromolecular design but are acquiring both the
synthetic tools and the understanding.
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As revealed by studies of silk, structural proteins in-
clude regular and random regions in the chain structure
which would be expected to give rise to crystalline and
amorphous material. In contrast, the amorphous compo-
nent of synthetic polymers arises from entanglements of
thecoiled chainsthat cannot beresolved during thecrystal -
lization process. New polymer properties may be achiev-
able once we can design polymer chains with such con-
trolled sequences.

There has been a report of enzyme-like activity in a
block copolypeptide, which enhances the rate of hydro-
lysis of tetraethoxysilane (TEOS, a standard reagent in
sol-gel chemistry) as a suspension in water. If this block
structure is a sequence of units of a hydrophilic amino
followed by units of a hydrophobic amino acid, it would
be expected to be active at awater—solvent interface. The
morphology of the silica that forms is dependent on the
structureof the copolymer. Thissystemishiomimeticboth
inthe sense of employing apolypeptide catalyst and in the
sense of it functioning in a multiphase system, since bio-
logical processes rarely occur in homogeneous solutions.

Many tissues, such as cartilage, arteria wall, and
the walls of soft marine organisms, are swollen poly-
mer structures. Swollen polymers, such as plasticized
polyvinylchloride, do occur in artificial structuresbut they
are usually avoided because loss of plasticizer leads to
shrinkage and cracking. Even the swelling of wood with
changes in humidity is a major impediment to its use in
structures, though here years of experience have taught us
how to design around it. Skin does change in volume and
properties as it takes up or loses water. The structure of
amphibian skin keratin is apparently different from mam-
malian keratin for this reason.

There have been many suggestions that designers
should make more use of soft structures. These could take
the form of composites of hard fibers with rubbers, in
which case tires and reinforced plastic tubing could be
considered as examples. We could also envision more use
being made of liquid-swollen soft structures. For purely
mechanical systems, thismay not make much sense, butin
active systems, such as batteries or muscle-like actuators,
aliquid component is necessary and should probably be
viewed as a soft material rather than simply asaliquid to
be contained.

B. Surfactants and Self-Assembly

Self-assembly isahallmark of biological systems, includ-
ing assembly of protein subunits into holoenzymes, of
proteinsand nuclei c acidsinto virusparticles, and of tropo-
collageninto collagen fibers. Therehasbeenincreasing in-
terest in synthetic self-assembly. In addition to the assem-
bly of molecules with complementary hydrogen bonding
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to form supramolecular clusters, there are many paperson
the assembly of charged polymers and particles to form
multilayers and on the assembly of particles or particles
and films coated with complementary biological recogni-
tion molecules, such as the biotin-streptavidin system.

Work at theM obil Corporation showed that mesoporous
silica could be formed by hydrolysis of tetraethoxysilane
entrained in ahighly concentrated water/silane/surfactant
system. Inthisregime, thethree-component mixtureforms
ordered structures with a range of symmetries. In one
hexagonal phase, rods of water are surrounded by surfac-
tant and embedded in a hydrophobic silane matrix. Hy-
drolysis of the silane under suitable conditions, followed
by drying and sintering, results in a porous silica with
aligned pores of afew nanometers’ diameter.

The growth of the lyotropic liquid crystal precursor is
very sensitive to the environment. Ozin and co-workers
have shown that complex particle morphol ogies can result
from growth of these mesoporous structures in quiescent
solutions as diffusion fields and surface forces interact.
Several workers have shown how the direction of the rods
or plates of silica can be controlled. Polymers can be in-
troduced to form composite structures that are very remi-
niscent of some biological composites. This does seem to
parallel the proposed importance of liquid crystalsin the
growth of many biological structures.

While one would expect that this approach could be
extended to many other material combinations, the rules
arenot understood. Effortsto form similar structuresother
than oxides, such astitania, or various crystalline materi-
als, havebeenonly partly successful. Possibly, any rapid or
localized conversion process also disruptstheliquid crys-
talline organization. Stupp and co-workers (2000) have
produced a range of amphiphiles that assemble into var-
ious ribbon and wedge structures, and the authors have
explored their catalytic activity.

C. Inorganic Particle Formation

Coccolithophores, single-celled marine algae, assemble
an external skeleton from single crystals of calcite with
very complex shapes. The growing crystal is surrounded
by alipid membrane that controls the growth orientation
in the crystal, but it is not known exactly how this is
achieved. Spongesand diatoms show similar close control
of the shape of silica particles on the micron scale. Mag-
netotatic bacteria form single-domain iron oxide (mag-
netite) crystals, with avery closely controlled size of afew
nanometers, which then aggregate into magnetic chains
(Fig. 1). These biological examples all involve growth
within a compartment surrounded by a membrane. For
sponge spicules there is an organic template on which
the mineral grows. In other cases, there may be specific
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FIGURE 1 Magnetic particles from a magnetotactic bacterium, showing chain formation. [Courtesy of Prof.
S. Seraphin, University of Arizona.]
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FIGURE 2 Elongated titania particles formed by impregnation of a stretched two-phase polymer with titanium

alkoxide, followed by hydrolysis.

nucleation sites on the membrane surface. This suggests
synthetic approaches where inorganic particles are grown
within amicromold, a predefined space.

There have been many effortsto grow particlesin lipo-
somes, spherical shellswithalipid bilayer wall. One solu-
tionistrapped when the liposomeisformed and precipita-
tion occurs when a second reagent, often base, diffusesin
through the wall. Generally, the trapped solution must be
quitedilutein order to avoid destabilizing theliposome. As
aresult, theprecipitatetherefore only occupiesasmall part
of theinternal volume. A method is needed to introduce a
continuous feed of both reagents through the membrane.

There have also been many efforts to grow particlesin
multiphase polymer systems, such as block copolymers.
For instance, a two-phase polymer can be soaked in one
reagent, which selectively absorbsinto one phase. A cad-
mium salt could be taken up by a polyether phase. Subse-
quent treatment with hydrogen sulfide results in precipi-
tation of cadmium sulfide within the polyether. While the
volume fraction of sulfide formed is quite small, repeated
cyclescangiveriseto higher fractionsof themineral . Work
on precipitation in lyotropic liquid crystalline amphiphile
solutions has led to composites structures.

One characteristic of biological mineralsis their elab-
orate shapes. For mechanical reinforcement of soft ma-
trices, a filler should be a high-aspect ratio rod or plate
particles. These may grow as a hatural outcome of differ-
ing crystal growth rates along different crystal axes. How-

ever, most simple mineral s are not sufficiently anisotropic
to form such elongated particles. The shape of biologi-
cal crystalsis probably controlled by selective inhibition
of growth on specific crystal faces. Very elongated sil-
ica particles are also formed in lipid vesicles but we do
not know how important these are for controlling shape
in crystals. While synthetic methods offer many ways of
controlling particle size, we lack good methods for con-
trolling shape. One route is to form long micromolds by
phase separation in a two-phase polymer, which is cold-
drawn to elongate theincluded phase. The included phase
isthen swollenwith ametal alkoxide, whichishydrolyzed
to oxide (Fig. 2).

D. Tough-Layered Structures

Large organisms operate in an environment that subjects
themto fluctuating forces, from the action of wind and wa-
ter on plants and from the locomotion of animals. These
fluctuating forces and collisions will often result in local
damage that should not lead to catastrophic failure. Asa
result, many hiological tissues contain structural features
that add toughness without severely compromising stiff-
ness or strength.

In mollusk shells and teeth, toughness may arise from
added polymeric layers or from very fibrous structures,
as discussed by Heuer. The addition of polymer could
be especially effective if the polymer structure is capable
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of alarge extension breaking after yield, such as occurs
in folded beta-sheet proteins, where the unfolding of the
chainsleadsto alarge energy absorption, as has been dis-
cussed by Morse (1999). However, polymer layers will
also lead to a significant loss of elastic modulus when
compared to awholly inorganic material.

Much effort has goneinto increasing the strength of ce-
ramic materials by improving their toughness. There was
initially much effort devoted to fibrous materias, particu-
larly silicon nitride, but the need for reliable, inexpensive
processing methods was not met. Attention then switched
to ceramic composites with fibrous reinforcements that
would add toughness. Mostly these proved to be unsta-
ble or reactive at the temperatures needed for turbine en-
gines, whilestill being difficult to process. Therehave been
many studies of ceramic/metal layered structures, where
the metal layers take the role of the polymers in mollusk
shell. Such materialsare of interest both for usein engines
and for armor. Thereisa sointerest inincorporating struc-
tured porosity in materials to improve fracture properties
or to modify elastic properties such as Poisson’s ratio or
piezoel ectric response.

In the case of metal/ceramic layered materials, the key
problem is to absorb as much energy as possible within
the metal layers. Hwu and Derby have shown that the
major energy absorption is due to metal drawing across
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FIGURE 3 Porous interior of a sea urchin spine; calcite single crystal. Polymer coating may serve to prevent fracture
from surface damage; entrained polymer may enhance the toughness.
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the gap after the crack has passed; however, the extent
of deformation occurring during the drawing is limited
by the thinness of the metal layers. As a result, substan-
tial increases in toughness were only seen when the vol-
ume fraction of metal was quite large. In contrast, mol-
lusk shells show significant toughness with only a small
percent of polymer. It is likely that some combination of
embedded metal, porosity, and interfacial debonding can
give much enhanced toughness or impact resistanceto ce-
ramics, but current methods for modeling fracture do not
provide enough guidance for these designs and the bio-
logical models are only just being interpreted.

Studies on the influence of polymers on the crystal-
lization of calcium carbonates in vitro have shown that
metastable liquid complexes with anionic polymers can
be formed that subsequently transform to calcite. Stud-
ies of carbonate biomineralization have shown that amor-
phous calcium carbonate forms either transiently or as a
stablephase. It hasal so been shown that absorbed proteins
modify the fracture properties of carbonates. In particu-
lar, fracture surfaces show smooth conchoidal fracture,
like glass, rather than the faceted fracture characteristic
of normal crystals. This suggests that we have much to
learn about the modification of the properties of crys-
tals and amorphous solids by entrained polymer (see
Fig. 3). There are parallels with the Lanxide process for
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toughening aluminaceramic by entrained aluminum metal
particles.

E. Biomimetic Processing Methods

Freeform fabrication methods allow objects to be built
as a series of layers directly from a three-dimensional
computer representation. These allow only one material
to be used at atime, or amaterial plus a soluble support
structure. It is clearly feasible to combine severa differ-
ent materials into a single object, which would alow the
building of something much closer to an organism. A re-
port on simple robots, which were allowed to evolvein a
virtual environment and then were built by freeform fabri-
cation, shows how evolutionary methods might be applied
to manufactured objects.

To build a crude organism would reguire resolution at
the scale of about 10 um. Most current freeforming meth-
ods allow resolution down to about 100 um and alimited
materials set. Microcontact printing and related methods
allow much higher resolution, downto about 1 em, but ef-
fectively are restricted to one layer. Thereis much current
interest in ink-jet printing methods, which could provide
therequired 10-mresol ution while allowing many layers
to be deposited.

In both synthetic and biological structures, it is useful
to keep in mind adistinction between design and pattern-
ing. Phase separation, crystallization, and aggregation pro-
cessescan giveriseto patternsin two and threedimensions
on a scale from millimeters to nanometers which reflect
the kinetics of the separation and diffusion processes. To
form working devices or organisms, we need to build to
a nonrecurring design, which may include patterned ele-
ments. If we seek to adopt biomimetic processes, we will
need to expl oit self-assembling structures and patterns but
within an overall design.

In current silicon technology, photolithographic meth-
ods can form two-dimensional designs down to less than
1 um. Much finer resolutions are achievable in labora-
tory methods. Three-dimensional designs can be formed
to below 1 um using two-photon methods but commer-
cial freeforming methods are limited to about 100 «m. In
biology, there are many examples of patterns forming at
the nanometer level but most designs are on the scale of
individual cells, a few tens of microns. There are struc-
tures, such as sensing hairs, which are much finer but the
spacing between them is still on the 10-um scale.

F. Cell Adhesion and Tissue Engineering

Biomedical engineeringisbecoming moreconcerned with
the problems of the long-term biocompatibility of syn-
thetic implants. Material wear and degradation and tissue
loss or chronic inflammation due to changing mechani-
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cal loads will limit the lifetime of most implants to about
10 years. In addition, biocompatibility is not a material
property but is very dependent on the specific environ-
ment of the implant, in terms of implant site in the body,
animal species, and animal age. Strategies to eliminate
these problems include the use of biodegradable materi-
as, which will eventualy be replaced by natural tissue,
and tissue engineered implants, where as much of the de-
vice as possible is formed from tissue grown in vitro on a
synthetic support before implantation.

Tissue engineering imposes aneed to understand thein-
teractions between neighboring cells, between cells, and
between cells and synthetic surfaces. Cell binding to a
biological surface proceeds through a series of stagesin-
cluding physical adsorption, interaction between surface
macromol ecules and specific binding sites on the surface,
reorganization of the macromolecules in the cell mem-
brane to bring more binding sites into contact with the
surface, and then specific changes in the cell induced by
the surface.

At the physical adsorption level, studies of cell attach-
ment to self-assembled monolayers on silicon or glass
have shown that attached polyethyleneoxide chains form
a structureless hydrophilic barrier layer and will prevent
adsorption. Different polar end groups will alow cells
to absorb, and printed surface patterns with binding and
nonbinding areas can be used to control cell shape.
Cells recognize and bind to simple short sequences of
amino acids in a protein exposed on a surface. RGD
(arginine-glycine-aspartic acid) and RADS (arginine-
aanine-aspartic acid-serine) are sequences that can be
used to induce strong cell attachment. Thus, suitable poly-
mers can be produced which will promote formation of
particular cell typesto the surfaces for tissue engineering.

In the case of bone implants, there has been much in-
terest in the use of bone morphogenic proteins, now pro-
duced from cloned bacteria. One group of a family of
cell-signaling proteins are known to induce the develop-
ment of bone or other tissues when locally released in
the body. A similar set of signals induces growth of small
blood vessels and is an important factor in the develop-
ment of many cancers. By allowing implants to release
such signaling proteins, it should be possible to speed the
integration of the implant; however, much remains to be
learnted about the appropriate concentrations, gradients,
and timing of these signals. All of these effortstake usin
the direction of making synthetic organs that look more
like a natural organ transplanted from an identical twin.

Belcher and co-workers have recently demonstrated
that a phage library, displaying 10° different peptide se-
guences at the surface, can be used to identify short pep-
tide sequences that selectively bind to inorganic semicon-
ductor surfaces. Sarikaya and co-workers have devel oped
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a similar method for control of gold precipitation using
Escherichia coli genetics.

VIIl. APPLICATIONS OF BIOMIMETIC
MATERIALS

Vogel (1998) has discussed the importance of biomimesis
in engineering, asking whether it is possible to unequivo-
cally attribute any engineering advance to abiological in-
spiration. There are no unambiguous examples, and there
are cases, such as the attempts to imitate flapping flight,
where a biological analogy may have inhibited progress.
At the sametime, many engineering advancesclearly drew
some inspiration from biology. In chemistry and materi-
als, studies of the structure and properties of biological
materials do suggest aternative approaches to particu-
lar problems and illustrate new properties that should be
achievable in synthetic materials.

Biomimesis clearly will have an important role in new
biomedical devices and in new devices that try to com-
bine biological structures or organisms with electronics
in sensors and actuators. In structural materials, the obvi-
ous place for advance is the introduction of more tough-
nessinto synthetic compositesand ceramics. | nelectronics
there are not yet many signs of a conjunction between the
hard, high-resolution, two-dimensional world of silicon
and the soft, larger scale, three-dimensional design of the
brain and nervous system.
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GLOSSARY

Austenitic stainless steels Stainless steels with an spe-
cific type of nonmagnetic crystal structure.

Downcomer The region of a an airlift bioreactor where
the gas—liquid dispersion flows downwards.

Enzymes Protein molecules that catalyze the various bio-
chemical reactions.

Heterotrophic growth Growth in which the carbon and
energy for building the biomass are derived exclusively
from organic chemicals.

Mass transfer Molecular-level transport of any sub-
stance through any medium.

Organelles Well-defined structures associated with spe-
cific functions in a cell.

Photomixotrophic culture A culture that obtains a part
of the carbon needed for making the biomass from an
organic chemical and another part from carbon dioxide
via photosynthesis

Phototrophic growth Growth in which the carbon
needed to make the biomass comes from fixation of
carbon dioxide via photosynthesis.

Pressure drop Loss of pressure with distance down-
stream from any point in tubes, channels, and other
flow devices.

Product (or substrate) inhibition A situation in which

Bioreactors

Murray Moo-Young
University of Waterloo

the increasing concentration of the product (or sub-
strate) of a reaction slows down the rate of the reac-
tion by interfering with the enzyme(s) that catalyze the
reaction.

Protoplast A cell with its wall removed.

Reduced substrate A substrate that contains relatively
little oxygen within its molecules.

Riser The region of an airlift bioreactor where the gas-
liquid dispersion flows upwards.

Solidity ratio The ratio of the swept area to the total pro-
jected area of the impeller blades, as viewed from di-
rectly overhead an installed impeller.

Substrate Any compound that is modified by a cell or
an enzyme.

Water-for-injection (WFI) Highly purified water that
conforms to the WFI specifications of the United States
Pharmacopoeia.

A BIOREACTOR is any device or vessel that is used to
carry out one or more biochemical reactions to convert any
starting material (or raw material or substrate) into some
product. The conversion occurs through the action of a
biocatalyst—enzymes, microorganisms, cells of animals
and plants, or subcellular structures such as chloroplasts
and mitochondria. The starting substrate may be a simple
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organic chemical (e.g., sugar and penicillin), an inorganic
chemical such ascarbon dioxide, or apoorly defined com-
plex material such as meat and anima manure. The prod-
uct of the conversion may be cells (or biomass), viruses,
and chemicals of various kinds. The processes occurring
in abioreactor may be summarized as follows:

biocatalyst(s)
Substrates ——— products.

Many different kinds of bioreactors are available and
sometimes agiven type may be operated in different ways
to obtain different results. The different bioreactor de-
signs are needed to accommodate the great diversity of
substrates, products, and biocatalysts and the different re-
quirements of the different bioconversion processes.

I. INTRODUCTION

Bioreactors are used in all kinds of bioprocesses, includ-
ing those for making foods such as soy sauce; those for
treating domestic and industrial wastewater; and ones for
making vaccines, antibi otics, and many other useful chem-
icals. Bioreactorsthat produce microbial cellsand cells of
animals and plants, are known as fermenters. In addition
to cells, a fermenter may also produce other chemicals,
or convert (or biotransform) a chemica added to the fer-
menter, to a different molecule. A fermenter may contain
either a single cell type (i.e., monoseptic operation), or a
mixed population of different kinds of cells. Fermenters
that operate monseptically are designed as sealed units,
with barriers that prevent ingress of contaminating mi-
croorganisms from the environment. Other types of biore-
actors may contain only nonviable entities (i.e., ones that
cannot multiply) including cells, isolated enzymes, and
organelles obtained from cells. The cells and organelles
may be freely suspended in an agueous medium, or they
may be confined by various methods of immobilization.
Unlike cells and organelles, enzymes are usually solu-
ble in agueous media; for repeated use, a soluble enzyme
may be retained in the bioreactor by ultrafiltration mem-
branes, or the enzyme may beimmobilizedin aninsoluble
matrix.

IIl. BIOREACTOR SYSTEMS

In most bioprocessing situations cells and biocatalysts are
submerged and suspended in abroth that sustainslive cul-
tures and dissolves the chemicals that are being modi-
fied by the action of the biocatalyst. Bioreactors for sub-
merged processing aregenerally quite different fromthose
used in solid-state cultivation. Solid-state fermentations

Bioreactors

are carried out with a moistened solid substrate in the ab-
sence of free water, e.g., during composting, making of
hard cheeses, and fermentation of cocoa beansfor choco-
late. Submerged processing is widely used in treatment
of wastewater and production of vaccines, antibiotics, and
many other useful products. Bioreactors for submerged
and solid-state processes are discussed next.

A. Submerged Culture
1. Mechanically Stirred Tank Bioreactors

Stirred tank bioreactorsconsist of acylindrical vessel with
amotor driven central shaft that supports one or more ag-
itators (Fig. 1). Different kinds of agitators are used in
different applications. Microbial culture vessels are gen-
erally provided with four baffles placed equidistant around
the periphery of the tank. The baffles project into the ves-
sel from near the walls (Fig. 1). The baffles run the entire
working height of the vessel and they prevent swirling and
vortexing of the fluid. The bafflewidthis1/10 or 1/12 of
the tank diameter. A gap of about 1.5% of tank diameter
is left between the wall and the baffle to prevent stagna-
tion of fluid near the wall. The working aspect ratio of the
vessal is between 3 and 5, except in animal cell culture
applications where aspect ratios do not normally exceed
2. Often, the animal cell culture vessels are unbaffled.
The number of impellers used depends on the aspect
ratio of the vessel. The lowermost impeller is located
about one third of the tank diameter above the bot-
tom of the tank. Additional impellers are spaced with
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FIGURE 1 Mechanically stirred bioreactor.
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FIGURE 2 Agitators or impellers used in stirred bioreactors: (a) Rushton disc turbine; (b) concave bladed turbine;
(c) Prochem Maxflo T hydrofoil; (d) Lightnin’ A315 hydrofoil; (€) Chemineer hydrofoil; and (f) marine propeller.

1.2-impeller-diameter distance in between. The impeller
diameter isabout 1/3 of the vessel diameter for gasdisper-
sion impellers such as Rushton disc turbines and concave
bladed impellers (Fig. 2a, b). Larger hydrofoil impellers
(Fig. 2c—€) with diameters of 0.5 to 0.6 times the tank di-
ameter are especially effective bulk mixers and are used
increasingly. High solidity ratio hydrofoils (Fig. 2c, d) are
good for highly viscous mycelia broths. Animal cell cul-
turevesselstypically employ asinglelarge-diameter, low-
shear impeller such as a marine propeller (Fig. 2f ). Oxy-
gen is provided typically by sparging the broth with ster-
ile ar. In microbial fermenters, gas is sparged below the
lowermost impeller using a perforated pipe ring sparger

with a ring diameter that is dlightly smaller than that of
the impeller (Fig. 1). A single hole sparger discharging
the gas below the impeller at the tank centerline is used
sometimes. Aeration velocity is usually kept at less than
0.05ms™, or the mixing effectiveness of theimpeller will
bereduced. In bioreactorsfor animal cell culture, the aera-
tion velocitiesare lower, usually lessthan 0.01 ms™1, and
the gasis sparged such that it does not rise through the re-
gion swept by the impeller. Mixing, oxygen transfer, and
heat transfer improve with increasing agitation and aera-
tion rates. Inlow viscosity media, the type of impeller has
little effect on the gas-liquid masstransfer rate, solong as
the power input per unit liquid volume is kept unchanged.
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FIGURE 3 Bubble columns: (a) the basic design, (b) a column with transverse perforated baffle plates, (c) a column
with vertical baffles, and (d) a column with corrugated sheet static mixers for gas dispersion.

2. Bubble Columns

A bubble column consists of a gas sparged pool of liquid
or slurry (Fig. 3a). Usualy, the column is cylindrical and
the aspect ratio is between 4 and 6. This basic design may
be modified by placing various kinds of internals—e.g.,
horizontal perforated plates, vertical baffles, and corru-
gated sheet packings—inside the vessel (Fig. 3b-d). Gas
is sparged at the base of the column through perforated
pipes, perforated plates, or sintered glass or metal micro-
porous spargers. Oxygen transfer, mixing, and other per-
formancefactorsareinfluenced mainly by the gasflow rate
and the properties of the fluid. The column diameter does
not affect its behavior so long as the diameter exceeds
0.1 m. One exception is the mixing performance. For a
given gas flow rate, the mixing improves with increasing
vessel diameter. Mass and heat transfer performance im-
proves as gas flow rate is increased. In bubble columns
the maximum aeration velocity usually remains less than
0.1 ms™L. Theliquid flow rate does not influence the gas-
liquid mass transfer coefficient so long as the superficial
liquid velocity remains below 0.1 ms™.

Bubble columns with recirculation and airlift bioreac-
torsareespecially suited to hairy root cultureof plant cells.
Therootletstend to grow as an entangled static masswith
adoubling time of about 2 days. Thefluid flowing past the
roots supplies oxygen and other nutrients. A bubble col-
umn bioreactor with the hairy root mass confined between
two perforated retention plates, isshowninFig. 4. Thenu-
trient medium flowing into the column may be oxygenated

in a separate column, or air may be bubbled in the col-
umn that contains the root mass. External oxygenation is
suitable when the conditions (oxygen consumption, fluid
residence time) in the column with the root mass are such
that the spent medium leaving the column is not totally
depleted of oxygen.

SPENT MEDIUM

— HAIRY ROOT
MASS

NUTRIENT FEED

FIGURE 4 Bubble column bioreactor for hairy root cultivation.
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FIGURE 5 Airlift bioreactors: (a) draft-tube internal-loop configuration, (b) a split-cylinder device, and (c) an external-

loop system.
3. Airlift Bioreactors

In airlift bioreactors the fluid volume of the vessel is di-
videdinto twointerconnected zonesby meansof abaffleor
draft-tube (Fig. 5). Only one of these zonesis sparged with
air or other gas. The sparged zoneisknown astheriser; the
zone that receives no gas is the downcomer (Fig. 5a-c).
The bulk density of the gas-liquid dispersion in the gas-
sparged riser tends to be less than the bulk density in the
downcomer; consequently, the dispersion flows up in the
riser zone and downflow occursin the downcomer. Some-
times the riser and the downcomer are two separate verti-
cal pipesthat are interconnected at the top and the bottom
to form an external circulation loop (Fig. 5¢). External-
loop airlift reactors are less common in commercial pro-
cesses compared to the internal-loop designs (Fig. 5a, b).
Theinternal-loop configuration may beeither aconcentric
draft-tube device or an split-cylinder (Fig. 5a, b). Airlift
reactors have been successfully employed in nearly every
kind of bioprocess—bacterial and yeast culture, fermen-
tations of mycelial fungi, animal and plant cell culture,
immobilized enzyme and cell biocatalysis, culture of mi-
croalgae, and wastewater treatment.

Airlift bioreactorsare highly energy efficient relative to
stirred fermenters, yet the productivities of both types are
comparable. Heat and mass transfer capabilities of airlift
reactorsare at least as good as those of other systems, and
airlift reactorsare more effectivein suspending solidsthan
are bubble columns. For optimal gas-liquid masstransfer

performance, the riser-to-downcomer cross-sectional area
ratio should be between 1.8 and 4.3 in an airlift reactor.
All performance characteristics of airlift bioreactors are
linked ultimately to the gasinjection rate and the resulting
rate of liquid circulation. The liquid circulation velocity
depends on the difference in gas holdup (i.e., the volume
fraction of gasin the gas-liquid dispersion) between the
riser and the downcomer. Liquid velocity is affected also
by the geometry of the reactor and the viscosity of the
fluid. In general, the rate of liquid circulation increases
with the squareroot of the height of theairlift device. Con-
sequently, thereactorsare designed with high aspect ratios
of at least 6 or 7, or even in the hundreds. Because circu-
lation is driven by the gas holdup difference between the
riser and the downcomer, circulationisenhanced if thereis
little or no gasin the downcomer. All the gasin the down-
comer comes from being dragged in with the liquid as it
flowsinto thedowncomer from theriser near thetop of the
reactor (Fig. 5). Various designs of gas-liquid separators
(Fig. 6) are sometimes used in the head zone to reduce
or eliminate the gas carry over to the downcomer. Most
gas-liquid separators work in one of two ways: either the
horizontal flow path between theriser and the downcomer
is extended (Fig. 6a) so that the liquid resides for alonger
periodinthehead zone and thisprovides sufficient timefor
the gas bubbles to disengage; or the entrance region of the
downcomer is expanded in cross section (Fig. 6b) so that
the downward flow vel ocity of theliquid isreduced and it
no longer drags gas bubblesinto the downcomer. Relative
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FIGURE 6 Gas-liquid separators for airlift bioreactors: (a) ex-
tended length of the flow path in the head zone, (b) enlarged
entrance cross section of the downcomer zone.

DOWNCOMER

to areactor without a gas-liquid separator, installation of
a suitably designed separator will always enhance liquid
circulation, i.e., theincreased driving force for circulation
will more than compensate for any additional resistance
to flow due to the separator.

4. Fluidized Beds

Fluidized bed bioreactors are suited to reactions involv-
ing a fluid-suspended particulate biocatalyst such as the
immobilized enzyme and cell particles or microbial flocs.
An up-flowing stream of liquid is used to suspend or “flu-
idize” the relatively dense solids (Fig. 7). Geometrically,
the reactor is similar to a bubble column except that the
cross section is expanded near the top to reduce the super-
ficia velocity of thefluidizing liquid to avalue below that
needed to keep the solids in suspension (Fig. 7). Conse-
guently, the solids sediment inthe expanded zone and drop
back into the narrower reactor column below; hence, the
solids are retained in the reactor whereas the liquid flows
out. A liquid fluidized bed may be sparged with air or
some other gasto produce agas-liquid-solid fluid bed. If
the solid particles are too light, they may haveto be artifi-
cialy weighted, for example, by embedding stainless steel
ballsin an otherwise light solid matrix. A high density of
solids improves solid-liquid mass transfer by increasing
therelative velocity between the phases. Denser solidsare
also easier to sediment, but the density should not be too
great relative to that of the liquid, or fluidization will be
difficult.

Liquid fluidized beds tend to be fairly quiescent but in-
troduction of a gas substantially enhances turbulence and
agitation. Even with relatively light particles, the superfi-

Bioreactors

cial liquid velocity needed to suspend the solids may be
so high that theliquid leaves the reactor much too quickly,
i.e., the solid-liquid contact time may be insufficient for
the reaction and the liquid may have to be recycled to ob-
tain a sufficiently long cumulative contact time with the
biocatalyst. The minimum fluidization velocity—i.e., the
superficial liquid vel ocity needed to just suspend thesolids
from asettled state—depends on several factors, including
the density difference between the phases, the shape and
diameter of the particles, and the viscosity of the liquid.

5. Packed Bed Bioreactors

A bed of solid particles usualy with confining walls
(Fig. 8) constitutes a packed bed. The biocatalyst is sup-
ported on or within the solid matrix that may be porous or
ahomogeneous non-porousgel. The solids may beridged,
or only slightly compressible. The particles may be ran-
domly shaped (e.g., wood chips and rocks) or they may be
uniform spheres, cylinders, cubes, or some other shape. A
fluid containing dissolved nutrients and substrates flows
through the solid bed to provide the needs of the immo-
bilized biocatalyst. Metabolites and products are rel eased
into the fluid and are taken out with the flow. The flow
may be upward or downward, but downflow under grav-
ity (i.e., trickle bed operation) is the norm specidly if
the immobilized biocatalyst requires oxygen (Fig. 8). If
the fluid flows up the bed, the maximum flow velocity is
limited because the vel ocity cannot exceed the minimum
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FIGURE 7 A fluidized bed bioreactor with recycle of medium.
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FIGURE 8 A packed bed bioreactor.

fluidization velocity or the bed will fluidize. The depth of
the bed islimited by several factors, including the density
and the compressibility of the solids, the need to maintain
acertain minimal level of acritical nutrient such asoxygen
through the entire depth, and considerations of the max-
imum acceptable pressure drop. For a given voidage—or
solids-free volume fraction of the bed—the gravity driven
flow rate through the bed declines if the depth of the bed
isincreased. Nutrients and substrates are depleted as the
fluid moves down the bed. Conversely, concentrations of
metabolites and productsincrease. Thus, the environment
of a packed bed is nonhomogeneous, but concentration
variations along the depth can be reduced by increasing
the flow rate. Gradients of pH may occur if the reaction
consumes or produces the H* ion. Because of poor mix-
ing, pH control by addition of acid and akali is nearly
impossible. Bedswith greater voidage permit greater flow
velocities through them, but the concentration of the bio-
catalyst in a given bed volume declines as the voidage is
increased. If the packing—i.e., the biocatal yst-supporting
solids—is compressible, its weight may compresses the
bed unlessthe packing height iskept low. Flow isdifficult
through a compressed bed because of a reduced voidage.
Packed beds are used especially commonly as immobi-
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lized enzyme reactors and “biofilters” for the treatment of
gaseous pollutants. Such reactors are particularly attrac-
tive for product inhibited reactions: the product concen-
tration varies from a low value at the inlet of the bed to
a high value at the exit; thus, only a part of the biocat-
alyst is exposed to high inhibitory levels of the product.
In contragt, if the catalyst particles were suspended in a
well mixed stirred vessel, all the catalyst will experience
the same inhibitory product concentration as in the fluid
stream that |eaves the reactor.

6. Photobioreactors

Photobioreactors are used for photosynthetic culture of
cyanobacteria, microalgae, and to a much lesser extent,
cells of macroalgae (seaweeds) and plants. Photosynthe-
sis requires light and light stimulates some cultures in
ways not seen in purely heterotrophic growth. Because of
the need to provide light, photobioreactors must have a
high surface-to-volume ratio and this greatly affects the
design of bioreactor. The demand for light is reduced in
photomixotrophic culture where an organic compound is
the major source of carbon for the cells and only alim-
ited amount of photosynthesis (i.e., the fixation of carbon
dioxide in presence of light) takes place.

Only afew phototrophic microorganismsmainly cyano-
bacteria and microalgae are cultured on large scale. This
kind of mass culture is carried out in photobioreactors
open to atmosphere, e.g., in ponds, lagoons, and “race-
way” channels (Fig. 9). The latter are widely used and
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FIGURE 9 A closed-loop raceway channel for outdoor culture of
photosynthetic microorganisms.
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they consist of a closed loop recirculation channel that is
about 0.4 m or less in depth. The culture is mixed and
circulated by apaddle wheel (Fig. 9) or pumps. The chan-
nel isbuilt in concrete and may be lined with plastic. The
culture feeding and harvest are continuous, except dur-
ing the night; however, the channel keeps circulating even
during the night. Use of open photobioreactorsis limited
to only afew microbial species—the astaxanthin producer
Dunaliella, Chlorella, and Spirulina. Thelast two areused
mostly as healthfood. These few species can be grown in
selective environments (e.g., highly alkaline and saline)
that suppress contamination by other microorganisms.

A greater variety of algae and tissue cells may be cul-
tured in fully closed photobioreactors; however, like the
open raceways and ponds, a closed photobioreactor must
have a high surface-to-volume ratio to effectively capture
light and this requirement greatly increases the installa-
tion and operational expenses of these systems. Closed
photobioreactors are used mainly to produce biomass for
aquaculture feeds. A closed photobioreactor consists of
a light capture unit or photoreceiver, a pumping device
to circulate the culture through the photoreceiver, and a
gas-exchange column to remove the photosynthetically
generated oxygen and provide the carbon source (carbon
dioxide). Most useful photoreceivers or photocollectors
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are made of ridged or flexible plastic tubing. Glass tubing
isused in some cases.

The tubes may be arranged into a ladder configuration
(Fig. 104) that may be installed flat on the ground or it
may be positioned at a90° angle, asafence. A continuous
run tube may be formed into a serpentine configuration
(Fig. 10b) or it may be made into a “biocoil.” The latter
is obtained by helically winding a flexible polymer tub-
ing on a cylindrical-shaped frame made of auminum or
other metal bars (Fig. 10c). The culture tubes are 3 cm
in diameter. The continuous run length of a single tube
depends on the oxygen generation rate and the culture ve-
locity. The length of asingle tubeisusually 50 m, or less.
Several sections of continuous run tubing are installed on
agiven frame and common headers are used to distribute
and collect the broth. The height of the coil may be up
to 8 m and the diameter may be 2 m or more. (A larger
diameter improves illumination in the region enclosed by
the coil. The optimum diameter depends on the height of
the coil.) The culture is circulated by a pump or an air-
lift device. The airlift column or a separate tower is used
for gas-exchange. Temperature is controlled by evapora-
tive cooling of water sprayed on the solar receiver. Also, a
tubular heat exchanger may be used instead of evaporative
cooling.

(c)
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FIGURE 10 Light capture systems for photobioreactors: (a) tubular ladder, (b) continuous run serpentine, (c) biocoil,

and (d) thin channels.
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FIGURE 11 lllumination using optical fibers or waveguides.

Instead of using tubes, the photoreceiver is sometimes
made of transparent plastic sheets, asin Fig. 10d. In other
cases, aconventional vessel with alow surface-to-volume
ratio may be illuminated by using optical fibers to con-
vey light inside from an external source (Fig. 11), but this
arrangement is not particularly effective. Irrespective of
the design of the photoreceiver and the source of illumi-
nation (natural or artificial), light is generally the limiting
nutrient in phototrophic culture. Except in optically di-
Iute cultures, exponential growth does not persist for long
in photosynthetic microbial culture. Because of light ab-
sorption and self-shading by cells in dense culture, light
soon become limiting and growth kinetics change from
exponential to linear. The depth related decline in light
intensity is governed by the Beer—Lambert relationship,
asfollows:

L = ep(—K.XL). M

I
where I, istheincident light intensity, 7 isthe intensity at
depth L, X is the biomass concentration, K, is the light
absorption or extinction coefficient that depends on the
pigment content of thecells, and L isthe culturedepth. Ob-
viously, culture depth (i.e., tube diameter, channel depth)
must remain quite shallow, or thelocal light intensity will
become too low to support growth.

7. Other Bioreactor Configurations

The basic bioreactor configurations discussed above for
heterotrophic growth (i.e., stirred tanks, bubble columns
and airlift bioreactors, packed and fluidized beds) are gen-
erally satisfactory for a great majority of bioprocessing
needs. In addition, some basic configurations have been
especially adapted to better suite specific applications. For
example, stirred vessels for animal and plant cell cultures
employ different designs of impeller compared to ones
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used in typical microbial culture. Similarly, some animal
cell culture vessels are installed with bundles of micro-
porous polymer tubing for bubble-free oxygen supply to
animal cells that are particularly susceptible to damage
by bursting bubbles. Oxygen or a gas mixture containing
oxygen flows through the tubing and oxygen diffusesinto
the culture broth through the liquid film held within pores
in the tube wall. In other instances, a water-immiscible
oxygen carrying liquid, or an oxygen vector (e.g., perflu-
orocarbons and silicone ails), is used to supply oxygen,
as shown in Fig. 12. The carrier fluid is oxygenated in
a sparged column by bubbling with air. The bubble-free
carrier then circulates through the culture vessel where
oxygen is transferred to the broth. The oxygen depleted
carrier loaded with carbon dioxide returns to the aeration
column (Fig. 12).

Other bioreactor designsinclude the rotating drum fer-
menter (Fig. 13) with internal baffles. This deviceis used
to culture some suspended plant cells. Thedrumisfilledto
less than 40% of itsvolume and rotated on rollersfor mix-
ing. Another bioreactor configuration that is suitable for
hairy root culturesof plantsisthe mist, spray, or fog biore-
actor. The static root massiscontained in achamber that is
mostly empty. In this design, the nutrients are supplied as
amist of finedropletssuspendedin circulating air currents
that penetrate the spaces between the roots. The spray of
nutrient solution is produced by using a compressed gas
atomizer nozzle or a spinning disc spray device.

B. Solid-State Culture

Solid-state culture differs markedly from submerged cul-
ture. The substrates of solid-state fermentations are par-
ticulate solids that contain little or no free water. Steamed
riceisatypical substrate. Beds of solidsare difficult to ag-
itate and solid-state fermentations do not employ intensive
mixing. Small particles with large surface-to-volume ra-
tios are preferred substrates because they present a larger
surface for microbial action. However, particles that are
too small, and shapes that pack together tightly (e.g., flat
flakes, cubes), are undesired because close packing re-
duces interparticle voids that are essential for aeration.
Similarly, too many fines in a batch of larger particles
will fill up the voids. For fermentation, the substrate is
loosely packed into shallow layers or heaps. Deep beds of
substrate require forced aeration with moistened air. Aer-
ation rates may vary widely; atypical range being (0.05-
0.2) x 103 m® kg~* min~—*. Occasional turning and mix-
ing improve oxygen transfer, and reduce compaction and
mycelia binding of substrate particles.

Unlike many submerged fermentations, solid-sate pro-
cessescommonly usemixed cultures. Hygienicprocessing
practices are followed in large industrial operations, but
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FIGURE 12 Bioreactor system for bubble-free aeration through a water-immiscible oxygen vector.

sterility standards that are common in submerged culture
production of pharmaceuticalsare not attained. Solid-state
fermentation devicesvary intechnical sophisticationfrom
thevery primitive bananaleaf wrappings, bamboo baskets,
and substrate heapsto the highly automated koji machines
used mainly in Japan. Koji fermentations are widely prac-
ticed for making foods such as soy sauce. Koji, or molded
grain, is a source of fungal enzymes that digest proteins,
carbohydrates, and lipids into nutrients used by other mi-
croorganisms in subsequent fermentation. Koji comesin
many varieties depending on the mold, the substrate, the
method of preparation, and the stage of harvest.

Koji for soy sauce is made from soybeans and wheat.
Soybeans, defatted soybean flakes, or grits are moistened
and cooked in continuous pressure cookers. Cooked

DRIVE
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FIGURE 13 Rotating drum bioreactor for submerged culture.

beans are mixed with roasted, cracked wheat. The mixed
substrate is inoculated with a pure culture of Aspergillus
oryzae (or A. sojae). The fungal spore density at inocu-
lation is about 2.5 x 10%/kg of wet solids. After a 3-day
fermentation the substrate mass becomes green-yellow
because of sporulation. Kaji is now harvested for use in
a second submerged fermentation step. Koji production
is highly automated and continuous. Processes producing
up to 4,150 kg h=* koji have been described. Similar
large-scale operations are used aso to produce koji for
miso and sake.

Some common types of commercia solid-state fer-
menters are shown in Fig. 14. The static bed fermenter
employs a single, static bed of substrate (e.g., steamed
rice) located in aninsulated chamber (Fig. 144). Thedepth
of the bed is usually less than 0.5 m. Oxygen is sup-
plied by forced aeration through the substrate. The tun-
nel fermenter is an adaptation of the static bed device
(Fig. 14b). Typically, the bed of solids is quite long, but
again no deeper than 0.5 m. Tunnel fermenters may be
highly automated with mechanisms for mixing, inocula-
tion, continuous feeding, and harvest of substrate. The
agitated tank fermenter uses one or more helical screw
agitators mounted in a cylindrical or rectangular tank to
agitate the fermenting substrate (Fig. 14c). The screws
may move on horizontal rails. The rotary drum fermenter
consists of acylindrical drum that is supported on rollers
(Fig. 14d). The rotation (1-5 rpm) of the drum causes
a tumbling movement of the solids inside. Tumbling is
aided by straight or curved baffles attached to the inside
walls (Fig. 14d). Sometimes the drum may be inclined,
causing the substrate to move from the higher inlet end to
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FIGURE 14 Bioreactors for solid-state fermentations: (a) static
bed fermenter, (b) tunnel fermenter, (c) agitated tank fermenter,
(d) rotary drum fermenter.

the lower outlet during rotation. Aeration is through the
coaxial inlet and exhaust nozzles.

C. Bioreactors for Immobilized
Enzymes and Cells

Immobilized enzyme and cell particles may be used in
packed bed bioreactors, or the particles may be suspended
in stirred tanks, bubble columns, airlift bioreactors, and
fluidized beds, as discussed in an earlier section of this
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FIGURE 15 Rotating disc biofilm reactor. Microorganisms grow
attached to the surfaces of the discs that rotate slowly to provide
the cells with dissolved nutrients and oxygen.

article. Monolayers of animal cells anchored on small
spherical microcarrier particlessuspended in stirred biore-
actors are widely used in producing viral vaccines (e.g.,
rabiesand polio) and sometherapeutic proteins. Similarly,
suspended inert particles carrying microbial biofilms are
employed in some wastewater treatment processes and
other fermentations. Microbial biofilms growing on rotat-
ing discs (Fig. 15) are also used to treat wastewater. The
discs, mounted on a shaft, slowly rotate through a pool
of the water being treated. The dissolved pollutantsin the
water are taken up by the cells and degraded. The oxygen
needed for the degradation diffusesinto the biofilm asthe
disc cycles through the atmosphere.

Other bioreactor configurations have been developed
specifically for immobilized enzymes and cells. Enzymes
immobilized within polymeric membranes are used in
hollow fiber (Fig. 16) and spiral membrane bioreactors
(Fig. 17). In the hollow fiber device, many fibers are held
in a shell-and-tube configuration (Fig. 16) and the reac-
tant solution (or feed) flows inside the hollow fibers. The
permeate that has passed through the porous walls of the
fibersiscollected ontheshell sideand containsthe product
of the enzymatic reaction. Also, instead of being immo-
bilized in the fiber wall, enzymes bound to a soluble inert
polymer may be held in solution that flows inside the hol -
low fiber. The soluble product of the reaction then passes
through the fiber wall and iscollected on the shell side; the
enzyme molecule, sometimeslinked to asoluble polymer,
istoo large to pass through the fiber wall.

Hollow fiber modules are sometimesused to culture an-
imal cellsthat are confined to the shell side of the modulg;
the separately oxygenated nutrient solution flows inside
the fibers and perfuses the cells on the shell side. In the
spiral membranereactor (Fig. 17), themembranethat con-
tains the immobilized enzyme is rolled into a spiral and
confined within ashell. Thefeed or reactant solution flows
inat oneend and the product isremoved from the opposite
end of the cylindrical shell.
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FIGURE 16 Hollow fiber membrane bioreactor.

[lI. CONSIDERATIONS FOR
BIOREACTOR DESIGN

A. General Features

All bioreactors for monoseptic submerged culture have
certain common features, as shownin Fig. 18. Thereactor
vessel isprovided with side portsfor pH, temperature, and
dissolved oxygen sensors. Retractable sensorsthat can be
replaced during operation are used commonly. Connec-
tionsfor acid and alkali (for pH control), antifoam agents,
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FIGURE 17 Spiral membrane bioreactor.
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FIGURE 18 A typical submerged culture fermenter: (1) reactor
vessel; (2) jacket; (3) insulation; (4) protective shroud; (5) inocu-
lum connection; (6) ports for pH, temperature, and dissolved oxy-
gen sensors; (7) agitator; (8) gas sparger; (9) mechanical seals;
(10) reducing gearbox; (11) motor; (12) harvest nozzle; (13) jacket
connections; (14) sample valve with steam connection; (15) sight
glass; (16) connections for acid, alkali, and antifoam agents; (17)
air inlet; (18) removable top; (19) medium feed nozzle; (20) air
exhaust nozzle (connects to condenser, not shown); (21) instru-
mentation ports for foam sensor, pressure gauge, and other de-
vices; (22) centrifugal foam breaker; (23) sight glass with light (not
shown) and steam connection; (24) rupture disc nozzle.

and inoculum are located above the broth level in the re-
actor vessel. Theliquid level can be easily seen through a
vertical sight glass located on the vessel’s side (Fig. 18).
A second sight glass is located on the top of the vessel
and an externally mounted light can be used to illuminate
the inside of the bioreactor. The sight glass on top can be
internally cleaned by ajet of steam condensate. The vessel
may be placed on aload cell to obtain a better indication
of the amount of material it contains.

When mechanical agitation is used, either atop or bot-
tom entering agitator may be employed. The bottom entry
design ismore common and it permits the use of ashorter
agitator shaft, often eliminating the need for support
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bearingsinside the vessel. The shaft of the agitator is pro-
vided with steam sterilizable single or double mechanical
seals. Double sealsare preferred, but they require lubrica-
tion with cooled clean steam condensate, or other sterile
fluid. Alternatively, when torque limitations allow, mag-
netically coupled agitators may be used thereby eliminat-
ing the mechanical seals.

An air (or other gas mixture) sparger supplies oxygen
(and sometimes carbon dioxide or ammonia for pH con-
trol) to the culture. Aeration of fermentation broth gen-
erates foam. Typically, 20 to 30% of the fermenter vol-
ume must be left empty to accommodate the foam and
alow for gas disengagement. Foaming in bioreactors is
controlled by a combination of chemical and mechani-
cal methods. Chemical antifoaming agents are commonly
mixed with the broth at initiation of fermentation. Fur-
ther additions of antifoam agent are made from time to
time, as needed. Typical antifoams are silicone ails, veg-
etable oils, and substances based on low molecular weight
poly(propylene glycol) or poly(ethylene glycol). Emulsi-
fied antifoams are more effective because they disperse
better in the fermenter. Excessive use of antifoams may
interferewith some downstream separations such asmem-
brane filtrations. Hydrophobic silicone antifoams are par-
ticularly troublesome, as they foul membrane filters and
chromatography media. The use of antifoam chemicalsis
minimized by combining it with mechanical breakage of
foam. A mechanical “foam breaker” may be installed in
the headspace of the fermenter, as shown in Fig. 18. The
devicein Fig. 18 separates the foam—a dispersion of gas
in liquid—into its components by centrifugal action, as
explained in Fig. 19. The operation of the foam breaker
and the addition of antifoam chemicals are controlled by
signalsfrom afoam sensor that extendsinto the bioreactor
from thetop. The shaft of the high-speed mechanical foam
breaker must al so be seal ed using double mechanical seals
as explained for the agitator.

In most instances, the bioreactor is designed for amax-
imum allowable working pressure of 3.78-4.10 bar (ab-
solute pressure) at a design temperature of 150-180°C.
The vessdl is designed to withstand full vacuum. In North
Americathe design conforms to the American Society of
Mechanical Engineers (ASME), Section VIII, Division 1,
Boiler and Pressure Vessel Code. Other codes may be ac-
ceptablein other locations. Thereactor can be sterilizedin
place using saturated clean steam at a minimum pressure
of 2.1 bar (absolute pressure). Overpressure protection is
provided by arupture disc located on top of the bioreactor.
The rupture disc is piped to a contained drain. Usually a
graphite burst disc is used because it does not crack or
develop pinholes without failing completely. Other items
located onthehead plate of thevessel arenozzlesfor media
or feed addition and for sensors (e.g., the foam electrode),
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FIGURE 19 A mechanical foam breaker. The motor, drive, and
shaft assembly are used to rotate the stack of conical discs at
a high speed. The foam enters the spaces between the rotating
discs at a and is separated into gas and liquid by the centrifu-
gal force. The liquid spins into the bioreactor and liquid-free gas
exhausts through the nozzle b. The mechanical seal d prevents
leakage into and out of the sterile bioreactor. The seal is lubricated
by sterile cooling water c.

and instruments (e.g., the pressure gauge). The vessdl is
designed to drain completely and a harvest nozzle is lo-
cated at the lowest point on the reactor vessel (Fig. 18).
Thereactor iseither provided withamanhole, or thetopis
removable. Flat head platesare commonly used in smaller
vessels, but a domed construction of the head is less ex-
pensive for larger bioreactors (Fig. 18).

The bioreactor vessel should have few internals; the
design should take into account the clean-in-place and
sterilization-in-place needs. There should be a minimum
number of ports, nozzles, connections, and other attach-
ments consistent with the current and anticipated future
needs of the process. The bioreactor should be free of
crevices and stagnant areas where pockets of liquids and
solids may accumulate. Attention to design of such appar-
ently minor items asthe gasket groovesisimportant. Easy
to clean channels with rounded edges are preferred. As
far as possible, welded joints should be used in preference
to sanitary couplings. Steam connections should allow for
complete displacement of all air pocketsin the vessel and
associated pipework, for sterilization. Evan the exterior of
abioprocess plant should be cleanly designed with smooth
contours, minimum bare threads, and so forth.

Thereactor vessel isinvariably jacketed. In the absence
of especial requirements, thejacket isdesignedtothesame
specifications as the vessel. The jacket is covered with
chloride-free fiberglass insulation which is fully enclosed
in a protective shroud as shown in Fig. 18. The jacket
is provided with overpressure protection through a relief
valve located on the jacket or its associated piping.
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For a great majority of applications, austenitic stain-
less steels are the preferred material of construction for
bioreactors. The bioreactor vessel isusually madein Type
316L stainless steel, while the less expensive Type 304
(or 304L) is used for the jacket, the insulation shroud,
and other non-product contacting surfaces. The L grades
of stainless steel contain less than 0.03% carbon, which
reduces chromium carbide formation during welding and
lowersthe potential for later intergranular corrosion at the
welds. Theweldson internal parts should be ground flush
with the internal surface and polished. Welds are diffi-
cult to notice in high-quality construction. In addition to
the materials of construction, the surface finish also re-
quires attention. The finish on surfaces which come in
contact with the product material and, to some extent, the
finish on external surfaces affectsthe ability to clean, sani-
tize, and sterilizethe bioreactor and the general processing
area. The surface finish has implications on stability and
reactivity of the surface, and it may have process impli-
cations relating to microbial or animal cell adhesion to
surfaces.

The mill-finished surface of stainless-steel sheet is un-
satisfactory for use in bioreactors. Minimally, the surface
should receive a mechanical polish. Mechanical polish
is achieved by abrasive action of a sandpaper type ma-
terial on metal. The surface finish may be specified by
grit number, for example, 240-grit polish, which refersto
the quantity of particles per square inch of the abrasive
pad. The higher the grit number, the smoother the finish.
More quantitative measures of surfacefinish rely on direct
measurement of roughness in terms of “arithmetic mean
roughness,” Ra, or “root mean square roughness.” Micro-
scopic examination of even ahighly smooth mechanically
polished surface reveals atypical pattern of grooves and
ridgesthat provide sitesfor microbial attachment. For ex-
ample, a 320-grit polished surface will have an Ra of the
order of 0.23-0.30 um. Hence, for internal surfaces of
bioreactors, electropolished surface is preferable to me-
chanical polish aone.

Electropolishingisan el ectrolytic processwhich prefer-
entially removesthe sharp microscopi ¢ surfaceprojections
arising from mechanical polishing; the result is a much
smoother finish. Electropolishing significantly reducesthe
metal surface area and, hence, the product-metal contact
area. The treatment imparts corrosion resistance to stain-
less steel by removing microscopic regions of high local
stress; it creates a passivated steel surface, rich in protec-
tive chromium oxide. To attain a suitable electropolished
finish, the surface should be previously mechanically pol-
ished; however, there is little advantage to starting with
a much better than 220-grit (Ra~ 0.4-0.5 um) polished
surface. If mechanical polish alone must be used, it should
be at least 240 grit, and the direction of polish should be
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controlled to produce a vertical grain for good drainage.
The surface should receive anitric acid wash treatment as
aminimum. The orientation of the grain does not seem to
be of consequence if the surface is to be electropolished.

B. Mixing, Heat, and Mass Transfer
1. Mixing and Shear Effects

A minimal intensity of mixing is required in a bioreactor
to suspended the biocatalyst and substrate particles, pre-
vent development of pH and temperature gradients in the
bulk fluid, and improve heat and mass transfer. Mixing
also enhancestransfer of nutrients and substrates from the
fluid to the biocatalyst particles and helps remove and di-
lute inhibitory metabolites that may be produced. Mixing
is generally provided by mechanical agitation or by bub-
bling compressed gas into the fluid. Excessively intense
mixing is harmful; too much turbulence damages certain
cells, disintegrates immobilized biocatalyst pellets, and
may dislodge biofilms from carriers. Freely suspended
microorganisms are generally tolerant of hydrodynamic
forces (or “shear” forces) encountered in bioreactors un-
der typical conditions of operation; however, animal cells,
suspended plant cells, certain microalgae, and protozoaare
especialy prone to shear damage. Forces associated with
rupture of sparged gas bubbles are known to destroy ani-
mal cells. Damage is minimized by using lower agration
velocities, larger bubbles(diameter > 0.01 m), and supple-
mentation of the culture medium with protective additives
such as the surfactant Pluronic F68. Aeration associated
power input in bioreactors for animal cell culture is typ-
ically kept at less than 50 W m~3. The power input may
be calculated as follows:

Pg
— = Ug, 2
v, PL8VUG %)

where Pg isthe power input, V;, isthevolumein thebiore-
actor, p; isthe density of the broth, g isthe gravitational
acceleration, and Ug is the superficial gas velocity. The
velocity is calculated as the volume flow rate of the gas
divided by the cross sectional area of the bioreactor.

2. Oxygen Supply and Carbon Dioxide Removal

Anima and plant cells need oxygen to survive. Many
microorganisms require oxygen (i.e., they are obligate
aerobes) but oxygen may be toxic to others (anaerobes).
Some microbes may switch between aerobic and anaer-
obic growth and are said to be facultative. Sufficiency
of oxygen supply is necessary to prevent growth lim-
itation in aerobic cultures. Oxygen is provided usually
by sparging the broth with air or some other oxygen-
containing mixture of gases. Other specialized methods
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of oxygen supply are used in a few bioprocesses (e.g.,
Fig. 12).

Oxygenissparingly solublein aqueous broths and even
ashort interruption in aeration ratein some microbial fer-
mentations may produce anaerobic conditions that may
potentially damage the cells. The precise oxygen require-
ments of a fermentation process depend on the microor-
ganism, the degree of oxidation of the substrate being
used for growth, and the rate of oxidation. Oxygen be-
comes hard to supply when the demand exceeds 4-5 kg
O, m~2 hr~1. Many microbial fermentation broths are
highly viscous and difficult to mix. This further compli-
cates the transfer of oxygen from the gas phase to the
broth. Once the concentration of dissolved oxygen fals
below acritical value, the microbial growth becomeslim-
ited by oxygen. The critical dissolved oxygen concen-
tration depends on the conditions of culture and the mi-
crobial species. Under typical culture conditions, fungi
such as Penicillium chrysogenum and Aspergillus oryzae
have a critical dissolved oxygen value of about 3.2 x
10~4 kg m~3. For baker’s yeast and Escherichia coli,
the critical dissolved oxygen values are 6.4 x 107> and
12.8 x 1075 kg m~3, respectively.

Animal and plant cell cultures have lower oxygen de-
mandsthan microbial cells. Oxygen consumption ratesfor
animal cells are in the range of 0.05-0.5 mmol/10° cells
per hr. In batch suspension culture of animal cells, the
maximum cell concentrationtypically doesnot exceed 2 x
108 cells ml—2. Higher concentrations, >10" cells ml—2,
are attained in perfusion culture without cell retention.
Perfused culture with cell retention permits cell densities
of around 10° cells ml—2. In vitro cultured animal cells
are generally tolerant of high concentrations of dissolved
oxygen, e.g., upto 100% of air saturation; however, theop-
timal concentration isabout 50% of air saturation but may
vary with cell type. Oxygen concentrations of >100% of
air saturation have been associated with oxidative damage
to cellswhereas concentrations <0.5% of air saturation in-
hibit the TCA cycle and lead to an enhanced production of
lactate. Concentrations <10% of air saturation will limit
growth of some cells, but for others oxygen limitation is
encountered around 0.5% of air saturation. Plant cellscon-
sume oxygen at arate of (3-15) x 107> mol kg~ DW s*
and the maximum cell density in suspension culture tends
to be 20-30 gDW L.

As with dissolved oxygen, concentration of dissolved
carbon dioxide influences microbia and cell growth. Too
much carbon dioxide is detrimental to most aerobic fer-
mentations but cultures of photosynthesizing microbes
may require carbon dioxide in the aeration gas. Also, car-
bon dioxide is added at roughly 5% (by val) to gas mix-
tureused in sparging animal cell cultureswhen the culture
broth is buffered with carbonate-bicarbonate system. Nor-
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mal mammalian cells need carbon dioxide as a substrate
for carboxylation of pyruvate to oxaloacetic acid, but es-
tablished cell line may not require carbon dioxide.

3. Heat Removal and Temperature Control

All fermentations generate heat. In submerged cultures,
3-15kW m~2 of the heat output typically comes from
microbial activity. In addition, mechanical agitation of
the broth produces up to 15 kW m~3. Consequently, a
fermenter must be cooled to prevent temperature rise and
damage to culture. Temperature is controlled by circulat-
ing cooling water in ajacket that surrounds the bioreactor
vessel (Fig. 20a). In addition to the jacket, an internal
cooling coail (Fig. 20b) becomes necessary in large biore-
actors. In some cases, cooling is achieved by recirculating
the broth through an external heat exchanger (Fig. 20c).
In small vessels, a “ringlet” coil (Fig. 20d) that enters
the vessel through alarge port on top, may provide suffi-
cient cooling. Heat removal tends to be difficult because,
typicaly, the temperature of the cooling water is only a
few degrees lower than that of the fermentation broth. In-
dustrial fermentations are commonly limited by the heat
transfer capability. The ability to remove heat depends on
the surface area available for heat exchange, the temper-
ature difference between the broth and the cooling water,
the properties of the broth and the coolant, and the tur-
bulence in those fluids. The geometry of the fermenter
determines the heat exchange area that can be provided.
Because metabolic heat generation depends on the
oxygen consumption rate, heat removal in large vessels
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FIGURE 20 Heat-exchange methods for bioreactors: (a) jacket,
(b) full internal coil, (c) recirculation of broth through an external
heat exchanger, (d) ringlet coil. Cooling water (CW) enters and
exits the heat exchange devices, as shown.
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becomes difficult as oxygen consumption rate approaches
5kgm~2 h~1. About 0.54 kJ of heat is generated for each
millimol e of oxygen consumed. Oxygen consumptionrate
in microbial broths typically ranges from 2 x 10~ to
1x1072 kg m~3 s~1. Typically, microorganisms growing
on hexose sugarssuch asglucose produceabout 10.9 M Jof
heat per kilogram of biomassformed. For cellsgrowing on
highly reduced substrates such as hydrocarbons, heat gen-
eration is greater, about 28.5 MJkg of biomass produced.
Thesefiguresarefor fermentationsin which biomassisthe
only product. Most microbial and plant cellsarecultured at
atemperature of between 20 and 30°C. Mammalian cells
areusually grown at 37°C. Insect cells prefer alower tem-
perature, e.g., 26°C. Temperatures of greater than 40°C
are optimal for certain thermophilic microorganisms.

In addition to removing the metabolic heat, afermenter
must providefor heat transfer during sterilization and sub-
sequent cooling. Liquid (or slurried) fermentation medium
for a batch fermentation may be sterilized using batch or
continuous processes. With batch processes, the medium
or some of its components and the fermenter are com-
monly sterilized together in a single step by heating the
dissolved or slurried medium inside the fermenter. For
in situ sterilization, steam may beinjected directly intothe
medium or heating may be through the fermenter wall.

Hightemperature (typically 121°C) heating during ster-
ilization oftenleadsto undesirabl e reactionsbetween com-
ponents of the medium. Such reactions reduce yield by
destroying nutrients or by generating growth inhibitory
compounds. Thisthermal damageis prevented or reduced
if only certain components of the medium are sterilized in
the fermenter and other separately sterilized components
are added later. Sugars and nitrogen-containing compo-
nents are often sterilized separately. Dissolved nutrients
that are especially susceptible to thermal degradation may
be sterilized by passing through hydrophilic polymer fil-
ters that are rated to retain particles down to 0.45 um.
Even finer filters(e.g., 0.2 um rated particleretention) are
available.

Heating and cooling of alarge fermentation batch takes
time that ties up a fermenter unproductively. In addition,
the longer a medium remains at high temperature, the
greater isthe thermal degradation or nutrient loss. There-
fore, continuous sterilization of the culture medium into
a presterilized fermenter is preferable even for batch fer-
mentations. Continuous sterilization is rapid and it limits
nutrient loss; however, theinitial capital expenseisgreater
because a separate sterilizer is necessary.

A heat exchange system must be able to handle the
high heat |oads encountered during sterilization by steam
and subseguent cooling. Irrespective of the specific heat
exchange system used (Fig. 20), the operational details
can be quite complex as shown in Fig. 21 for a jacketed
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bioreactor. Valves 1, 10, and 5in Fig. 21 are control valves
that modulate the flow of steam and cooling water; valves
2 and 9 are vacuum breakers that allow the pipework to
drain under gravity; valve 3 is a pressure relief valve to
protect the jacket and the pipework against pressurization
above the safe acceptable limit; and all other valves are
pneumatically operated devices that are either fully open
or fully closed.

For sterilization the jacket is heated by steam. Valves
4-6, 8, and 10 are closed and the pump 7 is off. Valve 11
is opened to drain the jacket. After a short period, valve
11 isclosed and valve 12 is opened. Valve 1 is opened to
let steam into the jacket. The condensate drains through
the steam trap 13. The temperature and pressure of the
circuit are monitored at TIC1 and PI1. Cooling is carried
out by closing valves 12 and 1; valves 8 and 4 are opened.
Cooling water enters the circuit at valve 4, flows up the
jacket and out to the cooling water return line (Fig. 21).
All operations are generally automated for consistent and
error-free control.

Animal cell culturemay actually require somewarming
to maintain the temperature at 37°C. The circuit shownin
Fig. 21 usesaclosed recirculation loop to control the tem-
perature. During culture, valves 8 and 6 are opened and
the pump 7 is turned on. The water is pumped through
a compact plate heat exchanger (PHE) where it is in-
directly heated by controlled (control valve 10) flow of
steam. The heated water now passes the temperature in-
dicator/controller TIC1 and enters the jacket. The water
recirculatesviavalve 8 and pump 7. Cold water isinjected
(control valve5) inthe circuit to maintain thetemperature.
Any excess water leaves the loop via the relief valve 3.
In some designs, direct steam injection into the circulat-
ing loop may be used instead of the heat exchanger. In
small fermenters, the exchanger may be replaced by elec-
tric heating. Notice the flexible connections between the
fermenter and the temperature control pipework (Fig. 21).
These connections are necessary for fermenters that rest
on load cells (for weight measurement); the connections
allow the fermenter to move freely.

Compared to submerged culture, biomasslevelsin solid
state fermentations are lower at 10-30 kg m~3. Neverthe-
less, because there is little water and the density of the
substrate is relatively small, the heat generation per unit
fermenting mass tends to be much greater in solid state
fermentationsthanin submerged culture. Temperature can
rise rapidly, again, because there is little water to absorb
the heat. Cumulative metabolic heat generation in koji
fermentations for a variety of products has been noted at
419-2387 kJ kg~ solids. Higher values, up to 13,398 kJ
kg1, have been observed during composting. Peak heat
generation rates in koji processes range over 71-159 kJ
kg™t hr=%, but the average rates are more moderate at
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FIGURE 21 Temperature control circuit on a bioreactor.

25-67 kJkg~* hr 1. Peak metabolic heat production rate
during fermentation of readily oxidized substrates such as
starch can be much greater than in typical koji processes.

In solid-state fermentation the substrate temperature
is controlled mostly through evaporative cooling; drier
air provides a better cooling effect. Intermittent spray of
cool water is sometimes necessary to prevent dehydration
of the substrate. Air temperature and humidity are also
controlled. Occasionaly, the substrate-containing metal
trays may be additionally cooled by circulating a coolant,
even though most relatively dry and porous substrates are
poor conductorsof heat. I ntermittent agitation of substrate
heapsfurther aids heat removal . Despite much effort, tem-
perature gradients in the substrate do occur, particularly
during peak growth.

C. Monoseptic Operation,
Cleaning, Sterilization

Many commercial bioprocesses utilize only pure cultures.
Maintenance of monoculture is vital to success of such
processes; hence, a bioreactor must be sterilized prior to
inoculation and contamination during operation must be

prevented. A contaminating virus or microbe may destroy
the culture, reduce productivity, or lead to other unwanted
results. Poor design and operation of abioreactor increase
the chance of contamination and cause financial loss.

Sterilization with steam at a minimum temperature of
121°C isthe norm. The sterilization temperature must be
attained everywherein the vessel and continuously held at
the requisite value for at least 20 min. After sterilization
and during culture the contents of the bioreactor remain
fully isolated fromtheexternal environment. Air entersthe
vessel through presterilized hydrophobic membranefilters
that prevent ingress of contaminating microbes. Similar
filters are located on the air exhaust pipe. These filters
arerated for removing particlesdown to 0.45 um, or even
0.1 um. The bioreactor may be sterilized together withthe
culture medium, or separately. In the latter case, once the
bioreactor has cooled, the medium is pumped in through a
sterilizing filter that removes any contaminating microbes.
Alternatively, the medium is steam sterilized, cooled, and
then transferred to the bioreactor through pipework that is
fully isolated from the surroundings.

After the culture and before next sterilization, thebiore-
actor must be thoroughly cleaned usually by automated
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clean-in-placemethods. I n-place cleaning doesnot require
dismantling the bioreactor and savestime. Automation as-
sures consistency of cleaning. Cleaning between batches
isessential to preventing cross-contamination of products.
Also, a clean bioreactor is easier to sterilize. Cleaning
is achieved by physical action of high velocity flow, jet
sprays, agitation, and chemical action of cleaning agents
enhanced by heat. While mechanical forces are necessary
to remove gross soil and to ensure adequate penetration
of cleaning solutionsto all areas, most of the cleaning ac-
tion isprovided by chemicals—surfactants, acids, alkalis,
and sanitizers. A generally applicable cleaning schemefor
bioreactors utilizes awater pre-rinse to remove gross soil;
ahot akali recirculation step to digest and dissolve awvay
the remaining soil; and a water wash to remove residual
alkali. A bioreactor that processesinjectable drugs, should
be rinsed with a hot water-for-injection (WFI) wash asthe
final cleaning step. Optiona acid wash and sanitization
steps may be added in some applications.

D. Operational Modes of Bioreactors

Theway acultureis operated and fed has a profound im-
pact on the outcome of thefermentation. Also, thereactant
feeding and reactor operational strategies affect perfor-
mance of enzymebioreactorsand thosethat usenon-viable
biomass as a biocatalyst. Most bioreactors for microbial
growth and culture of other cells are operated as barch
and fed-batch devices. A batch fermentation is initiated
by inoculating a presterilized and cooled medium that is
contained typically in awell-mixed bioreactor (Fig. 22a).
The medium composition in the fermenter changes con-
tinuoudly as nutrients are consumed to produce biomass
and metabolites. The broth is harvested after the desig-
nated batch time. The broth volume in a batch fermenter
remains essentially constant (Fig. 22a), discounting any
evaporativeloss. A fed-batch cultureisidentical to abatch
operation, except that afeed isadded to the broth continu-
ously or intermittently (Fig. 23b). The volume of the broth
increases with time. Also, the feeding rate generaly in-
censeswithtime, to satisfy the demand of an exponentially
increasing cell population. The broth is harvested at the
end of the batch period.

FEED —¢

(a) (b)

FIGURE 22 Bioreactor operational modes: (a) a well-mixed batch
bioreactor, (b) a well-mixed fed-batch bioreactor.
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FIGURE 23 Bioreactor operational modes: (a) a continuous flow
well-mixed bioreactor, (b) a continuous flow well-mixed bioreactor
with biomass recycle.

In a well-mixed steady-state continuos culture
(Fig. 23a), the broth composition does not vary with time
and position in the bioreactor. Typically, a continuous
fermentation starts as a batch culture and switches to
continuous feeding when a sufficient concentration of
biomass has been obtained. The feed is added contin-
uously and at a constant rate. The broth volume does
not change, as the rate of harvest matches the feeding
rate (Fig. 23a). Sometimes, a well-mixed continuos
culture may be carried out with recycle of a part of the
harvested biomass to the bioreactor (Fig. 23b). This
strategy increases the steady state biomass concentration
in the reactor, improves conversion of the substrate, and
enhances the productivity. Some continuous flow reaction
and production schemes use a number of well-mixed
reactorsin series (Fig. 24a-c). The harvest of one reactor
becomes the feed for the next. This arrangement is es-
pecially useful when different environmental conditions
are needed at different stages of a process, for example,
when the requirements for growing the biomass differ
from the onesfor synthesis of ametabolite by thecells. A
multistage continuous array of well-mixed reactors may
be fed with different feeds and precursor compounds at
different stages, as shown in Fig. 24b. Also, such a series
of reactors my employ recycle of the biomass (Fig. 24c)
to the first stage, or one or more of the other stages.

Continuous flow processes sometimes use a plug flow
bioreactor in which thereislittle mixing of fluid el ements
in the direction of flow (Fig. 25a). This type of flow is
typically achieved in long tubes and channels. The com-
position of the broth does not change with time at a fixed
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FIGURE 24 Bioreactor operational modes: (a) a series of continuous flow well-mixed bioreactors, (b) use of different
feeds at different stages in a series of continuous flow well-mixed bioreactors, (c) a series of continuous flow well-mixed

reactors with biomass recycle.

locationin aplug flow bioreactor operating at steady state;
however, the composition changeswith position in the di-
rection of flow. A plug flow bioreactor behavesthe sameas
a series of many continuous flow well-mixed bioreactors
(Fig. 24a). In terms of kinetics, a plug flow bioreactor is
equivalent to abatch fermenter having the same residence
time (i.e., the total time spent by the broth in the biore-
actor) asin the plug flow device. A plug flow bioreactor
for biomass production must be inoculated continuously,
or a portion of the harvested biomass must be recycled
to the inlet of the bioreactor (Fig. 25b), to prevent wash
out of the culture by the sterile feed. Multipoint feeding
is sometimes used in plug flow bioreactors, as shown in
Fig. 25c.

Continuous flow operation of abioreactor such that the
cells are recycled or retained within the reactor, is some-
timesknown as perfusion culture. Many different kinds of
devices are available for cell retention and recycle. These
devices may be located within or outside the bioreactor
vessel. External sedimentation tanks (Fig. 23b) are of-
ten used to recycle biomass in wastewater treatment pro-
cesses. External and interna enhanced-rate sedimentors
are also employed in animal cell culture bioreactors, as
shown in Fig. 26a, b. Because of the small differencesin

density and diameter of the viable and nonviable animal
cells, theinclined channel sedimentor (Fig. 26b) may pref-
erentially retain viable cells in the bioreactor while a-
lowing many of the nonviable ones to wash out. Another
device that is commonly deployed for partia retention of
animal cellsisthe“spinfilter” showninFig. 27. A spinfilter
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FIGURE 25 Bioreactor operational modes: (a) a continuous plug
flow bioreactor, (b) a continuous plug flow bioreactor with biomass
recycle, (c) multipoint feeding of a plug flow bioreactor.
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FIGURE 26 Cell retention by sedimentation in perfusion culture: (a) internal sedimentor, (b) inclined channel

sedimentor.

isacylinder formed of wire meshing. The openings of the
wire screen are significantly larger (e.g., 25 um) than the
cellswhichareretained by ahydrodynamic mechanismre-
quiring rapid rotation (e.g., 500 rpm) of the spinfilter. The
mostly cell-free spent medium iswithdrawn from the zone
within the rotating screen. Depending on the specifics of
design and operation, aspinfilter may preferentialy retain
the viable cells. Also, a noninvasive acoustic sedimenta-
tion device has been developed and thisisinstalled on the
outside of the bioreactor harvest pipe. This device uses
sound waves to aggregate the cells which sediment back
into the bioreactor vessel.
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FIGURE 27 A spinfilter device of cell retention in perfusion cul-
ture of animal cells.

Spinfilters and sedimentation devices do not retain all
cells within a bioreactor and some washout occurs. To-
tal retention of biomass is feasible by using an external
microfilter to continuously harvest a cell-free stream, as
shown in Fig. 28. The cells are returned to the bioreac-
tor. The bioreactor operational schemesidentified hereare
the ones most commonly used; other variations on these
schemes are encountered occasionally.

E. Medium Composition

The composition of the nutrient medium used to grow
cells determines the rate of production, the type of prod-
ucts produced, and theyield of biomass and products. The
medium al so influences the cost of production, the quality
of the product, and factors such asthe broth rheology. The
medium must provide all the elements that compose the
product and the biomass. These elements (e.g., C, N, O,
S, P) must be provided in a suitable form and ratios that
are designed to achieve specific effects. The growing cells
may require additional complex organic molecules (mi-
cronutrients) that they are unableto synthesize but that are
essential to growth. In addition, the medium may contain
specific precursor compounds, the substratesthat arebeing
biotransformed, and inhibitors or inducers of specific en-
zymes. While the medium needs many components, care
isnecessary to prevent contamination with othersthat may
affect the process performance. For example, presence of
iron in Aspergillus niger fermentation broth greatly sup-
presses the production of citric acid. Proper formulation
of the medium is also important in cell-free enzyme reac-
tors, where the rate of reaction and the extent of substrate
(or/and product) inhibition depend on the composition of
the reaction medium. Some enzyme reactions are carried
out in organic sol vents containing small amounts of water.
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FIGURE 28 Total recycle of biomass by using a microfiltration device.

Medium design for viable culture needsto consider the os-
motic pressure of the broth as an important variable.

Osmotic pressure of asolution isameasure of the con-
centration of dissolved moleculesandionspresent asindi-
vidua particles. All cells are susceptible to osmotic pres-
sure of the surrounding medium, but cells without walls
(e.g., animal cells, protoplasts) are especialy susceptible
to osmotic stress related damage. When the suspending
fluid has a higher osmotic pressure than the cells, water is
drawn out of the cells and it may become so dehydrated
that metabolism ceases. Incidentally, thisiswhy high salt
and high sugar media often have a preservative action,
e.g. in pickling of vegetables. When the osmotic pressure
islow compared to that in the cell, the cell takes up water
and may burst. Osmotic shock produced by rapid dilu-
tion is sometimes used to rupture cells, especialy animal
cells. Osmotic pressure also influences plant cell suspen-
sion culture.

Media formulations do not generaly specify the os-
motic pressure; instead, the number of dissolved parti-
cles is given as osmolarity or osmolality. Osmolality is
the number of moles of particles per kilogram of solution
whereas osmolarity isthe number of moles per liter of so-
Iution. One mole of particlesisan osmole, abbreviated as
Osm. Animal cell culture mediahave an osmolality of 280
to 320 mOsm kg~ to conform to the osmolality of serum
(290 mOsm kg~1). Osmolality is not easily calculated es-
pecialy when a medium has many components and the
degree of dissociation is not known. In such cases, osmo-
lality is estimated from measurements of freezing point
depression and other colligative properties (i.e., those de-
pendent on the concentration of dissolved particles). In
cell culture media, sodium chloride is used for adjusting
osmolality to the requisite value.

F. Kinetics, Productivity, and Bioreactors

Design and performance analysis of a bioreactor are in-
separably linked with the kinetics of the bioreaction for
which thereactor isintended. Some common bioreactions
include growth of microorganisms and other cells, and re-

actions involving cell-free enzymes. Essential aspects of
kinetics for bioreactor design are discussed here.

1. Cell Growth

Once a properly formulated and sterilized medium has
been inocul ated with a seed culture or inoculum, the cells
grow and multiply. In abatch culture, the cell or biomass
concentration increases with time as shown in Fig. 29,
whichistypical. A short lag phase of little or no growthis
followed by aperiod of exponential growth. Thelag phase
isan adaptation period in which the cellsbecome acclima-
tized to a new environment. The length of the relatively
unproductive lag phase may be shortened by increasing
the inoculum size and ensuring that the growth environ-
ment (medium, pH, temperature, etc.) in the bioreactor is
the same as the one in which the inoculum was grown.
Typicaly, the inoculum should be in the late exponen-
tial phase of growth. The volume of amicrobial inoculum
should between 5 and 10 percent of the volume of the
medium being inoculated. Larger inocula are needed for
slower growing cells such as animal and plant cells. In
cultivation of animal cells, the inoculum size is selected
to provideaninitial cell count of (2—4) x 10° cells/ml. Af-
ter the lag period, the exponential growth persists usually
until an essential nutrient (the growth limiting nutrient
or substrate) runs low in the medium, or until some in-
hibitory product of metabolism accumulates to a growth
inhibitory concentration. The cells then enter a phase of
zero net growth, or the stationary phase (Fig. 29). Thisis
followed by adecline phase or death phase in which there
isanet loss of biomass as cells die and lyse. Usually an
attempt is made to achieve a maximum growth rate and
maintain it for aslong as possible.

Thebiomassgrowth ratein abioreactor, i.e., the change
in biomass concentration with time, or dX/dt, depends
on the viable biomass concentration X present at any
time. In other words, growth is self catalyzing, or autocat-
alytic. In exponential growth, the growth rateis expressed
asfollows:
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FIGURE 29 A typical biomass growth profile in batch culture.
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where p is a constant known as the specific growth rate.
Equation (3) may be written in its integrated form, as
follows:

I X t

n Xy pt,
where X, istheinitial biomass concentration at any time
t=0 and X is the concentration at time t. The time to
doubl e the biomass concentration, or the doubling timetg,
may be estimated from Eq. (4) by substituting tq for t and
2X, for Xo; thus,

(4)

In2
tg=—.
"

Some typical vaues of the doubling time are noted in
Table| for the various kinds of microbial and other cells.

In steady-state continuous culturein which the cellsex-
perience an unchanging environment, the specific growth
rate depends on the concentration S of a growth limit-
ing substrate. This dependence is generally described by
Monod kinetics, as follows:

Q)

TABLE | Typical Doubling Times

Cell type tg (min)
Bacteria 20-45
Yeasts 90
Molds 160
Protozoa 360
Hybridomas 630-1260
Plant cells 3600-6600

where umax 1S the maximum specific growth rate and Kg
isthe value of S at which the specific growth rate is half
of its maximum value. K is known as the saturation con-
stant. The specific growth rate increases with increasing
substrate concentration in a hyperbolic manner, as shown
by the solid line in Fig. 30. The figure also clarifies the
meanings of pmax and K.

Sometimes, the growth rate is suppressed in the pres-
ence of too much substrate and growth is said to be sub-
strateinhibited. In substrate inhibited culture, the specific
growth rate attains a maximum value as the substrate con-
centration is increased and then the growth rate declines,
asshown by thedashed linein Fig. 30. Notethat in Fig. 30,
the umax values are different for the two growth profiles
shown. The substrate inhibited growth may be described
by the following equation:

Mmax S
p=—tme U

S

where K; is the inhibition constant. In other cases, the
growth rate may be subject to inhibition by a product of
metabolism.

2. Productivity

Productivity of abioreactor isthe quantity of product pro-
duced per unit volumein unit time. For abatch bioreactor
with the growth profile shown in Fig. 29, the biomass pro-
ductivity P at any timet is the slope of the straight line
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joining the biomass concentrationsat t =t and t =0 in
Fig. 31;i.e,

AX
P=—-—! 8
At (©)

This definition of productivity disregards any time in-
vested in preparing the fermenter prior to inoculation of
thebatch. Lower values of productivity result when thead-
ditional preparatory timeistaken into account. Often, the
product of afermenter isnot the biomass per se, but acom-
pound produced by the cells. Examples of such products
are antibiotics and monoclonal antibodies. The kinetics of
product formation may mirror those of the cell growth, or
they may be quite different. Products known as secondary

metabolites (i.e., onesthat are nonessential to the cell) are
often produced after the growth has ceased.

An important operational variable for continuous flow
bioreactorsisthedilutionrate D, or thevolume flow rate
of the feed medium divided by the constant volume of the
broth in the reactor. The biomass productivity of acontin-
uous culture is simply the dilution rate D multiplied by
the biomass concentration X in the harvest stream. In a
continuous flow well-mixed bioreactor, the biomass con-
centration varies with dilution rate, as shown in Fig. 32.
Also, the productivity increases with increasing dilution
rate until the dilution rate approaches close to the maxi-
mum specific growth rate (Fig. 32). Any further increase
in dilution rate causes a sharp decline in productivity and

BIOMASS CONCENTRATION, X

At

BIOMASS

PRODUCTIVITY = %

TIME, t

BATCH TIME, t
FIGURE 31 Biomass productivity in batch culture.
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FIGURE 32 Variation of the steady sate biomass concentration and the productivity with dilution rate in a well-mixed

continuous flow bioreactor.

washout of cells from the bioreactor. In practice, the dilu-
tion rate must remain quite abit | ess than the val ue needed
for optimal productivity (Fig. 32), or cells may be washed
out because of aninadvertent slight increasein thedilution
rate. If viable biomass from the outflow of a continuous
flow well-mixed bioreactor is recycled to the reactor, as
in Fig. 23b, then the reactor may be operated at a dilu-
tion rate greater than the maximum specific growth rate.
Such abioreactor provides agreater biomass productivity
compared to one that does not recycle the biomass and
the biomass concentration in the reactor outflow streamis
also greater.

3. Enzyme Kinetics

Instead of viable cells, a bioreactor may use nonviable
cellsand isolated enzymes asthe biocatalyst. Thereaction
in such abioreactor may obey Michaelis-Menten kinetics
but other kinetic patterns are al so observed. For areaction
that obeys Michaelis-Menten kinetics, the rate of reaction
(i.e., the rate of consumption of the substrate, —dS/dt)
depends on the concentrations of the substrate S and the
enzyme e, asfollows:

_dS_ keS
dt  Kp+ 8

9

where k. is the rate constant and K, is known as the
Michaelis-Menten constant. The dynamics of abioreactor
are often analyzed in terms of the conversion Cg of the
substrate, where Cs isthe fraction of the original substrate
transformed to aproduct, i.e.,

S-S

Co= g~ (10)

In Eq. (10), & istheinitia concentration of the substrate
in the reactor and Sis the concentration at timet.

For Michaelis-Menten kinetics in a well-mixed batch
bioreactor, the conversion of the substrate at any timet is
governed by the relationship:

kEt = SCs — KnpIn(1—Cy), (11

VL
where E isthe total amount of enzyme in a bioreactor of
volume V, . When the reaction is carried out in a contin-
uous flow well-mixed bioreactor, the expression for the
conversion is asfollows:

k E KmCs
S e

where F isthe volume flow rate of the feed. Similarly, in
apacked bed bioreactor, the expression for the conversion
isthe following:

% = SCs+ KniIn(1-Cy). (13)
Because F is the volume processed intimet in a contin-
uous flow bioreactor and V_ is the corresponding volume
in a batch reactor, a comparison of Egs. (11) and (13)
shows that batch and plug flow (i.e., packed bed) bioreac-
tors containing the same amount of enzyme will achieve
equal conversionsinagiventime. Thisisageneral conclu-
sion, irrespectiveof thereactionkinetics. A continuosflow
packed bed enzyme bioreactor may be advantageous rel-
ative to batch reactor, as the unproductive time for batch
preparation could be eliminated in the continuous flow
unit. However, the batch reactor may have other important
advantages such as the ease of pH control in awell-mixed
device.

(12)
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When the substrate concentration Sismuch greater than
Km, Egs. (12) and (13) reduce to the same form. In this
case, the continuous flow stirred reactor and the plug flow
device achieve similar conversion values in a given time.
In contrast, when S« K, the reaction rate becomes first
order in the substrate concentration (see Eg. (9)), and the
plug flow reactor provides higher conversion values in
comparison with the well-mixed continuous flow device.
In the latter bioreactor, al the enzyme would be exposed
to the same low concentration of the substrate which is
not useful except when the reaction is inhibited by the
substrate.

V. CONCLUDING REMARKS

A bioreactor is an indispensable part of any bioprocess
irrespective of whether the process degrades pollutants
or produces substances such as foods, feeds, chemicals
and pharmaceuticals, and tissues and organs for use in
biomedicine. The variety of bioprocesses is tremendous
and many different designsof bioreactorshave been devel -
oped to meet the different needs. In al cases, the bioreac-
tor must provide the environmental conditions necessary
for the culture. The specific demands are often conflict-
ing and achieving optimal performance requires attaining
the proper balance among the different requirements. Suc-
cess of abioprocess depends critically on good design and
operation of the bioreactor.
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GLOSSARY

Absorption Process by which electromagnetic energy is
transferred to an atom or molecule. Different molecules
absorb light at different discrete wavelengths and there-
fore each molecule has a characteristic absorption
spectrum.

Antibody Biologically derived molecule able specif-
ically to recognize and bind to another molecule
(antigen).

Biosensor Sensor in which the sensing material is of bi-
ological origin (e.g., enzyme, antibody, cell, DNA).
Extrinsic sensor Sensor based on indirect analysis using
an indicator (compound that changes optical properties

by reaction with an analyte).

Fluorescence Emission of light at a longer wavelength
by molecules or other chemical species after excitation
at a shorter wavelength.

Imaging fiber Bundle of coherently ordered individual
optical fibers through which an image can be transmit-
ted from one side to the other.

Immobilization Attachment of chemical species to sur-
faces, polymers, or other insoluble substrates. For ex-
ample, with optical sensors, indicators are attached to
the optical fiber surface.

Indicator Molecule that undergoes changes in optical
properties on interaction with chemical species.

Intrinsic sensor Sensor based on the direct spectroscopic
detection of a molecule of interest.

Optical fiber Transparent filament made out of glass or
plastic through which light can propagate by total in-
ternal reflection.

Sensing element Combination of sensing materials (indi-
cators and/or biological compounds) and a transducer
(optical fiber).

Sensing material Material (indicator, dye, polymer,
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biological molecule) that isimmobilized to the optical
fiber surface and can change its physicochemical
properties upon interaction with an analyte.

Total internal reflection Reflection of light at the inter-
face between two materials of different refractive in-
dex. In optical fibers, the corerefractiveindex ishigher
than the clad refractiveindex. When light isintroduced
into the core, it isreflected at the core-clad interface.

A CHEMICAL SENSOR is an analytical device that
can measure the concentration of a specific chemical or
a group of chemicals in a sample of interest. The basic
structure of a chemical sensor includes (a) a sensing ma-
terial that selectively interacts with the analyte and (b)
a transducer (e.g., electrochemical, optical, thermal, or
mass) that can transform thisinteraction into ameasurable
signal. Thissignal should be proportional tothe magnitude
of the changes in the physicochemical properties associ-
ated with the interaction between the sensing material and
the analyte. Ideally, chemical sensors should operatein a
continuous and reversible manner.

Fiber-optic chemical sensors are analytical devicesin-
corporating optical fibers as part astheir optical transduc-
ing system. Optical fibers are small and flexible “wires”
made out of glass or plastic that can transmit light sig-
nals, with minimal loss, for long distances. The signals
generated by the sensing materials, which are usually im-
mobilized to the fiber surface, are transmitted through the
optical fibersand can be measured by using different opti-
cal methods such as absorption, fluorescence, and Raman
spectroscopy. Fiber-optic chemical sensorscan beusedfor
remote analytical measurementsin applicationsincluding
clinical, environmental, and industrial process monitor-
ing. Severad fiber-optic chemical sensorsarecommercially
available and it is expected that recent developments in
optical technologies and the research efforts to use these
technologies for fiber-optic sensor development will lead
to anumber of commercialy available fiber-optic chemi-
cal sensorsfor various applications.

I. INTRODUCTION

Fiber-optic chemical sensors are composed of a sensing
material and a transducer. The transducer converts the
recognition and sensing events obtained by the sensing
materials into a response such as an optica signal. Opti-
cal measurements can providerapid, sensitive, and nonde-
structive analysis of many important compounds. In fiber-
optic chemical sensors, optical fibers are used to transmit
the optical signal to the measurement device, enabling a
remote detection of the analyte in the sample. The use

Fiber-Optic Chemical Sensors

of optical fibers for sensing applications was first sug-
gested in the mid-1960s. Since then, various fiber-optic
chemical sensor types have been developed for detecting
numerous analytes. In the last decade, due to the rapidly
growing use of fiber optics for telecommunication appli-
cations, new fiber-optic technol ogi es have been devel oped
resultingin high-quality andinexpensiveoptical fibersthat
can be used for chemica sensing applications. Optical
fibers are remarkably strong, flexible, and durable. These
features and their nonelectrical nature make them highly
suitablefor different industrial and environmental applica-
tions where safe sensing in hazardous and harsh environ-
mentsis needed (e.g., monitoring of chemicalsin nuclear
plants or toxic gasesin petrochemical plants). Fiber-optic
chemical sensors are also widely used in the clinical field
since their small dimensions allow them to be used for
in vivo sensing thereby eliminating the need to procure
samples. Furthermore, as described later in Section 1V,
fiber-optic chemical sensors can be incorporated into op-
tical fiber bundles used for in vivo imaging (endoscopes)
to provide both analytical information and imaging capa-
bilities. One significant advantage of employing optical
fibers is that multiple optical signals can be transmitted
and measured simultaneously, thereby offering multiplex-
ing capabilities.

Optical fibers and the instrumentation used in fiber-
optic chemical sensors are described in Section 1. We
describe how different optical phenomena, generated by
different sensing mechanisms, can be applied to opti-
cal fibers to measure analytical signals. These sensing
mechanisms are described in Section I11. Section IV re-
views several fiber-optic chemical sensor analytical appli-
cationsintheclinical, industrial, and environmental fields
and Section V reviews recent developments in fiber-optic
chemical sensors.

Il. FUNDAMENTAL PRINCIPLES OF
FIBER-OPTIC CHEMICAL SENSORS

The basic design of a fiber-optic chemical sensor system
isshown inFig. 1. The fiber-optic chemical sensor’smain
components are (a) a light source, (b) optical fibers to
both transmit the light and act as the substrate for (c) the
sensing material, and (d) a detector to measure the output
light signal. Usually computers or microprocessors con-
trol the fiber-optic chemical sensor instrumentation and
are employed to analyze the output signals.

In this section, optical fibers and their basic char-
acteristics are described. Fiber-optic chemical sensor
instrumentation and the optical phenomena employed are
also described.
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FIGURE 1 Schematic diagram of a fiber-optic chemical sensor system with examples of environmental, clinical, and

industrial applications.

A. Optical Fibers
1. Basic Characteristics

Optical fibers are waveguides made out of glass or plas-
tic, through which light can be transmitted. Optical fibers
transmitlight very efficiently, whichiswhy they areso use-
ful for many applications. The light transmission through
the fiber is based on the phenomenon of total internal
reflection (TIR). Optical fibers consist of a core with a
refractiveindex n, surrounded by acladding with alower
refractive index n, (Fig. 2). The difference between the
refractive indices enables the core-clad interface to ef-
fectively act as a mirror such that a series of interna
reflections transmits the light from one end of the fiber
to the other as shown in Fig. 3a. Several principles re-
|ated to the light transmission through the optical fiber are
significant for fiber-optic chemical sensor function and
design:

1. The Critical Angle. If light strikes the cladding at an
angle greater than the critical angle ¢, the light istotally
internally reflected at the core-clad interface (Fig. 3a). If
light strikes the cladding at an angle less than the critical
angle, asshownin Fig. 3b, it is partly reflected and partly

refracted. The critical angleisdefined by theratio between
the clad and the core refractive indices,

Singe = na/ny. @)

2. Acceptance Cone. Inorder to get high light transmis-
sion, light should propagate through the fiber by a series
of total internal reflections. Thistransmission is achieved
if the angles of the light entering the fiber are within the
acceptance cone as shownin Fig. 3c. The acceptance cone

Core

Cladding

FIGURE 2 Schematic diagram of an optical fiber showing core
and clad structure.
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FIGURE 3 Propagation of light through the optical fiber occurs when the total internal reflection condition exists at
the interface between the core (index of refraction n;) and cladding (n,) such that n, > n,. (a) Light entering the fiber
is totally internally reflected (TIR) if the light angle is greater than the critical angle ¢c. (b) Light will be partly reflected
and partly refracted if the light angle is less then the critical angle ¢¢. (c) Light will propagate in TIR only when the

entering light angle is within the acceptance angle.

size depends on the refractive indices of the core and the
clad and also on the refractive index of air no,

nz—nz
sing, = vlbri—rz) @
no

3. Numerical Aperture. The acceptance cone’s width
determinestheefficiency of light collection of thefiber and
can also be described in terms of the numerical aperture
(NA),

NA = 1o SiNg,,. )

A high NA indicates a wide acceptance cone and better
light-gathering capabilitiesof thefiber. A typical NA value
for ahigh-quality glass fiber is 0.55 but fiber NAs as high
as 0.66 or as low as 0.22 have been used for sensing.

2. Optical Fiber Types

Optical fibers are usually made of glassin a process that
involves heating a glass preform and then drawing the

fiber from the melted hot glass. In most fiber-optic chem-
ical sensors, glass fibers are used to transmit light in the
visible and near-infrared regions of the optical spectrum
(400 < A < 700 nm). In some cases, when the light em-
ployed isin the UV region, quartz (pure silica) fibers are
used as the core material and doped silica (with lower
refractive index) is employed as the cladding material.
Optical fibers made of silver halide or chalcogenides are
used to transmit light intheinfrared region of the spectrum
(A > 700 nm). Plastic fibers are also used for fiber-optic
chemical sensors; these fibers are very flexible and cheap
but their optical characteristicsareinferior tothoseof glass
fibers and their heat toleranceis|ower.

3. Optical Fiber Configurations

Optical fibers are produced in many different configu-
rations, formats, and sizes. For some fiber-optic chemi-
cal sensor applications, single optical fibers with diam-
eters ranging from 50 to 500 um are employed. For
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FIGURE 4 Optical fiber bundle fabrication and use for imaging. (a) Fiber bundles are constructed from thousands of
individual single fibers that are fused together. (b) Coherent bundles can be used for imaging.

other fiber-optic chemical sensor applications, fiber-optic
bundles comprising thousands of identical single fibers
(eachwith adiameter of afew micrometers) are employed,
asshowninFig. 4a Thefiberscan bebundledinacoherent
or random fashion and used to enhance light transmission.
In coherent fiber bundles, the position of each fiber on one
end is identical to its position on the other end. These
coherent fiber bundles are mostly used for imaging appli-
cationsasshownin Fig. 4b. The coherent fibersallow each
individual fiber to transmit light in an addressable manner
from one end of the bundleto the other. In somerecent ap-
plications, these bundles are used for imaging and sensing
simultaneously.

B. Fiber-Optic Chemical Sensor
Design and Instrumentation

Each fiber-optic chemical sensor system design depends
intimately on the nature of the analytes detected, the par-
ticular conditionsat the measurement site, and the specific

reguirements for the application, for example, the use of
nontoxic agents and biocompatible materials for clinica
applications. There are two basic configurations for fiber-
optic chemical sensors: (a) A single fiber is used to trans-
mit the light from the light source to the sample region
and back to the detector, as shown in Fig. 1. (b) Multi-
ple fibers are used, one to transmit the light to the sample
region and the rest to transmit light from the sample re-
gion to the detector, as shown in Figs. 5a and 5b. For the
second configuration, the most common format isabifur-
cated fiber. Bifurcated fibers are fabricated by fusing two
fiberstogether on oneend, leaving the other endsfree. The
fused sideis used for the sensing and the other ends of the
fiber are connected to the light source and to the detector,
as shown in Fig. 5c.

1. Light Sources

The light sources used for fiber-optic chemical sensors
should provide sufficient light intensity within the sensor
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FIGURE 5 Design principle of fiber-optic chemical sensors. (a)
Two single fibers. (b) Two fiber bundles. (c) Bifurcated fiber.

wavelength operating range. In addition, the light output
should be stable over long time periods since light fluc-
tuations may add noise to the measurement and reduce
the sensor sensitivity. Tungsten—halogen lamps are often
used as alight source to provide high-intensity light and a
continuous emission spectrum over wavelengths ranging
from 300 to 2700 nm. Thislamp isvery useful because of
its small size and high stability, and the potentia to use
it in portable devices. Light-emitting diodes (LEDs) are
also used as light sources for fiber-optic chemical sensors
because they offer spectral consistency and small size;
however, they are limited in their light intensity. Lasers
are an important light source for fiber-optic chemical sen-
sors since they supply very intense monochromatic light.
Lasers are used for fluorescence-based fiber-optic chemi-
cal sensorsinwhich fluorophoreswith low quantumyields
are used.

2. Optical Signal Detectors

In most fiber-optic chemical sensor systems, the light
transmitted from the sensing element (output light) ismea-
sured by using photon detection devices, which absorb
photons and convert them into electrical signals. Several
photon detectors are available. The ssimplest and cheap-
est detector is the silicon photodiode. In this solid-state
device, photon detection is based on p—n semiconductor
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junctions. When photons strike the p junction, electrons
move into the conducting band and act as charge carri-
ers. This process generates a current that is proportional
totheincident light intensity. A series of photodiodes can
be arranged in alinear array and used to detect the entire
spectrum simultaneously. These devices offer advantages
such as small size, wide spectral range, and low power
requirement; however, photodiode sensitivity isrelatively
low. Photomultiplier tubes (PMT) are more sensitive than
photodiodes and are used for low-light-level detection.
Photons that strike the photocathode cause the gjection
of photoelectrons that are attracted to the photomulti-
plier electrodes (also called dynodes). The dynodes are
arranged such that each dynodeisheld at ahigher potential
than the previous one. When a high-energy photoelectron
strikes the first dynode, it causes the gjection of several
photoelectrons from the dynode surface. These cascade
processescontinueasmorephotoel ectronsstrikeeach sub-
sequent dynode, resulting inahighamplification of theini-
tial photon. Inaddition to their high sensitivity, PMTshave
high signal-to-noise ratios and respond very fast. PMT
detectors, however, are temperature sensitive and can be
irreversibly damaged if exposed to high light levels.

In some fiber-optic chemical sensors, the optical sig-
nal measurement involves image acquisition and anal-
ysis. Charge-coupled device (CCD) chips are typically
used to capture the output image. The CCD is a two-
dimensional integrated-circuit chip array made up of sev-
eral layersof siliconand an array of gate el ectrodes. These
electrodes, often referred as metal-oxide semiconductors
(MOS), areindividually connected to an external voltage
source. When photons strike the chip’s light-sensitive sil-
icon layer, they create electrical chargesthat are detected
by the gate electrodes. This detection process is called
charge coupling and involves the transfer of voltage be-
tween the two gate electrodes. Since each pair of gate
electrodescan detect thel ocalized photon strikes, intensity
and spatial position of theimage are simultaneously mea-
sured. CCD chips offer additional advantages including
their small size (afew square millimetersto afew square
centimeters), high sensitivity, and stability. Thelimitations
of CCD chipsaretherequirement for low-temperature op-
eration and their relatively high cost.

C. Optical Phenomena Employed for Sensing
in Fiber-Optic Chemical Sensors

Chemical sensing viaoptical fibersis performed by mon-
itoring the changes in selected optical properties. Inter-
actions of light with the analytes are measured either di-
rectly or by using indicators. Thelight islaunched from a
light source into the fiber and guided to the measurement
site. The absorbed, reflected, scattered, or emitted light
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can be measured using several different optical phenom-
ena. These phenomena transduce the interactions of light
with the sensing materials into an (ideally) quantitative
signal that can be correlated to the analyte identities and
concentrations.

1. Absorption

Absorption is based on the light intensity changes due to
modulation by a substance in the sample. Light absorp-
tion isaprocessin which electromagnetic energy istrans-
ferred to an atom or amolecule. Thisenergy promotesthe
transition of the molecule from the ground energy state
to a higher energy excited state. The resulting energy is
dissipated nonradiatively (i.e., thermally) to the medium
when the excited state relaxes to the ground state. Each
molecule (analyte) can beexcited at asinglewavel ength or
several wavelengths, which furnishes a unique absorption
spectrum characteristic of the molecule. The absorbance
changes are related to the analyte concentration [C] via
the Beer—Lambert relationship:

A=log(lp/1)=¢-[C] I, 4

where A isthe optical absorbance, I and | aretheinten-
sities of transmitted light in the absence and presence of
the absorbing species, respectively, | is the effective path
length, and ¢ is the molar absorption coefficient. In prac-
tice, optical fibers are connected to a spectrophotometer
and the measured changes correlate the analyte concen-
tration to the absorption at a given wavelength.

2. Fluorescence

When fluorescent moleculesareexcited at aspecific wave-
length, the molecule reemits radiation at a lower energy,
i.e., alonger wavelength. The absorption of the excitation
light shifts the molecule’s energy from the ground state to
ahigher energy state. The molecule emitsfluorescent light
when it returns to the ground state. The distinct ranges of
wavel engths over which the moleculeis excited and emits
arewell defined and simpleto detect, asshown in atypical
spectrum of a fluorescent molecule in Fig. 6.

Concentrations of the fluorescent analytesare measured
by transmitting an excitation light through the optical fiber
and measuring the light emission intensity using a detec-
tor. A nonfluorescent analyte can be measured indirectly
if its interaction with an indicator molecule changes the
indicator emission intensity (see Section 111.B).

A decrease in fluorescent intensity due to fluorescence
guenching can also be used for sensing. In this case, the
analyte’s interaction with a fluorescent molecule causes
a decrease in fluorescence (quenching). The magnitude
of the fluorescence decrease is related to the analyte
concentration.
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FIGURE 6 Typical fluorescence spectrum showing the strokes
shift at longer wavelengths from the excitation spectrum.

3. Time-Resolved Fluorescence Spectroscopy

This method is based on the excited-state lifetime. The
light intensity emitted from molecules excited by a short
pulse of light decays exponentially with time. This decay
pattern is unique for each molecule and can be used for
analytical purposes. Alternatively, a phase shift method
can be employed to measure the fluorescence lifetime. A
sinusoidally varying excitation light sourceisused and the
phase shift between the excitation waveform and theemis-
sion waveform can be used to detect the analytical signal.

4. Fluorescence Energy Transfer

This phenomenon occurs when two distinct fluorophores
are present. If the emission spectrum of one fluorophore
overlaps with the excitation spectrum of a second fluo-
rophore and the two fluorophores are in sufficient prox-
imity (<100A), then the excited fluorophore (donor) can
transfer energy nonradiatively to the second fluorophore
(acceptor). This transfer results in an increase in light
emission by the acceptor and a decrease in light emis-
sion from the donor. When an energy transfer pair of flu-
orophoresis used to label two moleculesthat can interact
(antibody—antigen, enzyme-substrate), they can be usefor
sensing in fiber-optic chemical sensors.

5. Raman Spectroscopy

In Raman spectroscopy, light is scattered from the
molecule in different directions and is shifted to both
higher and lower frequencies. The shift in magnitude is
equal to the characteristic vibration frequencies of the
molecule, resulting in a unique spectrum for each mole-
cule. Optical fibers are used as light guides for Raman
spectroscopy because the optimum wavelengths for the
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FIGURE 7 Schematic principle of surface plasmon resonance (SPR) sensing. (a) Light is absorbed only at the
resonant angle R. (b) Analyte binding shifts the light resonant angle to angle R;.

analysis of many different analytes are in the visible or
near-1R range. The limitation to the Raman method isthe
low intensity of the scattered light. A significant enhance-
ment of the scattered light signal (10°) is observed when
the analyte molecules are adsorbed on metal surfaces. In
this method, called surface-enhanced Raman scattering
(SERS), two optical fibers are typically used. One fiber
is used to transmit the excitation light to the sensing area
(glass dide covered with ametal layer, usualy silver) and
the second fiber is used to collect the scattered radiation.

6. Surface Plasmon Resonance (SPR)

Very small changes in the refractive index on the sensor
surface can be measured using SPR, including changes
caused by the binding of molecules. SPR occurs at the
surface of athin metal layer placed on aglassdideor other
dielectric material such as an optical fiber. Incident light
with a specific angle is resonantly coupled to the surface
plasmons (oscillating electrons at the edges of the metal)
in the metal layer because of their matched frequencies.

Energy is absorbed in this resonance, resulting in a sharp
decrease in the reflected light (Fig. 7). This phenomenon
isused for analytical applicationssince any changes at the
metal layer surface, i.e., binding of analyte, cause a shift
in the resonant angle. The magnitude of the shift from the
initial resonant angle before the binding of the analyte is
proportional to the concentration of the bound analyte.

7. Evanescent Wave Spectroscopy

When light propagates by total internal reflection (TIR)
through an optical fiber or a planar optical waveguide, a
small portion of the electromagnetic wave penetrates the
region of lower refractive index, thereby generating an
evanescent field that exponentially decaysasafunction of
the distance from the fiber or waveguide surface (Fig. 8a).
When a small part of the fiber cladding is removed, the
evanescent field around the exposed core can be used for
sensing at the core-air or core-liquidinterface. Binding of
mol ecul es to the exposed region may induce several mea-
surable changes in the properties of the light transmitted
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FIGURE 8 Schematic principle of evanescent wave field sensing. (a) The evanescent field is formed when a small
portion of the cladding is removed. (b) The bound analytes absorb some of the light propagating through the fiber. (c)
Excitation light (Aex) transmitted through the fiber excites the bound fluorescent molecules and emitted light (Aem) is

measured at the fiber output.

through the fiber. In one example, the target molecules
absorb some of the light and reduce the transmitted light
intensity, as shown in Fig. 8b. Alternatively, the binding
of fluorescent molecules can be determined by employ-
ing light that corresponds to the molecule’s excitation
wavelength and measuring the emitted light, as shown in
Fig. 8c.

lll. SENSING SCHEMES FOR FIBER-OPTIC
CHEMICAL SENSORS

Fiber-optic chemical sensors can be divided into two cat-
egories based on their structure: (a) Intrinsic sensors are
based on the analyte’sintrinsic optical properties, and (b)
extrinsic sensors are based on sensing materials (chemi-
cal or biological) immobilized to the fiber surface, with

the optical fibers used only as atransmission pathway be-
tween the sensing materialsand aremote measurement de-
vice. The basic concepts of these two sensing schemesare
shown in Fig. 9. Optical fibers allow measurements to be
madedirectly inthe sample. Intrinsic sensorsusually have
asimplestructure and afast responsetime, but they are not
as selective as extrinsic sensors because many groups of
compounds exhibit similar optical properties when mea-
sured directly. Extrinsic sensors provide an additional
level of selectivity. In thissection, we describe both sensor
types and their use for fiber-optic chemical sensors.

A. Intrinsic Sensing Mechanism—Direct
Spectroscopy

Many different spectroscopic techniques are used for
direct spectroscopic measurements. These techniques
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FIGURE 9 Two basic fiber-optic chemical sensing schemes: (a) Intrinsic, (b) extrinsic.

include transmission or absorption, attenuated total
reflection, photoacoustic, fluorescence, light scattering,
infrared, and Raman spectroscopy. In this section, we de-
scribe how some of these techniques are employed for use
with optical fibersto measure the concentration of chem-
ical species either in the liquid phase or the gas phase.
Generally, an optical fiber is coupled with an instrument
such as a spectrophotometer or fluorimeter. The partic-
ular optical fibers used are determined by the specific
requirements of each type of spectroscopic technique.

1. Liquid-Phase Sensing

Transmission spectroscopy has found wide application in
chemical, biological, and environmental monitoring be-
cause of itsintrinsic safety and ease of application. This
method generally is used to monitor a single analyte in
a harsh analytical medium. Transmission spectroscopy is
also used for simultaneous detection of several species at
trace levels in a complex medium. Light is focused into
the fiber, passes through the medium, and then is coupled
through the return fiber into the input slit of the spectrom-

eter. The light losses due to the small core diameter and
acceptance angle of the optical fiber are reduced by attach-
ing a convergent lens at the remote sensor head (Fig. 10).
This lens causes the light from the illumination fiber to
passthrough the sensing region and refocusesthetransmit-
ted light into the return fiber. Using this simple technique
with an optical fiber allows oneto measure the absorbance
of theanalyte directly. For example, the salt concentration
in an electroplating bath can be easily measured by moni-
toring the sol ution absorbance. Thistechniqueisal so used
for in vivo analysis of components in human blood (see
Section IV.A).

Optical fibers are commonly used for remote monitor-
ing of fluorescent analytes. Fiber-optic chemical sensors
can provide both qualitative and quantitative information
about the analyte under consideration. Since each ana-
lyte has different fluorescent properties, selective mea-
surements can be performed by choosing the correct exci-
tation and emission wavelengths. The fluorescence bands
are usually quite broad and the bands for a class of com-
poundsoverlap, soit may bedifficult to distinguish among
them. Fluorescence lifetime measurements are sometimes
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FIGURE 10 A typical arrangement for remote measurement of sample absorption using optical fibers.

used in such cases, asthey provide an additional parameter
for distinguishing such compounds. For example, phenal,
toluene, and xylene are single-ring aromatic compounds
with similar emission peaks. It is not possible to distin-
guish between them by simply measuring their fluores-
cence spectra. It is possible, however, to distinguish be-
tween them by measuring their fluorescence decay times.
Also, low concentrations of dissolved polyaromatic hy-
drocarbons, such as benzene, naphthalene, and pyrene, in
natural water can be determined selectively by measuring
the fluorescencelifetimesof theindividual molecules. The
different techniques for performing fluorescence lifetime
measurements are described in Section 11.C.3.

Remote fiber-optic Raman spectroscopy has found ap-
plications in process control. The principal advantage of
this method is that many different molecules can be de-
tected directly in solids, liquids, or gases, in complex me-
dig, or in harsh environments (i.e., high temperature or
pressure). This technique is most sensitive to compounds
that are | R-active. A large amount of qualitative and quan-
titativeinformation can be gathered from the Raman spec-
trumwithout using any indicator chemistry. Thelow inten-
sity of the Raman-scattered light isthe major weakness of
thistechnique. In addition, organic molecul e fluorescence
usually interfereswith Raman spectra. Thistechnique has
been widely used for in situ monitoring of chemical reac-
tions under harsh conditions. One application of Raman
spectroscopy using optical fibers is to monitor epoxy-
curing reactions. The extent of curing and the system tem-

perature can be measured simultaneously. The degree of
epoxy curing is calculated by taking theratio of the epox-
idering stretch at 1240 cm~1, which islinearly dependent
on the progress of the curing reaction, and the 1186-cm—
vibration of a fragment not affected by the cure. Raman
spectroscopy with optical fibers is also used for on-line
monitoring of water in sodium nitrate slurries in the nu-
clear industry. The Raman method is a nondestructive op-
tical technique that can also provide detailed information
about the molecular composition of tissuesand it recently
has been used for in vivo determination of the molecular
composition of an arterial wall.

2. Gas-Phase Sensing

The most common fiber-optic gas sensor is based on spec-
tral transmission analysis. Such analysisiscommonly per-
formed using twowavel ength regions: 250-500 nmand ca.
1-8 um. Absorption or emission in the lower wavelength
region corresponds to el ectronic transitions within atoms
or molecules, and is a useful region for measuring the
energy changes associated with the transitions of alarge
number of gaseous species. The longer wavel engths cover
the near- and mid-IR regions of the spectrum, and con-
tain information about vibrational absorption bands of the
gases. Conventional silica fibers are good for measuring
the near-IR absorption lines but they are not good at the
lower or mid-IR regions due to high attenuation and an
increase in opacity of the silica, respectively. Therefore, a



814

Optical fiber

Dye layer

Fiber-Optic Chemical Sensors

Optical fiber |

Dye layer

FIGURE 11 A fiber-optic pH sensor employing reversible protonation of dye (Dy ™).

long-path or multipass cell and awell-designed optoelec-
tronic system are required reliably to detect low levels of
gases. Although IR fibers can be used, they are fragile and
expensive compared to conventiona silica fibers. Direct
absorption methods are mostly used to monitor low con-
centrations of gases such as nitrogen dioxide, methane,
and hydrogen.

B. Extrinsic Sensing Mechanism—Indicator
Chemistry

Extrinsic fiber-optic chemical sensors are constructed by
immobilizing indicator chemistries on the fiber tip or on
the annulus of the fiber. In this section, the mechanism of
the chemical and biol ogical reagentsemployed for sensing
aredescribed aswell asmethodsfor immobilizing sensing
materials.

1. Chemical Sensing Reagent—Optrodes

a. pH sensing. Among al types of sensors, the pH
sensor is the most widely developed and has received the
most attention because of the importance of pH measure-
ments in scientific research as well as various physiolog-
ical, environmental, and industrial processes. Fiber-optic
pH sensors offer several advantages compared to stan-
dard glass el ectrodes for pH measurement, including their
immunity from electromagnetic interference, their small
size, their ability to perform remote sensing, and their ap-
plication to bothin vivo and in situ measurements. Optical
sensors also possess some disadvantages, such as photo-
bleaching of thedye, |eaching of dyefromtheimmobilized
surface, and interference by ambient light. The pH mea-
surement isbased on pH-dependent changes of the optical
properties of an indicator dye immobilized on the fiber-
optic surface. Theindicator reversibly reactswith protons,

and as a result, the absorption, reflection, or fluorescence
properties of the indicator change. A schematic of atyp-
ical pH sensor is shown in Fig. 11. Some common dyes
used for pH sensors are listed in Table .

The fiber-optic, absorbance-based pH sensor monitors
the absorbance change of the immobilized dye as a func-
tion of the pH change of the analytical medium. The Beer—
Lambert law can be applied to an absorbance based pH
sensor. The concentration of the dye [Dy] isrelated to the
absorbance according to the following equation:

A=log(lo/1) = ¢ [Dy]l, ©)

where g and | are the intensity of transmitted light in
the absence and presence of dye, respectively, | is the
effective path length, and ¢ is the molar absorption co-
efficient. Usually the concentration of the base form of a
weak acid indicator is measured, which is a measure of
the pH-dependent degree of ionization of the indicator.
The dissociation of adye and the acidity constant K, are
expressed in the following equations, respectively:

Dy —H =Dy +HT, (6)
_ Dy IH]
= oy-H Y

Combining the equilibrium expression for the acid dis-
sociation of a dye with the expressions for pH and pKj,
gives
M easured absorbance (A)
Absorbance of thetotal dyein base form
_ 1
T 10PKa—pH) 1

(8)

This relationship results in a sigmoidal plot of ab-
sorbance versus pH centered on the pK, value. In com-
parison to fluorescence, the absorbance method is simple
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TABLE | Common Indicators

Indicator @ pKa

Absorbance-based indicators

Bromothymol blue 6.8
Chlorophenol red 6.3
Dibromo-xylenol blue 7.6
Neutral red 74,59
Nitrazine yellow 6.5
Palatine chrome black 7.4
Phenol red 7.6
Phenoltetrachloro-sulfonaphthalein 7.0
Long-wave-absorbing pH indicators

Methyl violet 0.0-1.6
Malachite green 0.2-1.8
Cresol red 1.0-2.0
Bromophenol blue 2.8-48
Naphtholbenzein 8.2-10.0
Alizarinyellow R 10.0-12.0
Alizarin 11.0-12.4
Indigocarmine 11.4-13.0
Fluorescence indicators

Fluorescein 22,44,6.7
Eosin 3.25,3.80
2/, 7'-dichlorofluorescein 05,35,5.0
5(6)-carboxy-fluorescein 6.4
Carboxy naphthofluorescein 7.0
SNARF 7.6
SNAFL 76,73

8 SNARF, seminaphthorhodafluor; SNAFL, seminaph-
thofluorescein.

and easy to use, but it is not very sensitive, requiring the
use of ahigh concentration of pH indicator and arelatively
thick sensing layer.

Fluorescence-based fiber-optic pH sensors are more
widely used due to their higher sensitivity. In this tech-
nigue, thefluorescenceintensity change of animmobilized
dyeismeasured corresponding to achangein the medium
pH. For example, the acid form of fluorescein does not
fluoresce, but its conjugate base strongly fluoresces upon
excitation. The concentration of deprotonated fluorescein
is directly proportional to the measured fluorescence in-
tensity and is dependent on the solution pH through its
acid dissociation equilibrium. Theintensity | of fluores-
cence light returning from the sensor tip is proportional to
the concentration of the dyein the sensor and the intensity
of the exciting radiation o,

Ir = K'logrel[Dy], ©)

where | is the optical path length in the sensing layer, &
isthe molar absorptivity, ¢ isthe quantum yield of fluo-
rescence, and k' is a constant related to the configuration
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of the instrument and sensor. When |q is constant, Eqg. (9)
can be simplified to

Ir = K[Dy]. (10)

wherek = K'lgpeel.

Again the concentration of the dye can be easily related
to the pH of the solution. The measured fluorescence in-
tensity can be represented by the same form of equation
as shown in Eg. (8),

Measured fluorescence
Fluorescence of the total dye in baseform

1
~ 100K.—pH) 1

This relationship also results in asigmoidal plot of in-
tensity versus pH with amidpoint of the linear part of the
curve corresponding to the pK, of the immobilized dye.
A pH sensor prepared by immobilizing aparticular dyeis
useful over approximately two pH units (£1 pKj). Such a
small pH rangeis alimitation of optical pH sensors com-
pared to pH electrodes. A pH fiber-optic chemical sensor
having awide range of pH sensing capabilities can be con-
structed by immobilizing different dyesonasinglefiber tip
or abundle of single-core fibers each containing a single
dye with a particular pK, value. When several dyes each
having adifferent pK ; and adifferent optical spectrum are
used, the pH in theregion of each pK; is determined sepa-
rately by measuring the change in the distinctive spectrum
for that pH region.

A fiber-optic pH sensor based on fluorescence en-
ergy transfer can be constructed by coimmobilizing a
pH-sensitive fluorophore and a pH-sensitive absorber. For
example, eosin (donor) and phenol red (acceptor) were
coimmobilizedin apolymer onthedistal end of asilanized
single-core optical fiber. Eosin’s emission spectrum over-
laps with the absorption of the basic form of phenol red.
Theconcentration of thebasicform of phenol redincreases
with an increase in pH. As aresult, energy transfer from
eosin to phenol red increases and the fluorescence inten-
sity of eosin decreases. Thus, the pH-dependent absorp-
tion change of phenol red can be detected as changes in
the fluorescence signal of eosin.

An evanescent-field-type pH sensor can be fabricated
by replacing the cladding layer with a thin layer of
pH-sensitivedyeembedded in apolymer matrix. Thebasic
designs are shown schematically in Fig. 8c. The measure-
ment is based on the interaction of the evanescent wave
with the dye in the coated cladding. A portion of the re-
sulting dye fluorescence is coupled back into the fiber
through the same mechanism that generates the original
evanescent wave.

Other than dye-based indicators, certain conducting
polymers can also be used for pH sensing. Conducting

(11)
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polymers, e.g., polyaniline, substituted polyaniline, and
polythiophene, vary in color as a function of pH. A thin
coating of a conducting polymer on the end of the fiber
surface can be used to detect the pH of a solution. A
fiber-optic pH sensor has been developed based on ab-
sorbance changes of the polymers both in the visible and
near-1R regions. These pH sensors have the advantage that
the polymers can be used over a wide pH range since
they are essentially electrolytes with multiple pK, val-
ues. These polymers have certain disadvantages such as
interference from other ions and the need for recondition-
ing (with HCI) before each measurement, which is nec-
essary to nullify the conformational changes occurringin
the polymer on pH changes.

Fiber-optic chemical sensors for different analytes can
be developed based on pH sensors. Gases such as CO,
and NH3 react with water and change the pH of a solution
when solvated, which can be detected by apH sensor. Gas
fiber-optic chemical sensorswill be discussed in the next
section. Any chemical or biological speciesthat produces
either acids or bases during achemical or enzymatic reac-
tion can be detected by measuring the pH of the medium.

b. Gas and vapor sensing. Gas sensing fiber-optic
chemical sensors are mainly based on fluorescence
guenching and acid-base chemistry. Optical oxygen
sensors are primarily designed based on quenching of a
luminescent dye. Fiber-optic chemical sensors for oxy-
gen are constructed by immobilizing oxygen-sensitive
fluorophores, using entrapment or adsorption on the fiber
surfacesincemost of these dyesdo not have an appropriate
functional group suitable for covalent immobilization.

The process of dynamic quenching is fully reversible,
i.e., thedyeisnot consumed by reaction with oxygen. Dy-
namic quenching of the fluorophoreis responsible for the
decrease in fluorescence, and the Stern—\Volmer guench-
ing model can be used to express the extent of oxygen
quenching:

lo/1 = 1+ Ksv[O3], 12)

where | isthefluorescenceintensity at aparticular oxygen
concentration, lq is the value in the absence of oxygen,
Ksv isthe Stern—Volmer quenching constant, and [O;] is
theconcentration of oxygen. A linear calibrationisthereby
obtained by plotting the intensity ratio asafunction of the
oxygen concentration. At higher oxygen concentrations,
this plot deviates from linearity.

Any dye whose fluorescence intensity is quenched by
oxygen can be used to construct a fiber-optic oxygen
sensor. Commonly used dyes include polyaromatic hy-
drocarbons (PAH) such as pyrene, fluoranthene, or ben-
zoperylene, and organometallic complexes of ruthenium,
osmium, palladium, and platinum. Typical polymeric sup-
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ports used for immobilizing these indicators are silicone
rubber, plasticized PV C, polystyrene, poly(hydroxyethyl
methacrylate) (pbHEMA), or porous glass. The sensitivity
of the sensor depends on the dye interaction with oxygen
and the gas permeability of the polymer film. Sensor se-
lectivity is provided both by the molecular specificity of
the quenching phenomenon and the molecular restrictions
due to selective permeability of the polymer membrane.

Oxygen affects not only the intensity of the indicator
fluorescence, but also its decay time. Organometallic dyes
have longer fluorescence decay times and can be used to
prepare oxygen sensors based on the measurement of this
decay time. In comparison to fluorescence-intensity-based
sensor types, decay-time-based sensors have less signal
drift due to leaching or bleaching because the decay time
is not dependent on fluorophore concentration.

Fiber-optic chemical sensors for acidic or basic gases
such as ammonia, carbon dioxide, hydrogen cyanide, and
nitrogen oxide can be constructed by coupling simple
acid-base chemistry with pH sensors. First, pH-sensitive
dyesor indicators areimmobilized using polymers or sol—
gel glasses and subsequently covered by a gas-permeable
membrane on the distal end of afiber. The gas-permeable
membrane separates the sample solution from the immo-
bilized dye. The acidic or basic gases crossthe membrane,
enter into the indicator layer, and undergo proton trans-
fer with the dye. The extent of this reaction is monitored
spectroscopically through the fiber.

For example, a fiber-optic ammonia sensor is prepared
based on

Dy — H+ NHg — Dy~ + NH;. (13)

Usually the nonprotonated form of the indicator dye is
detected either by an absorbance or fluorescence mea-
surement. As the ammonia concentration in the sample
increases, the concentration of the nonprotonated dye in-
creases, which causes an increase in the measured fluo-
rescence or absorbance. The measured absorbance A is
related to the ammonia concentration in the sample solu-
tion by the following expression:
EbKeqCDy[NH3]S

A= , 14
CNH3 + Keq[NHS]s ( )

where ¢ is the molar absorptivity of the chromophore,
b is the effective path length at the sensor end, K is
the equilibrium constant of the above reaction, Cpy and
Cnn, correspond to total dye and total ammonia concen-
tration ([NHZ ] + [NH3]) in the dye solution, respectively,
and [NHjs]s is the ammonia concentration in the sample
solution.

Two different methods can be used to prepare a fiber-
optic carbon dioxide sensor. In the first method, the
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FIGURE 12 Fiber-optic sensor for carbon dioxide with a buffer
solution entrapped in a polymer gel at the fiber tip and covered
with a CO,-permeable membrane.

sensors are obtained by entrapping a bicarbonate buffer
along with an absorbance or fluorescence indicator into
apolymer gel matrix and subsequently covering the ma-
trix by a CO,-permeable membrane at the fiber tip. A
schematic arrangement of such CO, sensors is shown in
Fig. 12. The sensor measures the pH of the bicarbonate
buffer solution, which isin equilibrium with CO, outside
the membrane, i.e.,

membrane

CO; «— CO;+H0,
CO; + H,O <= H»COs,
(15)
HCO; <= H*' +HCO;,
HCO; <= H'+CO5.

Thesereactionsare governed by thefollowing equilibrium
constants:
K1 = [HT][HCO;1/[COx], (16)
K = [H*][CO5"]/[HCO3]. (17)
By considering the abovetwo equilibria, theequation used
to relate the external [CO,] to theinternal [H*] is
[H*]® + N[H']? - (Ka[CO,] + Kw)[H*]

— 2K;1K,[CO,] = 0, (18)
where N is the bicarbonate ion concentration in the in-
ternal solution, [CO,] isthetotal analytical concentration
of carbon dioxide, i.e., [COy] = [CO2](a) + [H2CO3], and
Kw =[HT][OH™]. As carbon dioxide crosses the mem-

brane, the microenvironmental pH of the entrapped buffer
changes, changing the absorbance or fluorescence inten-
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sity of the immobilized dye. The concentration of CO; is
determined by measuring the pH of the buffer solution.

The second type of CO, fiber-optic chemical sensor is
constructed by usingion pairsconsisting of apH indicator
anion and an organic quaternary cation. First, a pH indi-
cator dye (DH) and a quaternary ammonium hydroxide
(QTOH™) are entrapped into a proton-impermeable but
CO,-permeabl e polymer membrane, which isthenimmo-
bilized onto the fiber’s surface. The mechanism of this
CO;, sensor is based on the interaction between the dye
molecules (DH) and the quaternary cations (Q*OH™) to
form hydratedion pairs(Q*D~ - xH,0). Thehydratedion
pair is dissolved in the polymer, where it reacts with CO,
according to the following reaction:

{Q"D™ - xH20} + CO, <= {QTHCO; - (X — 1)H,0}
+DH. (19)

The indicator dye becomes protonated and changes its
absorption (or emission) maximum. Such sensors can be
used for determining CO, in dry gases aswell asin aque-
ous solutions.

Fiber-optic chemical sensors for the detecting organic
vapors (such as methanol, chloroform, benzene, toluene,
and nitroaromatics) are constructed by immobilizing asol-
vatochromic fluorescent dye into various polymers on the
fiber tip. Solvatochromic indicators change their fluores-
cent properties (such as intensity, emission wavelength
maximum) as the polarity of the medium changes. For
example, the solvatochromic indicator Nile red exhibits a
|arge shift in emission wavel ength maximum with changes
inlocal polarity. Typically, its absorption and/or emission
spectra shift to higher wavelengths when exposed to sol-
vents with increasing polarity. A single solvatochromic
dye can be immobilized within a polymer matrix, hav-
ing its own baseline polarity. The sorption of organic va-
porsinto the polymer changesthe microenvironmental po-
larity of the dye, which changes its emission/absorption
maximum. Different organic vapors change the polarity,
hydrophobicity, and swelling tendency of the polymer,
generating different fluorescence responses of the immo-
bilized dye.

c. lonsensing. Severd different schemescan beap-
plied to fiber-optic chemical sensors for detecting ions
other than hydrogen. One approach isto design a system,
similar to pH fiber-optic chemical sensors, inwhich adye
that selectively bindsametal ion of interest isimmobilized
in an ion-permeable polymer such as cellulose or ahydro-
gel at thetip of an optica fiber. The reaction between the
dye and theion changes the absorbance or fluorescence of
such dyes. Absorbance or fluorescence intensity changes
are measured as a function of ion concentration, but this
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FIGURE 13 The chemical structure of two dyes that possess
metal-binding crown ethers. The effects of metal ion chelation
will have different photophysical consequences depending on the
location of the interaction. This interaction will cause the dyes to
display unique emission spectra upon metal binding.

approach is not as selective as other methods (discussed
below).

The second ion-sensing approach involves the use of
fluorogenic and chromogenic crown ethers attached to the
fiber tip directly or viaan ion-permeable membrane. Flu-
orogenic and chromogenic crown ethers are prepared by
covaently attaching a fluorogenic or a chromogenic dye
to crown ethers (some examplesare givenin Fig. 13). The
molecular design of these crown ethers must assure that
the spectroscopic properties of the attached dye change
when the crown ethers bind to metal ions. lon-sensitive
fiber-optic chemical sensors prepared with crown ethers
are highly selective due to chemical recognition for spe-
cific metal ions. The sensitivity of this type of fiber-optic
chemical sensor for detecting ionsin an agueous environ-
ment is relatively low since the formation constants for
metal ions binding with the crown ether in water are much
lower than in nonagueous environments.

There are two other commonly used schemes for
preparing ion-sensitive fiber-optic chemical sensors. The
first scheme is based on an ion-exchange technique. A
complexing reagent (a cation-selective neutral ionophore)
aong with a spectroscopically detectable coreagent
(fluorescent or absorbant anionic dye) is immobilized
inside a thin hydrophobic membrane attached to the
fiber. The operating mechanism of this sensor isbased on
electroneutrality. When analyte ions enter the membrane
and selectively bind with the ionophore, an equal number
of protons must be released from the membrane (see
Fig. 14a). The indicator dye within the membrane acts
as the proton donor, thereby altering the measured
absorbance or fluorescence. The optical properties of the
dye are thereby modulated by the extent of binding of
the analyte cation. A constant pH level is maintained by
using appropriate buffers.

Analternativeion-sensing schemeisreferred to ascoex-
traction. In this technique, a highly lipophilic anion such
as chloride or salicylate is extracted into the membrane
aong with a cation, which is usually a proton to main-
tain electroneutrality. The highly lipophilic nature of the
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FIGURE 14 (a) Schematic of the mechanism of proton exchange
for a metal ion inside a thin polymer membrane containing an
ionophore and a protonated dye. (b) Schematic of the coextrac-
tion procedure. X; is more lipophilic than X5, hence X; is more
extractable.

anions makes them suitable for extraction by the lipid
membrane. Indicator dyes present inside the membrane
become protonated and, as a result, the optical proper-
ties of the dye change. These changes are easily corre-
lated to the anion concentrations in the agueous phase. A
schematic representation of this sensing schemeis shown
in Fig. 14b. Both of these approaches (ion-exchange and
coextraction), however, are strongly dependent on pH,
which makes them hard to apply to samples where the
pH is undefined.

2. Immobilization Techniques

Immobilization of sensing materials such asindicators or
dyesisakey step in fiber-optic chemical sensor develop-
ment. The sensing materials employed will largely deter-
minethe sensor characteristicsfor aparticular application.
Reagent immobilization procedures may involve severa
steps. The number of immobilization steps should be min-
imized to maximizeyield. A good immobilization method
should be (a) simple, (b) fast, (c) generdl, i.e., theimmabi-
lization method can be employed for avariety of sensing
materias, (d) stable, i.e., thereagentsdo not leach fromthe
substrate, and (€) gentle so asto retain the chemical and/or
biochemical activities of the species being immobilized.
There are three main methods for immobilizing an indi-
cator: adsorption/electrostatic, entrapment, and covalent
binding. A schematic representation of these methods is
shownin Fig. 15.
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FIGURE 15 Schematic diagram of three different immobilization techniques. (a) Absorption/electrostatic, (b) entrap-

ment, (c) covalent immobilization.

a. Adsorption/electrostatic immobilization. Ad-
sorption immobilization methods involve adsorbing
the sensing material onto a solid surface or polymer
matrix. Sensing materials can be adsorbed onto the
end of optical fibers either directly or with the aid of a
thin polymer film. This immobilization method is the
simplest of all the methods (described below); however,
the adsorbed sensing material tends gradually to leach out
from the solid support, decreasing sensing performance
and/or lifetime. The surface may first be modified with
complementary functional groups to enhance retention of
the material. For example, a hydrophobic surface can be
prepared to immobilize a hydrophobic species.

Electrostatic immobilization employs similar comple-
mentarity. The fiber surface can be coated with a thin
polyelectrolyte membrane, which interacts electrostati-
cally with oppositely charged sensing material's. For exam-
ple, anegative surface, such assulfonated polystyrene, can
be prepared to efficiently immobilize a positively charged
dye. Similarly, cationic polymers can bind various anions.
lonicindicatorsor biological molecules(i.e., either cations
or anions) can beimmobilized by el ectrostati c interaction.

In order to prevent leaching, strong ion exchangers are
employed.

The absorptionimmoabilization method isvery easy and
highly reproducible. Sensing material loading can be con-
trolled easily by changing the immobilization time. Also,
the immobilized reagents are easily accessible to analyte
because they are situated at sites on the polymer surface.

b. Entrapment immobilization. 1n the entrapment
method, the sensing material is physicaly trapped within
a porous matrix. Many different indicators, such as flu-
orophores or biological materials, may be immobilized
in this fashion. When this immobilization method is de-
signed properly, trapped reagentseither do not leach out or
leach out very slowly from the matrix. The rate of leach-
ing depends on the indicator size, molecular weight, and
porosity of the matrix. Organic polymer matrices have
been widely used for entrapping sensing materials in the
void volume of polymers. Sensing materials are first dis-
solved in a common solvent with an appropriate polymer
or polymer precursor and then the optical fiber is either
spin-coated or dip-coated with the viscous solution. Upon
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curing or cross-linking, the polymer forms and entraps
the material within its pores. Alternatively, complemen-
tary solubility between polymer and sensing material can
be used to effect the entrapment. For example, lipophilic
indicators will dissolvein lipophilic polymersand are not
easily leached. Another way to entrap an indicator is to
initiate polymerization of a monomer solution contain-
ing the indicator. When the polymer is formed, it entraps
the indicator. Such polymers can be either thermally or
photochemically initiated and attached to the fiber surface
by dip-coating procedures. Silanization of the fiber sur-
face with polymerizable groups, such as acrylates or vinyl
residues, enhances adhesion of the polymer to the surface.
Optically transparent sol-gel glasses are also used for
sensing material entrapment. Sol—gel glassesare produced
by hydrolysis and polycondensation of organometallic
compounds, such as tetraethyl orthosilicate, Si(OCH3)s.
A sensing material is added to the reaction mixture at
some time during the formation of the sol or gel. This
viscous sol-gel solution is coated onto an optical fiber to
form a sensing element. Sol-gel glasses prepared by this
method contain interconnected pores formed by a three-
dimensional SiO, network. As a result, the sensing ma-
terial is trapped but small analytes can readily diffuse in
and out of the pores. One advantage of sol-gel glassim-
mobilization isits compatibility with many inorganic and
organic reagentsallowing many typesof sensing materials
to be entrapped. Also, sol-gel glassesare chemically, pho-
tochemically, and mechanically stable and solvent resis-
tant, and can therefore be useful in harsh conditions. Dis-
advantages of sol-gel glass immobilization are the slow
response times in aqueous media and the fragility of the
thin sol—gel glass films compared with polymer films.

c. Covalent immobilization. Robust sensing mate-
rialsareformed by covalent binding to the substrate. Both
the substrate and the sensing materials must contain re-
active groups for covalent attachment to occur. There are
many methods for covalently immobilizing a sensing ma-
terial to a fiber surface. One simple way is to covaently
modify the fiber surface by silanizing with trialkoxysi-
Iyl compounds of the type (RO)3SIR’, with R being ethyl
or methyl and R" being aminopropyl, 3-chloropropyl, 3-
glycidyloxy, vinyl, or along-chain amine. The functional
group on the fiber surface then reacts with the sensing
materials. In some cases, the sensing material must first
be activated for reaction with the substrate. For example,
dyes possessing —COOH groups can be converted to N-
hydroxysuccinimidoy! estersthat can react with an amine-
modified surface. Amine-modified surfaces can also be
derivatized with amine-containing dyes by using bifunc-
tiona cross-linkers such as glutaraldehyde or by direct
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reaction with an isothiocyanate-containing dye. Sensing
materials are also covaently immobilized to a fiber sur-
face by using similar chemistries to those employed with
thin polymer or sol—gel glass films.

An alternative method for dye immobilization is based
on photopolymerization. Dye-doped monomers or dyes
containing polymerizable groups can be copolymerized
with a monomer on a silanized fiber tip. In these proce-
dures, it isimportant not to modify the sensing material in
such away as to disturb its ability to bind to the analyte
or transduce the signal. Covalent immobilization methods
are usually complicated and time-consuming compared
withthe other two immobilization techniques, but arevery
reliable sincethe dyeor indicator isnot likely to leach out.
Covalent binding may result in a reduced response of the
sensing material due to bond formation and reduced de-
grees of freedom upon immobilization.

3. Biological Sensing Materials (Fiber-Optic
Based Biosensors)

Fiber-optic biosensors are a subtype of fiber-optic chemi-
cal sensorsthat rely on sensing materials of biological ori-
gin. In fiber-optic biosensors, biological recognition com-
ponents such as enzymes, antibodies, DNA, or cells are
attached to the optical fiber sensing layer in order to alter
the specificity of the sensor.

In nature, interaction between biologica molecules,
such asreceptor-ligand, antibody—antigen, or two comple-
mentary DNA strands, are highly specific. Some of these
recognition molecules can be purified and used in fiber-
optic biosensors. Moreover, by using genetic engineering,
recombinant recognition molecules can be produced and
used. Fiber-optic biosensors can be miniaturized and used
in portable analytical devicesfor clinical, environmental,
and industrial applications. Clinical fiber-optic biosensors
have been devel oped for detecting cancer cells, pathogenic
bacteria, viruses, toxic proteins, hormones, and drugs.
Environmentally important analytes such as pesticides,
heavy metal's, and carcinogenic compoundscan also bede-
tected using fiber-optic biosensors. Industrial applications
of fiber-optic biosensorsinclude on-line process monitor-
ing of bacteria or mammalian cell-based bioprocesses.

Biological sensing molecules enable the detection of
an expanded number of analytes. Such molecules tend to
be sensitive to pH or temperature changes and have poor
stability, resulting in short lifetimes. Another important
limitation is the high cost of purified biological sensing
compounds. Biol ogical sensing compoundscan bedivided
into two categories based on their bioactivity: biocatalysts
(enzymesand cells) and bioaffinity molecul es (antibodies,
receptors, and nucleic acids).



Fiber-Optic Chemical Sensors

a. Biocatalysts as the recognition element in fiber-
optic biosensor. Enzymes are the most commonly em-
ployed biocatalysts for fiber-optic biosensor fabrication.
These proteins selectively catalyze the conversion of a
substrate to product. In fiber-optic biosensors, enzymes
are used to catalyze the conversion of anon-opticaly de-
tectable analyte (the analyte is the enzyme’s substrate)
into an optically detectable product. The optical signal ob-
tained, for exampl e, absorbance or fluorescence, ispropor-
tional to the product concentration and thereby to the ana-
lyte’s concentration. The enzymatic reaction products are
measured either directly, if they are optically detectable,
or indirectly by using indicators as described in Section
I11.B.1. Indicators are used to measure common reaction
products such as H*, ammonia, oxygen, carbon dioxide,
and hydrogen peroxide. An example of thisapproachisthe
glucose biosensor. The enzyme glucose oxidase catalyzes
the oxidation of glucose with oxygen (the substrates) to
produce gluconolactone and H,O,. The glucose concen-
tration is determined by using an indicator to measure
either the amount of oxygen consumed or the amount of
H,0O, produced using an appropriate indicator,

glucose oxidase
Glucose + O ——— Gluconic acid + H,0,.

The use of enzymes as sensing materialsfor fiber-optic
biosensorsis relatively limited since the stability and the
activity of most enzymessignificantly decrease when they
are removed from their natural environment inside the
cells, although immobilization techniques may help. To
overcome this stability problem, whole cells may be used
as biocatalysts. Although some of the fiber-optic biosen-
sor specificity is reduced with whole-cells, the enzymes
within the cells function more efficiently because they are
in an optimum environment containing all the necessary
cofactors. Whole-cell biocatalysts are particularly advan-
tageous when the detection is based on a sequence of mul-
tiple enzymatic reactions. These enzymatic cascade reac-
tions are very difficult and complicated to accomplish by
coimmobilizing the enzymesbut arerelatively straightfor-
ward by employingwholecells. Themethodsfor detecting
the products in cell-based fiber-optic biosensors are simi-
lar to those employed in enzyme fiber-optic biosensors.

b. Bioaffinity as the recognition mechanism in
fiber-optic biosensors. Antibodies, receptors, and
nucleic acids are highly selective and can recognize their
binding partners. When the affinity binding reactionisin
equilibrium and readily reversible, a sensor results. If the
reaction is essentially irreversible, the resulting sensor
is called a probe, as it must be regenerated or recharged
beforeit can be used to make another measurement. Most
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bi oaffinity fiber-optic biosensors are based on transducing
antibody—antigen (analyte) interactions into an optical
signal that is proportional to the antigen concentration.
Several detection schemes are employed; the ssmplest one
involves the detection of intrinsically fluorescent analytes
such as polynuclear aromatic hydrocarbons (PAHS).
Antibodies are immobilized on the fiber surface and a
fluorescence signal is obtained when the analyte (antigen)
is present, as shown in Fig. 16a. A more generalized de-
tection scheme, often called a competition assay, is based
on competition for the antibody-binding site between
an externally added fluorescent-labeled antigen and the
antigen present in the sample (anayte), as shown in
Fig. 16b. The antibody isimmobilized on the optical fiber
surface, a known concentration of fluorescent-labeled
antigen is added, and the fluorescence signal obtained is
set astheinitial signal. To perform an analysis, the same
fluorescent-labeled antigen concentration is mixed with
a sample containing an unknown antigen concentration.
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FIGURE 16 Schematic principles of bioaffinity fiber-optic biosen-
sors. (a) Detection of intrinsically fluorescent molecule using im-
mobilized antibody. (b) Competition assay using a fluorescent-
labeled antigen. (c) Sandwich immunoassay using an immobilized
antibody and a fluorescent-labeled antibody.
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FIGURE 17 Principle of DNA fiber-optic biosensors. (a) Single-strand DNA probe molecules, with a sequence com-
plementary to one strand of the target DNA sequence, are immobilized onto the fiber. (b) The fluorescent-labeled
sample DNA molecules are first dehybridized and the fiber is dipped into the sample solution. (c) After hybridization,
the complementary strands of the target DNA are attached to the probe DNA on the fiber and a fluorescence signal

is obtained.

When this mixture is analyzed using the fiber-optic
biosensor, the resulting fluorescence signal obtained is
lower than the initial signal. The relative decrease in the
initial signal is proportional to the analyte concentration
in the sample.

A sandwich immunoassay is another widely used de-
tection scheme and involves the use of two antibodies.
The first antibody isimmobilized on the fiber and is used
to capture the antigen, and the second antibody, which is
conjugated to a fluorescent dye or enzyme, is used to gen-
erate the signal (Fig. 16c). When an enzyme is used for
antibody labeling, the enzymatic conversion of a nonflu-
orescent substrate to a fluorescent product is measured.
The enzyme-labeling method is more sensitive since the
signal isamplified by the enzymatic reaction.

Nucleic acid base pairing can also be used for bioaffin-
ity sensor fabrication. The presence of a specific DNA
sequence, the “target,” among millions of other different
sequences is detected by hybridization to its complemen-
tary DNA sequence, the “probe,” which is immobilized
ontheoptical fiber, asshownin Fig. 17. The sample DNA
is labeled using fluorescent primers and the polymerase
chain reaction (PCR). The resulting double-strand DNA
molecules are dehybridized (usually by heating) and then
allowed to rehybridize (by cooling) to the single-strand
DNA probe molecules immobilized on the fiber surface.
If the complementary target DNA sequence is present in
the sample, a fluorescence signal is detected on the sen-
sor. The target sequence can be, for example, a unique se-
guence found only in specific pathogenic bacteria. DNA
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can be easily extracted from water, wastewater, or clinical
samples and the presence of pathogenic microorganisms
can be determined by the sensor. In general, such DNA-
sensing schemesarerarely conducted using asingle probe
sequence but are usually performed with an array of hun-
dreds to thousands of probes.

IV. APPLICATIONS OF FIBER-OPTIC
CHEMICAL SENSORS

A. Clinical Applications

Clinical analytical devices are important for various di-
agnostics applications since the use of these devices can
directly lead to more efficient and effective medical treat-
ment. Most diagnostic tests are performed in acentralized
laboratory. Samples must be collected with the attendant
transport, storage, and chain-of-custody issues. The re-
mote location of the laboratory delays the medical diag-
nosis. For thesereasons, analytical devicessuch assensors
that can belocated near the patient’sbed or eveninsidethe
patient’s body are of great utility. In recent years, fiber-
optic chemical sensors have been developed for both in
vivo diagnostics (monitoring physical and chemical pa
rameters inside the body) and for clinical sample analy-
sis at the patient bedside (i.e., blood or urine tests). The
principal advantage of fiber-optic chemical sensors over
electrochemical technologies is that no electrical current
is involved in the measurement. Thus, the measurement
inside the body is much safer, and analysis at the patient’s
bedside does not affect other electrical medical devices.

1. Fiber-Optic Chemical Sensors
for In Vivo Analysis

In vivo analytical devices ideally should be capable of
monitoring several different physiological parameters si-
multaneously without interfering with an ongoing medical
procedure, such as surgery. The devices should be biocom-
patible, simple to implement and operate, and highly reli-
able and safe. Fiber-optic chemical sensors can meet most
of these requirements since the optical fibers are small
(few hundred micrometersin diameter), flexible, nontoxic,
and chemically inert. Optical fibers have already proven
to be valuable for in vivo clinical applications such as
endoscopic procedures and laser power transmission for
surgical applications.

Typical fiber-optic chemical sensorsforinvivomonitor-
ing are constructed from optical fibers that are connected
toan external compact unit contai ning thelight sourceand
the detector, as shownin Fig. 18. The optical fiber’sdistal
end isinserted into the patient through a catheter.
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Fiber-optic chemical sensors were originaly used to
measure oxygen saturation in the blood. The oxygen car-
rier in the blood is hemoglobin (Hb) and the blood satura-
tionistheratio (as apercentage) between the oxygen that
isactually carried by Hb and the Hb’s maximum carrying
capacity. The measurement is based on the large differ-
ence in the light absorption of Hb and OxyHb (oxyhe-
moglobin, i.e., oxygen bound to Hb) at A = 660 nm. Typ-
icaly thelight isdelivered through two bifurcated fibersat
two different wavel engths, 660 nm (where Hb absorption
ishigher than that of OxyHb) and 805 nm (where thereis
asmall differencein absorption between Hb and OxyHb);
the absorption is measured and the blood saturation is
calculated.

Fiber-optic chemical sensors have been developed for
measuring al three blood gas parameters pH, PO,, and
PCO,. These parameters are used to determine the effi-
cacy of gas exchange within tissue and are crucial in sur-
gical procedures such as heart bypass surgery and critical
care monitoring for patients with compromised respira-
tory conditions. The sensing mechanism is based on dyes
that change their fluorescence intensities as a function of
analyte concentration (see Section 111.B.1). Several sen-
sor configurations have been developed for intravascular
measurement including onethat incorporatesthe threedif-
ferent sensorsinto asingledevice. At present these sensors
have not been implemented because of blood compatibil-
ity problemsin which athrombus (clot) forms around the
sensor tip and affects the measurement accuracy.

Several pH invivo fiber-optic chemical sensorsfor other
clinical applications have been developed. These include
pH monitoring in the stomach and the detection and ex-
amination of malignant tumors. Both sensorsare based on
pH-sensitive fluorescent dyes. In gastric sensors, the dyes
areimmobilized onthefiber tip and the emitted light inten-
sitiesare correlated to pH changes. Since awide pH range
(1-8) is monitored, there is a need to use several differ-
ent dyes (each for a different pH range). pH sensors have
also been used for locating suspicious tissue and deter-
mining if malignancy is present. This oncological sensor
is based on the observation that malignant tumors can in-
duce a decrease in their microenvironment pH. Thus, by
inserting the optical fiber into the tissue and then injecting
anontoxic pH indicator (fluorescein based), it is possible
to identify and map malignant tumor locations.

An interesting fiber-optic chemical sensor device for
in vivo gastric diagnostics is the Bilitec 2000 (Medtronic
Synectics AB). This device is used to measure the biliru-
bin concentration in the stomach and the esophagus. The
bilirubin concentrations are related to bile-containing re-
flux in these organs and can reveal several pathological
conditions such as gastric ulcers and gastric cancer. The
device, shown in Fig. 18, consists of two light-emitting
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FIGURE 18 Bilitec 2000 fiber-optic chemical sensor for in vivo
gastric diagnostics. (a) The external unit and the optical fibers.
(b) The optical fiber’s distal end that is inserted into the body.
[Reproduced with permission from Medtronic Synectics AB.]

diodesthat emit light at A = 465 nm (bilrubin absorption)
and 570 nm (reference). The light is transmitted by the
fiber bundlesto the probe (miniaturized spectrophotomet-
riccell) at thefiber’sdistal end. Bilirubin’slight absorption
is measured by the detector and bilirubin concentrations
are calculated.

Severd clinical fiber-optic chemical sensors are com-
mercially available and others are in different stages of
development. The demand for in vivo fiber-optic chemi-
cal sensorsfor monitoring important analytes such asglu-
Cose, potassium, urea, lactate, and some enzymes has led
to concerted research effortsin this field.

2. Clinical Fiber-Optic Chemical Sensors
for In Situ Sample Analysis

Fiber-optic chemical sensorscan belocated at the patient’s
bedside or even in the patient’s home for self-use. Such
sensors are designed as compact, simple-to-use devices.
While these sensors employ essentially the same sensing
chemistry aswithinvivo sensors, the overall sensor design
can bemuch simpler and awider range of materialsmay be
used for sensor fabrication. Fiber-optic chemical sensors
for blood gases (PO,, PCO,, and pH) are commercially
available. M easurements are based on the use of immobi-
lized fluorescent dyes. In one device, the dyes are incor-
porated into a disposable apparatusthat isinserted into an
extracorporeal blood circuit on one side and connected to
afiber bundle on the other. These sensors are mainly used
to monitor blood gases during open heart surgery.
Another approach isto measure pH and blood gases us-
ing a paracorporeal measurement at the patient’s bedside.
The sensors are three fluorescent-sensing materials re-
sponsiveto each of the blood gases. The sensorsare placed
into an external tube connected to an arteria blood line.
Blood samplesare periodically and automatically pumped
into the tube, analyzed by the sensors, and then returned
to the blood line. In this way, the blood can be monitored
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semicontinuously without requiring blood samples to be
taken from the patient.

Fiber-optic biosensor can bepotentially usedfor clinical
sample analysis. As described above, by using enzymes
and antibodies immobilized on the fiber tip or around the
fiber core (evanescent field), different fiber-optic biosen-
sors have been devel oped. In most cases, the measurement
is based on changes in fluorescence intensity. The target
analytes include glucose, cholesterol, enzymes, antibod-
ies, bacteria, and viruses. Measurements are usualy fast
and simple, and in many devices, the probeis disposable;
however, the instability of the biological recognition ma-
terials reduces the sensor lifetime.

Recently, fiber-optic biosensors for detecting DNA se-
guences have been reported. These fiber-optic biosensors
can be used for detecting pathogenic microorganisms and
for identifying defective genes. The sensors are usually
designed in an array format (Fig. 19) allowing the simul-
taneous analysis of hundreds or thousands of samples.
Although just recently developed, these sensors will un-
doubtedly revolutionize the clinical diagnostics field.

B. Environmental Fiber-Optic
Chemical Sensors

Both short- and long-term harmful effects of toxic chemi-
cal accumulation in the environment have become appar-
ent in the last few decades. In order to reduce the envi-
ronmental damage caused by these pollutants, regul ations
were set that either restricted or completely prohibited the
release of environmentally hazardous chemicals into the
environment. The efficient enforcement of these regula-
tions is highly dependent on sensitive and reliable ana-
Iytical tools for environmental monitoring. These analyt-
ical toolsideally should be sensitive, simple to construct,
portable, and suitable for continuous field (i.e., in situ)
measurements. Fiber-optic chemical sensor systems can
meet most of these requirements since they can be minia-
turized and integrated into portable analytical devicesthat
can offer high specificity and sensitivity, fast response,
mechanical stability, and low cost. Furthermore, by us-
ing long optical fibers, the sensors can be used for remote
analytical monitoring.

Most commercially available environmental fiber-optic
chemical sensorsarefor pH and oxygen monitoringinwa-
ter and wastewater. The monitoring of unusual changesin
oxygen and pH can be used asan indirect indication of the
presence of pollutants. These sensors are based on fluo-
rescent dyes as the sensing material. The optical fiber and
the sensing elements are covered with a metal jacket that
provides immunity from harsh environmental conditions.

Environmental sensors capable of detecting specific
pollutants such as volatile organic compounds and heavy
metals (two of the largest classes of chemical pollutants)
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FIGURE 19 Fluorescence image of a DNA sensor array with ~13,000 DNA probe regions.

have also been developed. For detecting volatile organic
compounds, direct fluorescence spectroscopy can be
used since most volatile organic compounds have unique
fluorescence spectra. Moreover, by using time-resolved
fluorescence spectroscopy, it is possible to distinguish
between volatile organics with similar structures, for
example, toluene and benzene. Heavy-metal fiber-optic
chemical sensors are mostly based on ion sensitive
indicators as described in Section I11.B.1.c.

Pesti cidesare another important group of pollutantsthat
can bedetected by fiber-optic chemical sensors. Since pes-
ticides are designed to interact with biological molecules,
fiber-optic biosensors are mostly used for their detec-
tion. One example is the detection of organophosphate
and carbamate pesticides by monitoring their inhibition
effect on the enzymatic reaction of acetylcholinesterase
(AChE) with its substrate, acetylcholine. The enzyme is
coimmobilized at the distal end of the fiber together with

apH-sensitive dye. The formation of acetic acid, whichis
one of the enzymatic reaction products, changes the local
pH and thereby the fluorescence signal. The inhibition of
this reaction can be related to the pesticide concentration
in the sample.

Current research activities on environmental fiber-optic
chemical sensors are focused on developing multianalyte
sensors for on-line and in situ monitoring. These sensors
may one day be used as environmental warning devices
that will help prevent environmental catastrophes by trig-
gering an alarm whenever uncontrolled release of pollu-
tants to the environment occurs.

C. Industrial and Bioprocess
Control Applications

In the chemical and bioprocess industries, the need for
real-time process and quality control has elicited a great
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interest in chemical sensors. Effective process control is
a basic requirement for the optimal utilization of chemi-
cal and biological materias. Conventional analytical tech-
niques for measuring industrial or biological materias
such as GC, HPLC, and flow injection analysis have sev-
eral drawbacks such as price, large instrument size, inter-
ference by medium components, and drift.

Intrinsic fiber-optic chemical sensors are widely used
inindustry and bioprocess control. Two basic approaches
are used in remote applications. In the first approach, the
spectroscopic parameters are chosen such that the ana-
lyte gives aunique signal compared with all other compo-
nents in the sample. Examples of such approaches are as
follows: (a) Fiber-optic remote fluorescence spectroscopy
is used to measure reduced nicotinamide adenine dinu-
cleotide (NADH) in bioreactors. The ideais to correlate
the viability of a population of cells within the reactor
to the total amount of NADH present by monitoring the
magnitude of NADH fluorescence. (b) Fiber-optic trans-
mission spectroscopy is used to measure the copper sul-
fateconcentrationin an el ectroplating bath. (c) Fiber-optic
Raman spectroscopy is used to monitor the temperature
and extent of curing in an industrial epoxy curing reac-
tion (described in Section I11.A.1). Raman spectroscopy
is aso used in the nuclear industry for detecting water in
asodium nitrate slurry and also has potential applications
in the power industry such as on-line monitoring of boiler
water chemistry, on-line monitoring of corrosion and de-
posits, and in situ inspection of steam generators during
outages. Thesecond approachisbased on correl ating spec-
tral characteristicsfound over arange of wavelengthswith
the parameter of interest. Typically, an entire spectrum,
such as an absorption or fluorescence spectrum, is col-
lected and information is extracted from each spectrum
by asuitable data-processing algorithm. Thistechniqueis
used in the agriculture industry to determine parameters
such as protein, water, and carbohydrate levelsin grains.

In general, al the fiber-optic pH sensorsaswell as CO,
and NH3 sensors can be used for monitoring and for indus-
trial process control. In particular, fiber-optic pH sensors
for measuring acidity and akalinity are employed in in-
dustries such as manufacturing, photographic devel opers,
and waste treatment. A fiber-optic CO, sensor described
above based on the pH-sensing mechanism has been used
for on-line fermentation monitoring. It was also demon-
strated that imaging fiber-optic pH sensors could be used
to monitor pH changes continuously during beer fermen-
tation and to monitor localized corrosion.

V. RECENT DEVELOPMENTS

Over the past several years, fiber-optic chemical sensors
have received increasing attention because promising new
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technol ogies have been devel oped. New fiber-optic chem-
ical sensor systems are based on integrating technologies
from several different fields and disciplinesincluding op-
tics, chemistry, biology, and mechanical, electrical, and
computer engineering. Recent advances in these fields
have supported the development of improved fiber-optic
chemical sensors with capabilities that are superior to
current analytical methods. Technologies that influence
fiber-optic chemical sensor development include (@) new
data acquisition and data analysis software, (b) improved
technologies for the production and design of new sens-
ing materials through biological (e.g., recombinant DNA
technologies) and chemical (e.g., molecular imprinting)
approaches, and (c) development of new materials. Inthis
section novel fiber-optic chemical sensors systems based
on these new and advanced technol ogies are described.

A. Multianalyte Sensing

A key strength of optical fibersisthe high information ca-
pacity they carry (high bandwidth). The high bandwidth
capabilities of optical fibers are extensively employed
for telecommuni cation applications and more recently for
fiber-optic chemical sensors. Many different wavelengths
can propagate through the fiber simultaneously allowing
the transmission of multiple sensing signals arising from
multiple analytes.

Multianalyte sensing is important for clinical, biolog-
ical, environmental, and industrial analysis in which si-
multaneous detection of more than one analyte is re-
quired. For example, measurement of pH, O,, CO,, anti-
bodies, DNA sequences, antibiatics, viruses, and bacteria
in single blood samples can provide physicianswith rapid
and comprehensive information about a patient’s medical
condition.

Severa approaches have been described for multian-
alyte fiber-optic chemical sensor construction. One ap-
proach involves the use of direct spectroscopy where
different wavelengths are transmitted through the opti-
cal fiber to the sample and the returning light signals
are analyzed by advanced data analysis procedures (see
also Section IV.C). Ancther approach, briefly described
in Section IV.A, involves assembling several fibers each
with a different immobilized indicator dye into one fiber
bundle. Alternatively, imaging fibers can be used by im-
mobilizing discrete sensing regions, each containing adif-
ferent indicator, at a precise location on the fiber’s distal
end (Fig. 20). A CCD detector is used to spatially resolve
thesignal obtained from each sensing element. Inthisway,
as shown in Fig. 20, multiple analytes (O, pH, and CO,)
are monitored using a single imaging optical fiber. Fur-
thermore, the use of an imaging fiber alows combined
imaging and chemical sensing as will be described later
in this section.
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FIGURE 20 Multianalyte fiber-optic chemical sensor with differ-
ent indicators immobilized in polymers attached to an imaging
fiber. CO,-sensitive matrices (A and B), pH-sensitive matrix (C),
and O,-sensitive matrices (D and E). [Reprinted with permission
from Ferguson, J. A., Healey, B. G., Bronk, K. S., Barnard, S. M.,
and Walt, D. R. (1997). Anal. Chim. Acta 340, 123-131.]

A more recent approach for multianalyte sensing with
imaging fibers is based on the ability of each individua
fiber to carry its own light signal. Thus, by attaching a
sensing material to each individual fiber, an array of thou-
sands of sensing elements can be constructed on an imag-
ing fiber. In practice, the sensing elementsare prepared by
immobilizing fluorescent indicators on microsphere sur-
faces. The microspheres are distributed on the end of an
imaging fiber containing thousands of microwells. These
microwells are fabricated by selectively etching the in-
dividual cores on the tip of the imaging fiber as shown
in Fig. 21. Since different indicators are immobilized on
different microspheres, the array can be used to moni-

(a)
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tor multiple analytes. A CCD detector is used to monitor
and spatialy resolve the signal obtained from each mi-
crosphere. Imaging and data analysis software are used to
calculate the analyte concentrations.

Multianal yte fiber-optic chemical sensorsareinthefirst
stages of research and development. Due to their impor-
tance for many analytical applications, it is expected that
research efforts will continue to advance the capabilities
of such sensors.

B. Distributed Chemical Sensing

Distributed optical fiber sensors are capable of spatially
monitoring analyte concentrations along an optical fiber.
Sensing elements are deposited longitudinally along the
optical fiber and the signals obtained from each sensing
element can be localized to a specific position along the
fiber using a temporal feature of the signal. Distributed
optical fiber sensors are needed in environmental appli-
cations such as detecting pollutant concentrations at dif-
ferent water depths (e.g., rivers and lakes). Distributed
optical fiber sensors can identify a layer of sediment or
water depth where the pollutant concentration is higher
and thus provide valuable information about the clean-
ing strategy to be employed. Distributed optical fiber
sensors are aso useful for industrial applications where
monitoring analyte gradients inside chemical or biolog-
ical reactors may provide information about the process
efficiency.

The distributed signals can be measured and spatially
resolved by an optical time-domain reflectometry tech-
nique. An optical time domain reflectometer is based on
the measurement of backscattered light attained from a
light pulse propagating through an optical fiber. Light is
backscattered because of inhomogeneities and impurities

(b)

FIGURE 21 Scanning force micrograph (SFM) of a sensing microsphere array on an imaging fiber. (a) The microwells
are fabricated by selectively etching the cores of the individual fibers composing the imaging fiber. (b) The sensing

microspheres are distributed in the microwell.
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in the silica comprising the optical fibers. The backscat-
tered light signals are time-resolved and decrease as a
function of distance. Changes in the backscattered light
signals can be induced by sensing materials in response
to changes in the concentrations of chemical species.

The evanescent field can be employed for sensing in
distributed optical fiber sensors by measuring the analyte
interactions at different positions along the fiber. Typi-
cally, theoptical fiber claddingisremoved at several points
along the fiber and replaced by athin polymer layer con-
taining an indicator dye. For example, if a fluorescent
pH indicator dye is used, by transmitting excitation light
through the fiber in timeintervals (usually afew nanosec-
onds) and measuring the backscattered emission, it ispos-
sibleto observe changesoccurring in each sensing element
and thereby spatially resolve pH aong the fiber.

Another method employed for distributed optical fiber
sensors is based on microbend sensing. In this approach,
the sensing elements are made by covering small areas
along the fiber with hydrogels. The hydrogel can swell or
shrink depending on the particular analytes present in the
surrounding environment. The immobilized hydrogels’
mechanical movement causes slight bending of the fiber.
The bends in the fiber change the TIR conditions of light
propagating through the fiber (see Fig. 3) resulting in ade-
creasein light transmission. By using optical time-domain
reflectometry, the exact |ocation and intensity of the bend-
ing can be determined and related to the spatial distribu-
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tion of analytes in the sample. Based on the concept of
microbending, and by using modified hydrogels that can
respond to different analytes, various distributed optical
fiber sensors can be constructed.

Although till in the research stage, it is expected that
distributed sensing capabilities will improve many fiber-
optic chemical sensor technologies. In particular, integra-
tion of distributed and multianalyte sensing will result in
powerful fiber-optic chemical sensor devices.

C. Imaging and Chemical Sensing

Optical imaging fibers array can carry images from one
end of the fiber to the other due to the coherent nature of
the fibers. The imaging capabilities of such fibers are uti-
lized simultaneously toimage and measurelocal chemical
concentrations with micrometer-scale resolution. In this
technique, an imaging fiber’s distal face is coated with
analyte-sensitive materials, which produces a microsen-
sor array capable of spatially resolving chemical concen-
trations. The concept is shown in Fig. 22. For example,
a pH-sensitive array is fabricated by coating the imag-
ing fibers with a pH-sensitive polymer layer containing
a fluorescent dye. In this way, an optical sensor array is
produced in which each pixel in the array imaging fiber
is coated by a pH-sensitive layer and acts asits own indi-
vidual sensor. This pH-sensitive sensor array can be used
for both visualizing remote localized corrosion at metal

Fluorescence image

Imaging fiber

Sensing layer

7

Video Monitor

Video Monitor

Cu/Al wire

FIGURE 22 Combined imaging and chemical sensing concept. The technique provides the ability to both view a
sample and measure surface chemical changes using a single optical imaging fiber.
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surfaces and measuring local chemical concentrations.
Corrosion monitoring of acopper/aluminum galvanic pair
has been demonstrated. Cathodic and anodic reactions
change the local pH. These processes were investigated
with a pH-sensitive sensor array by measuring the pH-
induced fluorescence changes occurring where the sensor
contacted the metal surface. Such optical sensor arraysre-
duce the precision with which an extremely small probe
must be positioned and offer major advantages over mi-
croelectrode arrays in both ease of fabrication and mea-
surement on the micrometer scale.

VI. CONCLUSIONS

Fiber-optic chemical sensorsoffer several advantagesover
other sensing technol ogies based on the unique character-
istics of optical fibers. The principal advantages include
their immunity to harsh environmental conditions (e.g.,
electromagnetic interference, high temperature, high pH)
and their ability to function without any direct electrical
connection to the sample. These features have resulted in
the development of different fiber-optic chemical sensors
for analytical applicationsin the clinical, environmental,
and industrial fields.

Recently, optical fibers have attracted attention mainly
dueto their usein telecommunications. New technologies
have been developed for fabricating optical fibers with
very efficient light transmission capabilities. Fibers can
transmit very high amounts of information. In fiber-optic
chemical sensors, this information can be different ana-
Iytical signals resulting from different sensing elements
located at the end of an optical fiber. It is expected that in
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the near future, advanced multianalyte fiber-optic chemi-
cal sensorswill be able to accomplish real-time measure-
ments for various analytical applications.

SEE ALSO THE FOLLOWING ARTICLES

ABSORPTION e ANALYTICAL CHEMISTRY e BIOMATE-
RIALS, SYNTHESIS, FABRICATION, AND APPLICATIONS e
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TOXICOLOGY e ENZYME MECHANISMS e NUCLEIC
AcCID SYNTHESIS e OPTICAL FIBERS, FABRICATION
AND APPLICATION e OPTICAL FIBER TECHNIQUES FOR
MEDICAL APPLICATIONS ¢ RAMAN SPECTROSCOPY
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I. Introduction: The Nature of Antibodies
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Hybridomas
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GLOSSARY

Cell fusion (or hybridization) The process of two cells
fusing (or hybridizing) into one. The resulting fused
cellis called a heterokaryon and might be quite unstable
genetically.

Constant region The region of an immunoglobulin in
which the amino acid sequence does not show changes
within a given antibody isotype.

Electrofusion The application of electrical impulses to
cause cell fusion.

Engineering of

XIll. Human Monoclonal Antibodies
XIV. Recombinant Antibodies
XV. Recombinant Antibody Fragments
XVI. Therapeutic Antibodies
XVII. Antibodies from Plants
XVIIl. Humanized Antibodies from Transgenic Mice
XIX. The Importance of Glycosylation to
Therapeutic Antibodies
XX. Large-Scale Production of Monoclonal
Antibodies from Hybridomas
XXI. The Control of Culture Parameters
XXIl. Serum and Serum-Free Medium for Antibody
Production from Hybridomas
XXIII. Conclusions

Fusogen A substance that will cause the fusion of two
cells.

Glycosylation The metabolic pathway found in eukary-
otic cells that allows the addition of a carbohydrate
group on to a protein.

Heterokaryon The product of the fusion of two cell
types. The membrane systems of the two cells fuse and
the cytoplasm combine prior to fusion of the genetic
material. The initial fused cell may be quite unstable
genetically.

Hybridoma A stable hybrid cell that secretes a
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monoclonal antibody. The hybridoma is created from
the fusion of an antibody-secreting B-lymphocyte and
a transformed myeloma. The term was first used in the
1970s following the breakthrough work of Kohler and
Milstein.

Immunoglobulin Proteins found in the blood that show
antibody activity.

Monoclonal antibody An antibody that is specific to a
single antigen. A monoclonal antibody is synthesized
from a homogeneous population of hybridoma cells.

Polyethylene glycol This is a commonly used fusogen
for the fusion of two cells.

Quadroma A cell formed by the fusion of two hybrido-
mas. The immunoglobulin product of a quadroma will
contain a mixture of heavy and light chain structures
derived from each parental line.

Variable region The region of an immunoglobulin in
which the amino acid sequence changes so that the
molecule can bind to a specific antigen.

HYBRIDOMAS are hybrid cells capable of the continu-
ous production of monoclonal antibodies. They combine
the key properties of the two parental cells: a myeloma
with an infinite life span and a B-lymphocyte capable of
synthesizing a single antibody. The technology for pro-
ducing hybridomas was developed by Kohler and Milstein
who gained the Nobel Prize in 1984. Hybridomas can be
grown in suspension in large bioreactors for the production
of kilogram quantities of monoclonal antibodies. The an-
tibodies have a range of applications because of their high
specificity in recognizing selected proteins. This enables
them to be used for diagnosis and testing in applications
such as blood typing, the detection of virus, pregnancy
testing or for the detection of contaminants in food. The
application of monoclonal antibodies as human therapeu-
tic agents in the treatment of disease has been suggested for
a number of years. However, there have been difficulties
in the production of antibodies that are not immunogenic
to humans. In the late 1990s a range of human or “hu-
manized” antibodies have been produced specifically for
the treatment of cancer. The number of such therapeutic
monoclonal antibodies is likely to increase in the future as
a result of the numerous clinical trials that are now taking
place.

I. INTRODUCTION: THE NATURE
OF ANTIBODIES

Antibodies are glycoproteins found in body fluids includ-
ing blood, milk, and mucous secretions and serve an es-
sential role in the immune system that protects animals
from infection or the cytotoxic effects of foreign com-
pounds. Antibodies will bind with high affinity to an in-
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FIGURE 1 Structures of immunoglobulin isotypes.

vasive molecule. Normally the binding is to only part of
a large molecule (the epitope) and so there may be many
different antibodies for a particular compound. Antibod-
ies have become essential tools for biological research be-
cause of their very specific recognition and affinity for one
compound (the antigen). This has not only led to the use
of antibodies in the recognition of specific cellular com-
ponents but also to the development of routine diagnostic
medical tests. More recently antibodies have been used as
therapeutic agents for the treatment of human disease.

Each B-lymphocyte is capable of producing one type
of antibody in response to a particular antigen which in-
teracts with a cell surface receptor. Stimulation by an anti-
gen causes growth and an expansion of the cell population
capable of producing the corresponding antibody. The va-
riety of antibodies present in any animal reflects the pop-
ulation of B-lymphocytes which have been stimulated by
previous exposure to a range of antigens.

Antibodies are found in a specific protein fraction of
blood called the gamma-globulin or the immunoglobulin
fraction. They are synthesized by a subset of white blood
cells—the B-lymphocytes. The molecular structures of the
five major classes (isotypes) of immunoglobulins (IgM,
IgD, IgG, IgE, and IgA) are shown in Fig. 1. The basic
structural arrangement of two heavy associated with two
light chains is similar for all the isotypes. However, each
isotype is distinguished by different heavy chain structures
which are of varying length, number of domains, and gly-
can structures. The glycans are indicated by the fork struc-
tures (L)). It is also to be noted that the IgM configuration
consists of five basic structures linked as a pentamer.

Il. THE MOLECULAR STRUCTURE
OF ANTIBODIES

A structural representation of an antibody (immunoglobu-
lin, IgG) which has an overall molecular mass of 150kD is
shown in Fig. 2. This is the major class of immunoglobulin
found in blood serum. The molecular structure consists
of two light and two heavy chains bound by disulfide
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FIGURE 2 Antibody structure: IgG based on schematic diagram.

bridges. The heavy chain of IgG has four domains
VH-CH1-CH2-CH3 and thelight chain hastwo domains
VL-CL. The “constant” region (C) of a particular im-
munoglobulin class varies only with the species of origin.
For example, a human 1gG would have a different con-
stant region from amouse 1gG. The variable domains (V)
account for the diversity of antibody structure. Digestion
of the molecule with papain cleavesthe heavy chaininthe
“hinge” region and results in three fragments. Two Fab
(antibody-binding fragments) each contain the N-terminal
end of aheavy chainwith disulfidelinked light chain. The
other fragment is the Fc which consists of the C-terminal
end of the two heavy chains. There are two glycan struc-
tures present in the space between the two CH2 domains.
In some immunoglobulins there are also glycans present
in the variable region of the molecule.

Figure 3 shows an aternative representation of an
antibody structure based upon X-crystallographic data.
Here the unique antigen-binding site which consists of
hyper-variable sequences of amino acidsis shown clearly.
Theseareformed from three hypervariableloops(comple-
mentarity determining regions, CDR) of the VH domain
and three hypervariableloops of theVL domain. Thevari-
able sequenceis produced by somatic recombination and
by mutagenesis and accounts for the diversity of antibody
molecules. Thisregion enablesthe antibody to bind to one
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FIGURE 3 Antibody structure—IgG based on X-ray crystallogra-
phy data.
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specific molecule (called the antigen) with high affinity.
Theother important functional component of themolecule
is the effector site which is found in the constant region.
The effector functions can be mediated by binding com-
plement (C1q) and those mediated by binding to Fc re-
ceptors of specific cells. Complement activation leads to
the activation of leukocytes and phagocytosis. The Fc re-
ceptors are on certain cells of the immune system such
as phagocytes and natural killer (NK) cells. Binding to
receptors in these cells produces a variety of biological
responses including antibody-dependent cellular cytotox-
icity (ADCC), phagocytosis, endocytosis, and rel ease of
inflammatory agents.

A particular antibody will be produced in an animal
following the injection of the corresponding antigen. For
example, if human insulin is injected into a mouse, after
a few days the blood will contain significant quantities
of mouse antibody capable of binding to human insulin.
The immunoglobulin fraction of the mouse blood can be
extracted and will contain the required anti-insulin. How-
ever, this fraction will also contain numerous other anti-
bodiesandit would bevery difficult toisolatetheparticul ar
antibody that may be required. Because of the multiplicity
of immunoglobulin types in the fraction the term “poly-
clonal antibody” is used. This polyclonal antibody may
even include different antibodies against insulin. These
would beantibodiesreactiveto different regions(epitopes)
of the insulin molecule.

lll. GLYCOSYLATION OF ANTIBODIES

Antibodies are glycoproteins containing variable glycan
structures. A single conserved N-glycan site is contained
in IgG on each CH2 domain of the Fc region at Asn-297
(Fig. 4). The carbohydrate is of a biantennary complex
type. Thestructural variability isassociated with abisected
GlcNAc (+/-), corefucosylation (+/—), non-, mono-, or
digalactosylation and possible sialylation. The glycosyla-
tion of the Fc region is essential for effector functions
of the antibody such as complement binding, binding to
Fc receptors, induction of antibody-dependent cytotoxi-
city (ADCC), and the haf-life in the circulatory system.
Around 20% of human antibodies are also glycosylated
in variable region of the Fab fragment. This glycan may

S- o N-acetylglucosamine
© Mannose
A Galactose

CH2,

FIGURE 4 Glycan interaction on CH2 domain of IgG.
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FIGURE 5 Glycoforms of IgG.

be important for antigen binding with specific examples
showing that the degree of binding may either increase or
decrease.

Although the level of glycosylation of 1gG is small
(2-3% by weight) compared to other proteins, the glycan
structures on immunoglobulins are known to have a sig-
nificant effect on immune responses. Figure 5 shows the
common glycoformsof IgGwith 0, 1, or 2 galactosetermi-
nal residues (GO, G1, and G2) and the possibility of asialic
acid terminal group on G2. The distribution of these gly-
coforms changes under certain pathological conditions.
For example, it is well established that a high propor-
tion of agalactosylated glycan structures in immunoglob-
ulin (GO0) is associated with specific human disorders, no-
tably rheumatoid arthritis. Here the predominant form of
the glycan attached to Asn-297 is a biantennary complex
structure that terminates in N-acetylglucosamine residues
and lacks the usua galactose terminus. This altered gly-
can structure results in a change in the interaction of the
immunoglobulin with specific monocyte receptors. Also,
there are changes to the structure of the immunoglobulin
caused by the altered glycan that may explain changesin
immune response related to the disease condition.

The glycosylation of IgM is more complex with five
identifiable N-glycan sites in the heavy chain. Three of
these are complex biantennary, whereas the other two
are of a high mannose type glycan. Variations of these
glycan structures may also produce undesirable immune
responses if they are utilized as therapeutic products of
hybridomas.

IV. PRODUCTION OF
MONOCLONAL ANTIBODIES

Thissection describesthe background to the methods used
to produce hybridomas that secrete monoclona antibod-
ies (Mabs). Thisis atechnology that developed as a lab-
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oratory technique but now can be performed on a large
commercial scalein bioreactors. Thetechniquesdescribed
can be performed in any cell culture laboratory with ac-
cess to animal facilities. Alternatively, a wide range of
antibody-secreting hybridomas are available from culture
collections.

In the 1970s the techniques of immunization, cell
hybridization, genetic selection, and cell cloning were
utilized to produce cells that were hybrids of B-
lymphocytes and myelomas. The B-lymphocytes are
antibody-secreting cells, whereas the myeloma cells are
transformed lymphocytes capabl e of growing indefinitely.
Theresulting hybridomaswere capabl e of continuoussyn-
thesis of preselected antibodies. Kohler and Milstein ob-
tained the Nobel Prizein 1984 for their work on the devel-
opment of Mab-secreting hybridomas. The original work
described the creation of a mouse-mouse hybridoma that
secreted antibody with affinity to sheep red blood cells
as antigens. The antibody could be easily detected by a
hemolytic plague assay that showed the capability of the
antibody to bind to and lyse sheep erythrocytes. Since
the 1970s, these methods have found wide application
and have resulted in the large-scale production of kilo-
gram quantities of some monoclonal antibodies. Theterm
“monoclonal” indicates that the antibody is of a single
type. Thiswill bind to just one antigen.

The method devel oped by Kohler and Milstein involves
four stages which result in the production of a hybrid
lymphocyte with an infinite growth capacity and capable
of continuous synthesis of a single antibody. The stages
of this process are summarized in Fig. 6. The four stages
involve

e |mmunization

e Cdll fusion

¢ Genetic selection
e Céll cloning

mouse immunized

(L _\\\ myelomas HGPRT-

Fused cells

spleen cells

incubation in HAT

l ——» HGPRT+ cells selected

LTS cells cloned

l—' cells selected for Mab production

U hybridomas grown in a bioreactor

FIGURE 6 Production of Mab-secreting hybridomas.
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V. IMMUNIZATION IN VIVO

The first stage of the production of a hybridomais to ob-
tain lymphocytes from an animal that are enriched with
specific antibody secreting cells. Immunization involves
theinjection of achosen antigen into an animal—miceand
rats have been most commonly used. Thetime required to
produce an immune response resulting in antibody syn-
thesis will depend upon the antigen but a period of up to
3to 4 weeksensures maximum response. Large molecules
tend to produce a strong response over a short period of
time. Small molecules are often conjugated to carrier pro-
teins such as albumin and multiple injections spaced over
several days may be necessary to enhance the immune
response.

Antibodies are synthesized by B-lymphocytes which
can be isolated from the spleen of an immunized ani-
mal. The isolated spleen is homogenized gently and the
lymphocyte cell fraction collected by centrifugation. Ap-
proximately 1% of the cell population isolated from the
spleen will secrete antibodies. At this stage the cell frac-
tion is a mixed population with a limited capacity for
growth.

VI. IMMUNIZATION IN VITRO

Although most laboratories use mice for producing active
lymphocytes, an alternative approach involvesimmuniza-
tion in vitro. This process involves the activation of cells
obtained from the spleen of anon-immunized mouse. The
cells should be suspended in a medium containing the se-
lected antigen along with various stimulating growth and
differentiation factors. These factors can be supplied from
culture medium following incubation with mixed lym-
phocytes (or thymocytes). This is caled “conditioned”
medium and contains various growth-promoting factors
secreted by the cells. These factors are called cytokines
and include interleukins, B-cell growth factor and B-cell
differentiation factor. Some of these cytokines have now
been well defined and are available as recombinant pro-
teinsfrom commercial suppliers. The effectiveness of im-
munization in vitro is dependent upon the optimal combi-
nation of these factors during cell activation.

An advantage of immunization in vitro is that the ac-
tivation of B-lymphocytes takes 3 to 4 days rather than
a few weeks as is the case with immunization in vivo.
Furthermore, weak antigens at low concentrations can
be used. A disadvantage is that certain immunoglob-
ulin isotypes tend to be produced preferentially (usu-
aly IgM) athough refinement of the techniques dur-
ing cell activation can stimulate the production of other
isotypes.
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Vil. THE DEVELOPMENT
OF CELL HYBRIDIZATION

In 1965 Harris and Watkins reported that inactivated
Sendai virus caused the hybridization of a mixed popu-
lation of human Hel a cells and mouse Ehrlich ascites tu-
mor cells. Theresult of the fusion was amixed population
of hybrid cells (called heterokaryons) that were geneti-
caly unstable. Figure 7 indicates the sequence of events
during fusion showing the cytoplasmic fusion of two dis-
similar cellsfollowed by the hybridization of the nuclei of
the two cells. After aperiod of growth the heterokaryons
tended to lose some of their genetic material and become
stabl e hybrids retaining some of the phenotypic character-
istics of each parental cell. The method turned out to be an
extremely valuable tool for biological research. In 1969
Harris showed that when normal cells were fused with
malignant cells the malignant phenotype was not always
retained. Thiswasthefirst direct evidencefor theexistence
of human suppressor genes, derived from the normal cells
and that could result in suppression of the tumorigenic
characteristics. These genes whose products include the
retinoblastomaprotein and p53 arenow well characterized
in terms of their role in malignancies.

The cell hybridization technique has also been useful
in developing an understanding of cell differentiation and
gene regulation. For example, the normally quiescent ge-
netic material of highly differentiated cells can be reacti-
vated following fusion with cells actively engaged in pro-
tein synthesis. Thiswas shown by Harrisin the late 1960s
by the fusion of a cell population of chicken erythrocytes
and growing Hel acells.

Cell fusion has aso been used extensively in human
chromosome mapping. The heterokaryons resulting from
the fusion of human and mouse cells are genetically un-
stable and tend to lose human chromosomes randomly.
This eventually gives rise to a mixed population of sta-
ble hybrids from which individual cell clones can be iso-
lated. Many of these clones may contain single human
chromosomes. It isthe association of aparticular chromo-
somein an isolated cell clone with a selected measurable
phenotypic characteristic such as an enzyme activity that

Bo—ly—@
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FIGURE 7 Cell hybridization.
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allows the gene of that enzyme to be assigned to a spe-
cific human chromosome. With the use of this technique,
many human genes have been assigned to particular chro-
mosomes (known as “chromosome mapping”).

It wasthis sametechnique of cell fusion that Kohler and
Milstein used in their work reported in 1975 that allowed
the creation of stable hybrid cells from the hybridization
of antibody-secreting B-lymphocytes with transformed
myelomas. Theresulting cellsretained two important phe-
notypic characteristics from the parents—the ability for
infinite growth (from the myeloma) and the ability to syn-
thesize antibody (from the lymphocyte). The original ob-
jective of this work was to study somatic mutation as a
mechanism for antibody diversity. This is the ability of
B-lymphocyte to go through amaturation process follow-
ing initial contact with an antigen to produce antibod-
ies of increasing affinity. However, the application of the
cell fusion technique to produce antibody-producing cells
with an infinite growth capacity had a major impact on
the ability to produce large quantities of antibodies that
could be used for a variety of functions both in biologi-
cal research and also asmedically important products. The
term “hybridoma” was derived in 1976 by Herzenberg and
Milstein to describe a homogeneous clone of these
antibody-producing hybrid cells. The term “monoclonal
antibody” refersto the secreted product of thecells. Unlike
antibodies derived from blood samples (“polyclona”),
the monoclonal antibodies from a single hybridoma are
molecularly homogeneous and have a specific affinity for
aparticular antigen.

Viill. METHODS OF CELL FUSION

Cells can be induced to fuse if two cell populations are
brought close together at a high cell concentration (10"6
to 10"7 cells per well of a 96 multi-well plate) in the
presence of viruses or by chemical agents (called “fuso-
gens”). The process involves a destabilization of adjacent
cell membranes which eventually fuse to form a hybrid
cell. Initialy, two distinct nuclei are present in the fused
cell (a heterokaryon). Eventually the nuclei fuse to pro-
duce a stable hybrid cell.

Although UV-inactivated Sendai viruses were origi-
nally used as agents for cell fusion, the more widely used
method is now fusion by the chemical agent polyethylene
glycol (PEG). Thisis apolymer, available at a molecular
weight range of 200-20,000 kD. PEG at 4000-6000 kD
is most suitable for cell fusion. Cell fusion can occur in a
solution of PEG (40-50% w/v) within 1-2 min. Inthispro-
cess, cell swelling accompanies fusion. This enables ad-
jacent cells to approach very closely and also the plasma
membrane becomes permeable to small ions. However,
lysis of swollen cells may also occur.

Hybridomas, Genetic Engineering of

Alternatively, electrofusion can be used. In this tech-
nique, two populationsof cellsareintroduced into asmall
sterile chamber. An electric current is applied in high-
voltage pulses for short time periods. During this period
themembrane will become highly permeable. Thisissim-
ilar to the process of electroporation used to facilitate the
entry of DNA into cells. This causes the cells to orientate
alongthelineof thecurrent and fuse. Thisprocessishighly
efficient, producing a high percentage of viable hybrid
cells. The most suitable voltage for electrofusion is one
that causes approximately 50% death in the cell popula
tion. Thiswould typically be around avoltage of 200V for
acell pellet held in asmall electroporation cuvette. From
such aprotocol theremay bearound 50 fused cellsfroman
original total of 5 x 10”6 cellsfrom each parental cell line.

IX. CELL FUSION TO IMMORTALIZE
LYMPHOCYTES

Although immunization can result in lymphocytes capa-
ble of producing the required antibody, the cellswill only
grow for alimited period of time. The purpose of lympho-
cyte hybridization is to combine the desired property of
antibody synthesis of the B-lymphocyte population with
the infinite growth capacity of a myeloma. Therefore,
the selected lymphocytes are fused with a population of
myeloma cells. Those commonly used for mouse or rat
cellsare shown in Table |. Suitable myeloma fusion part-
ners are selected for two other important characteristics:

¢ Nonproduction of antibodies. Thisis desirable so that
the resulting hybridoma does not synthesize more than
one antibody.

* Possession of a genetic marker, such as the lack of an
enzyme, to alow cell selection. For example,
myelomas deficient in HGPRT (hypoxanthine guanine
phosphoribosyl transferase) are commonly used. This
allows selection of hybridomas in HAT medium (see
“sel ectable gene markers”).

TABLE | Rodent Cell Lines (Myelomas)
Commonly Used as Fusion Partners

Immunoglobulin

Species Cél line expression

Mouse X653 No
NSO No
Sp2/0 No
NS1 Yes

Rat YB2/0 No
Y3-Ag Yes
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To allow fusion the activated B-lymphocytes are mixed
with asuitable fusion partner (the myeloma) in a medium
containing polyethyleneglycol (PEG). A proportion of the
cellswill fuse within a minute under these conditions.

X. SELECTABLE GENE MARKERS
FOR CELL SELECTION

The process of cell fusion will result in a heterogeneous
population of cellsthat will contain unfused parental cells,
lysed cellsaswell astherequired hybrid cells. At thisstage
cell selection isimportant so that the hybrid cells can be
isolated from the mixture. For hybridomas there are two
important stages of cell selection:

* |solation of hybrid cells from parental cells
* Selection of antibody secreting cells within the hybrid
cell population.

The basis of cell selection is to distinguish cell types
through genetic differences. Onereguired characteristic of
theresulting hybridomasisthe ability for effective growth
inculture. So, initial cell selection can involvetheincuba-
tion of the mixed population of cellsin a suitable culture
environment. This includes the addition of a suitable lig-
uid growth medium to the cellsand incubation at 37°C for
afew days. Thiswill allow the growth of all viable cells
whichwill includethe hybridomasand myel omas. Growth
of these cellswill diluteany nonviableand lysed cellsfrom
the mixture. Unfused lymphocytes have only alimited ca-
pacity for growth and will also be eventually eliminated.

The hybridomas are selected from the myelomas on
the basis of a genetic marker that is normally applied to
the myelomas. The most commonly used genetic marker
is HGPRT~ which indicates a cell with a defective en-
zyme, hypoxanthine guanine phosphoribosyl transferase.
Thisis anormal metabolic enzyme that is capable of cat-
ayzing the addition of phosphoribosyl pyrophosphate on
to hypoxanthine or guanine. This constitutes the salvage
pathway for converting purines to nucleotides as part of
nucleotide synthesisin all normal cells (Fig. 8). However,
there is an alternative pathway of nucleotide formation

De novo pathway
— —

DNA
HGPV \TK

hypoxanthine or
guanine

Simple ____, ____, Z
precursors

aminopterin
inhibition

thymidine

Salvage pathway

FIGURE 8 De novo and salvage pathways of nucleotide
synthesis.
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which involves the complete synthesis of the purine ring
(called the “de novo” pathway) from smaller metabolic
precursors. Normal cells can utilize either pathway de-
pending upon the nutrient precursors available in the sur-
rounding media

The myelomas chosen for cell hybridization with lym-
phocytes have an HGPRT ~ genetic marker through previ-
ousrandom mutation and sel ection. However, the hybrido-
mas would be expected to have normal HGPRT activity
(HGPRT™) because they would receive the normal gene
from the parental lymphocyte. Either cell line would be
able to grow normally in standard cell culture medium
in which most nutrients are provided. The de novo path-
way for nuclectide synthesis would operate in both cells,
athough the salvage pathway would only occur in the
hybridomas.

The principle of selection is to place these cellsinto a
“selective medium” in which the de novo pathway of nu-
cleotide synthesisisinhibited. The key to thisisthe com-
pound, aminopterin which isan analogue of folic acid and
a specific inhibitor of dihydrofolate reductase, an essen-
tial enzyme for the formation of tetrahydrofolate (FH,4)
required as a coenzyme of the de novo purine nucleotide
synthesis pathway. Tetrahydrofolate is also required for
theformation of thymidine. However, if hypoxanthineand
thymidine are provided in the culture media of HGPRT "
cells they will be able to grow normally. On the other
hand HGPRT~ cells would have no means of synthesiz-
ing purine nucleotides and consequently would be unable
to grow.

The selective medium, HAT contains hypoxanthine,
aminopterin, and thymidine. This medium allows the se-
lection and growth of hybridomas which are HGPRT*
and have a normal functioning salvage pathway. How-
ever, HAT isunableto support the growth of the HGPRT ~
myelomas because the de novo pathway is inhibited and
the salvage pathway cannot function because of the de-
fective enzyme.

In the mixed population of cells resulting from fusion,
the newly formed hybridomas will be HGPRT* by in-
heritance from normal lymphocytes whereas the unfused
myelomas carry the mutant HGPRT~ marker. Therefore
incubation in HAT will alow survival of the HGPRT*
hybridomas but not the HGPRT~ myelomas. So, after a
few daysincubation in HAT the culture will contain only
hybridomas.

Xl. CLONAL SELECTION OF
Mab-SECRETING HYBRIDOMAS

After genetic selection with HAT the culture contains hy-
bridomas but only some of these will secrete antibodies.
Although the efficiencies of synthesis vary considerably,
about 10% of the population of hybridomas formed from
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cell fusion should be expected to secrete antibody. The
next stage involves selection of Mab-secreting hybrid-
omas from the population which has survived HAT treat-
ment. Cell clonescan beisolated by the method of limiting
dilution. Cloning ensures that all cellsin the cultures are
genetically identical. Thisinvolves dispensing a cell sus-
pension into a 96-well plate, so that each well containsan
average of one cell. Hybridomas grow poorly at low den-
sities but growth can be supported by feeder layer of cells.
This consists of a population of cells (e.g., thymocytes,
macrophages or splenocytes) which has been gammair-
radiated to prevent any growth. However, the metabolism
continues and secreted growth factors can hel p the growth
of viable hybridoma cells particularly if they are inocu-
lated at low density. Feeder layers can be purchased as
frozen suspensions.

After allowing 1-2 weeks for growth, the medium of
each well should be tested for antibody content using
a suitable assay. Wells containing a high antibody titer
should then be selected for further cell growth. At this
stage the cells may be genetically unstable and a second
round of cloningisrecommended to ensuretheisol ation of
astable population of high-level antibody-secreting cells.
This involves further testing of the culture medium for
antibody content.

Xil. ASSAY OF MONOCLONAL
ANTIBODIES

There are three assay procedures that are commonly used
to detect monoclonal antibodies in solution. Each is suit-
able for the measurement of Mab concentration in culture
media

¢ ELISA—enzyme-linked immunosorbent assay
¢ RIA—radioimmunoassay
» Affinity chromatography

EL1SA isthe most commonly used assay for antibodies
and is adapted to multi-well plates for analyzing multiple
samples. RIA is more sensitive but is more time consum-
ing and expensive. Affinity chromatography is idedl if a
high-performance liquid chromatography (HPL C) system
is available and the hybridomas are growing in a serum-
free medium. The basis of the three types of assay are
described here:

A. Enzyme-Linked Immunosorbent
Assay (ELISA)

Thisis asolid-phase binding assay that can easily be per-
formed in a96-well plate (Fig. 9). ELISA measures anti-
gen or antibody concentration, depending on the protocol
used. The stages of atypical assay involve aseriesof addi-
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FIGURE 9 Enzyme-linked immunosorbent assay: ELISA.

tionsinwhich each component bindsto the one previously
added:

¢ An appropriate antigen is bound to the plastic of the
base of the plate. Most large proteins bind
spontaneously. Difficulties with binding of small
molecular antigens can be overcome by forming a
conjugate with alarger molecule such as bovine serum
albumin (BSA).

* The remaining attachment sites are blocked on the
solid support by addition of a noninterfering protein
such asBSA.

¢ A solution of the Mab under test or a standard antibody
solution is added. Thiswill bind to the antigen held on
the solid support.

¢ An antibody—enzyme conjugate with specificity
against the first antibody is added. The second
antibody is species specific. This meansthat it binds to
any immunoglobulin of the species from which the
first antibody is derived, e.g., goat anti-mouse
antibody. Conjugated to the second antibody is an
enzyme such as alkaline phosphatase which can be
detected by a colorimetric assay. These conjugated
anti-1g antibodies are available commercially.

¢ Finally asuitable enzyme substrate is added. The
substrate is one which can be changed to a colored
product by the enzyme bound to the conjugate. For
example, p-nitrophenyl phosphate would be suitable
for an alkaline phosphatase conjugate. The extent of
coloration in each well of a plate can be measured by a
multi-well reader.

B. Radioimmunoassay (RIA)

A solid-phase binding assay similar to ELISA can be
adapted to radioactive detection when a radioactively la-
beled antigen or antibody is used. The radioimmunoassay
(RIA) is more sensitive and reliable than ELISA but is
usually moretime consuming and moreexpensive because
of the cost of the radioactive label.
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C. Affinity Binding

Certain bacterial cell wall proteins (called Protein A and
Protein G) bind with high affinity to mammalian im-
munoglobulins. Protein A isderived from Staphyl ococcus
aureus and has a strong affinity for antibodies. This al-
lowsantibodiesto beisolated by chromatography columns
which contain inert beads conjugated to Protein A or G.
If a sample (such as Mab-containing culture medium) is
run through the column at neutral pH only antibodieswill
bind, alowing al other components to be washed out.
Pure antibody can then be eluted from the column by a
low pH buffer.

Suitable affinity columns of this type have been de-
signed for use with HPLC and this offers an extremely
rapid method of analyzing or purifying antibodies. How-
ever, themethod will detect any mammalianimmunoglob-
ulin which means that the immunoglobulin content of
the serum used in the growth medium may interfere with
analysis.

HPLC affinity columns (such as ProAnaMabs from
Hyclone) offer a rapid assay for measuring antibodies in
serum-free culture medium and they could be used instead
of ELISA. Affinity chromatography can also be used for
large-scale antibody extraction, although the preparative
Protein A or G columns are expensive.

Xill. HUMAN MONOCLONAL ANTIBODIES

Although murine-derived monoclonal antibodies are
widely used as laboratory reagents, in affinity purifica-
tion and clinical diagnostic tests, they have had limited
success in human therapy. |mmunoglobulins synthesized
from mice and humans have different constant regions
and so any antibody of mouse origin injected into a hu-
man could elicit an undesirable immune reactions. First,
although the antigen-binding site might be appropriate for
the target the antibody will not produce appropriate hu-
man effector responses such as those of complement and
Fc receptor binding. Second, the human immune system
will produce antibodies against the murine immunoglob-
ulin. Thisisreferred to asthe human anti-murine antibody
immune response (HAMA).

This presents an obstacle in devel oping therapeutic an-
tibodies from amurine source. However, there are at least
three mgjor difficulties in producing human hybridoma
cells capable of secreting human monoclonal antibodies.

A. The Source of Antibody-Secreting
Lymphocytes

In generating murine hybridomas, the spleen of an immu-
nized mouse is used as a source of the mixed lymphocyte
population for cell selection. Clearly this is not possible
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TABLE I Human or Human Hybrid Fusion Partners

Immunoglobulin

Cell type Cél line expression
Human myeloma SK007 Yes
Human lymphoblastoid RH-L4 Yes but nonsecretor
Human lymphoblastoid GM 1500 Yes
Human lymphoblastoid KR4 Yes
Human lymphoblastoid LICR-LON Yes
Human/human hybridoma KR12 Yes
Human/mouse hybridoma SHM-D33 Yes but nonsecretor

with humans and the source of human lymphocytesislim-
ited to samples of peripheral blood. These can be taken
from patients who have acquired an immunity against a
particular compound or disease. Alternatively, methods of
invitroimmunization of human lymphocytesare possible.
This approach requires the optimization of conditions for
human B-lymphocyte activation by use of the appropriate
cytokines and growth factors.

B. Immortalization and Chromosome
Instability

There must be a suitable human fusion partner to immor-
talize the B-lymphocytes. Human myeloma cell lines are
difficult to grow in culture. Human lymphoblastoid cell
lines have been used as fusion partners but the frequency
of cell fusion and genetic stability of theresulting hybrido-
masislow compared with equivalent fusions with mouse
cells. An alternative approach is to immortalize the acti-
vated human lymphocytes by transfection with oncogenic
DNA or by transformation by avirus.

C. Antibody Secretion of Human
Parental Fusion Partners

Mouse myelomas commonly used in fusion are nonan-
tibody secretors. The value of this is that the resulting
hybridomas only secrete the antibody associated with the
fused B-lymphocyte. Therefore, the culture product will
be a single selected antibody type. However, most of the
human myelomaor lymphoblastoid cells commonly used
for hybridization areimmunoglobulin secretors (Tablell).
This means that the resulting selected human hybridoma
will secrete at least two antibodies, which are those asso-
ciated with each of the parental cells.

XIV. RECOMBINANT ANTIBODIES

A further possibility is the humanization of monoclonal
antibodies originally produced from mice. This pro-
cess involves antibody engineering which relies on the
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FIGURE 10 Ways to humanize an antibody.

techniques of recombinant DNA technology to rearrange
some of the molecular domains of an immunoglobulin.
Examples of these are shown in Fig. 10. In achimeric an-
tibody themousevariableregionsarelinked to human con-
stant regions. Thusin such aconstruct the antigen-binding
site of the murine antibody is retained but the human
constant region contributes the immunogenicity through
the effector functions. A further step to humanizing the
antibody by replacing portions of the V region that are
not required for the antigen-binding site. The framework
regions(FR residues) whichwereoriginally murinearere-
placed by human regions. Thusonly the complementarity-
determining regions (CDR) are retained as of murine ori-
gin. Hybrid antibodies of thistype have now been used as
human therapeutic agents.

The elimination of the murine constant regions reduces
the previously experienced HAMA response. It is not al-
ways certain that complete humanization has an advan-
tageover achimeric antibody because humanization of the
V region may resultinalossin affinity to theantigen. Also,
it isnot clear that the problem of unwanted immunogeni c-
ity can betotally removed because repeated doses of even
afully humanized antibody may elicit an anti-idiotype re-
sponse, that is directed against the antigen-binding site.
However, these developments in humanized therapeutic
antibodies have alowed the introduction of a range of
products against specific human diseases.

XV. RECOMBINANT ANTIBODY
FRAGMENTS

Various fragments of human immunoglobulins have been
expressed successfully in bacterial cells. These include
the Fv fragment, the single-chain Fv fragment (scFv), the
Fab fragment and the F(ab)2 fragment (Fig. 11). TheFvis
the smallest antigen-binding fragment of an immunoglob-
ulin with amolecular mass of around 25 kD. The VH and
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VL domains of the Fv fragment are stabilized by disul-
fide bridges. In the scFv fragment a short peptide spacer
(usually 15-20 amino acids) isintroduced in order to link
the VH and VL domains covalently. This also alows the
possibility of the linkage of two scFv fragments to cre-
ate “diabodies” which are bispecific in so far asthey have
two independent antigen binding sites. Bispecific antibod-
ies can aso be produced from the fusion of two hybrido-
masto generate a‘““‘quadroma.” However, all combinations
of light and heavy chains are synthesized in these cells
with only a few of the molecules being bispecific. Puri-
fication of the required molecules would be a difficult
task.

The potential advantage of these recombinant frag-
ments for human therapy istheir small size that facilitates
tissue penetration, biodistribution, and blood clearance.
Thefragments can beisolated from libraries of antibodies
displayed on the surface of filamentous bacteriophages.
This phage display technology is an dternative strategy
that can be used instead of mammalian hybridoma tech-
nology. The disadvantageisthat the recombinant antibody
fragmentslack glycosylation and also the binding sitesfor
complement and Fc receptors. However, the possibilities
exist of conjugating other polypeptide sequences to ex-
pressthe desired effector functions. Conjugation of toxins
or specific growth factors to these fragments also allows
the future development of immuno-constructs with con-
siderable potential for therapeutic activity.

XVI. THERAPEUTIC ANTIBODIES

Interest in the use of monoclonal antibodies astherapeutic
agents has existed for aconsiderable time. Various mono-
clonal antibodies have been targeted to membrane-bound
proteins specifically expressed in tumor cells. These
antibodies can be designed in configurations likely to
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cause the destruction of the target tumor cells (Fig. 12).
The conjugation of radioactive or toxic compounds to the
antibody can result in a localized high concentration re-
sulting in cytotoxicity. Alternatively, an enzyme may be
conjugated that will catalyze the rel ease of atoxic product
from an ingested “pro-drug.” Another strategy is to pro-
mote an effector function through the use of a bispecific
antibody that could potentially activate T cells leading to
the specific destruction of the target cells.

Therational e behind these methodsisto causelocalized
cell destruction but limit systemic toxicity. However, the
results of the initial clinical trials for therapeutic murine
antibodies using these strategies was disappointing. This
wasasaresult of unexpected toxicity associated withtreat-
ment of immunoconjugates and the undesirable human
anti-mouse antibody (HAMA) immune response. How-
ever, theadministration of antibodiesrelying onaresponse
within a short period of time period (up to 10 days) were
more successful. Thisincluded antibodies for radioimag-
ing, radioimmunotherapy or for acute alograft rejection
(the OKT3 antibody).

The development of human chimeric antibodies in the
1990s increased rapidly the rate of licensing of mono-
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clonal antibodies as therapeutic agents. These humanized
antibodies do not elicit the HAMA effect and also the
half-life is much longer than mouse antibodies. Most
mouse 1gG have a haf-life of less than 20 h, whereas
an antibody with a human-type constant region can have a
half lifeof upto 21 days. Tablelll showseight monoclonal
antibodies that have been approved by the U.S. regul atory
agency, the FDA for human therapeutic use. As well as
these, there are many more antibodies in clinical trials
with the expectation that the numbers in therapeutic use
will increase in the future.

The success of these chimeric antibodies can be il-
lustrated by Rituxan which is used in the treatment of
non-Hodgkin’s lymphoma. This has a murine variable re-
gion which binds specifically to CD20 on B cells and a
human Fc domain to trigger effector mechanisms. CD20
isaprotein expressed by over 90% of thelymphomacells.
These tumor cells can become coated by the anti-CD20.
Thisresultsin activation of the complement pathway and
Fc receptor-bearing cells which can destroy the tumor
cell.

XVII. ANTIBODIES FROM PLANTS

Antibodies were first expressed in transgenic plants in
1989. Since then various antibody fragments and domains
have been produced in plant hosts as well as full-length
and multimeric antibodies. The most popular host species
for this work has been the tobacco plant, Nicotiana, al-
though corn and soybeans have a so been utilized. There
is no apparent reason why other plants could not be used.
The value of using plants for monoclonal antibody pro-
duction include the absence of animal pathogens, the ease
of genetic manipulation, the ability of post-trandlational
modification, and the potential for scale-upto aneconomic
production process.

Transformationinvolvesthe stableintegration of theap-
propriate DNA into the plant cell genome. The resulting
transgenic plants can be cross-fertilized so as to integrate

TABLE Il Monoclonal Antibodies Approved by the FDA for Clinical Use

Antibody Type Therapeutic treatment Company Date approved
Orthoclone (OKT3) Murine Ig2a Allograft rejection Ortho Biotech 1986
ReoPro Chimeric (Fab) Coronary angioplasty Centocor/ Lilly 1994
Zenapax Humanized IgG1  Allograft rejection Protein Design/Hoffman-La Roche 1997
Rituxan Chimeric IgG1 Non-Hodgkin’s lymphoma Genentech 1997
Synagis Humanized IgG1  Respiratory synctial virus Medimmune 1998
Herceptin Humanized IgG1  Breast cancer Genentech 1998
Simulect Chimeric 1gG1 Allograft rejection Novartis Pharm 1998
Inflixmab Chimeric 1gG1 Rheumatoid arthritis’Crohn’sdisease ~ Centocor 1998-1999
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the genes of a multimeric protein structure in a single
genetically stable hybrid plant. In one example of the
use of this technique, the assembly of secretory IgA was
achieved. This is a multimeric immunoglobulin which
consists of two Ig units dimerized by asmall polypeptide
chain (J). Four transgenic plants were produced initially
for the expression of alight chain (kappa), aheavy chain,
a J chain, and a secretory component. A series of sex-
ual crosses between these plants enabled the generation
of ahybrid in which all four components were expressed
simultaneousdly. In this hybrid the four recombinant pro-
teins were assembled into the fully functional secretory
immunoglobulin. The antibody expressed in these plants
is secreted and accumulates in the apoplasm which is a
large aqueous space externa to the cells. This is a sta-
ble environment unlikely to cause any proteolysis of the
accumulated protein.

An aternative method to the production of transgenic
plants is the infection of a wild-type plant with a suit-
able recombinant virus vector. Using this method amono-
clonal antibody can be expressed in theleaves of atobacco
plant (Nicotiana benthamiana) by infection with two vi-
ral vector constructs of tobacco mosaic virus (TMV). In
one example, these two constructs contained the genes
for the heavy and light chains of an antibody (CO17-1A)
against a colorectal cancer associated antigen. A func-
tiona full-length antibody was detected in extracts of
the leaves of the plants infected with these recombinant
viruses. The use of plant virus vectors may have several
advantages over the devel opment of transgenic plants. The
long generation time associated with plant transformation
is avoided. The process also avoids the time-consuming
process of crossing transgenic plants to produce hybrids
for the expression of proteins with multiple subunits. Dif-
ferent host plantscan beinfected by thesamevirusvectors,
thus allowing screening for the maximum efficiency of
expression.

One major advantage of monoclonal antibodies from
plants is the potential low cost of large-scale production.
There are commercial companies (such as EPlcyte Phar-
maceutical Inc) who are planning clinical trials for plant-
produced secretory antibodies for human therapy. These
so-called “plantibodies” can be produced at an estimated
cost of $0.01 to $0.1/mg as opposed to $1 to $5/mg for
production from cell culture processing of animal-derived
hybridomas. The cost of microbia fermentation is lower
than that of mammalian cell culture but bacteria lack the
ability for efficient multimeric protein assembly and of any
post-translational modification. A further potential advan-
tageof theplantibodiesisdelivery by consumption of plant
tissue and thus avoiding any need of purification. These
possibilities are particularly applicable in certain cases
such as the previously shown ability of a plant-produced
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antibody against Sreptococcus mutansto prevent binding
of the bacteria to the surface of teeth and thus reducing
tooth decay.

Plant cellsare eukaryotes and therefore capabl e of post-
translational modification of proteinsincluding N-linked
glycosylation. However, although the plant glycan struc-
tures have not been analyzed in detail itislikely that these
structures are significantly different from those in mam-
malian systems. For exampl e, the commonly found mam-
malian terminal sialic acid (N-acetyl neuraminic acid)
residueisastructurenot foundin plants. Alsothea pha-1,3
corefucose structure appearsto beuniqueto plantsand has
been implicated in human alergies to pollen. The poten-
tial presence of such unusual glycan structures in plant-
derived antibodies might not have an effect on antigen
binding but for a therapeutic antibody they are likely to
increase the chance of an adverse immunogenic reaction
during human treatment. This could limit the use of plant-
derived antibodies in certain applications particularly if
systemic long-term administration is required.

XVIIl. HUMANIZED ANTIBODIES
FROM TRANSGENIC MICE

Transgenic mice strains have been produced capable of
synthesizing human monoclonal antibodies. Xenomouse
strains have large portions of human variable region genes
incorporated into the germ line viaayeast artificial chro-
mosome (YAC). The megabase-sized YAC dlows the
genes for human heavy and light chain immunoglobu-
lin to be incorporated as transgenes into a mouse strain
deficient in the production of murine Ig. The large hu-
man variable region repertoire incorporated as transgenes
alows the mice to generate a diverse immune response
comparable to that in humans. These human genes are
also compatible with the mouse enzymes that allow class
switching from IgM to IgG. Theimmunoglobulin genera-
tion will also undergo somatic hypermutation and affinity
maturation, a natural process that enhances the affinity of
the antibody for the antigen. Thus an antigen introduced
into aX enomouse producesahuman monocl onal antibody
with high specificity for its corresponding antigen. Such
antibodies have already proved their potential in clinical
trials.

XIX. THE IMPORTANCE OF
GLYCOSYLATION TO
THERAPEUTIC ANTIBODIES

The glycosylation pattern of the immunoglobulin struc-
ture has particular relevance to the production and use of
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monaoclonal antibodies as therapeutic agents. Any in vitro
production process results in a heterogeneity of glycan
structures of the product protein. To avoid any unde-
sirable immune response in the use of such antibodies
it is important to maximize the content of fully pro-
cessed glycans. There are various parameters that affect
the glycan processing from the metabolic profile of the
hybridoma to the environmental conditions of culture.
It has been shown that the glycan structures vary with
the specific activity of key glycosylating enzymes con-
tained in a hybridoma. This in turn depends upon the
enzymic profile of the parental cell lines used in the
hybridization process. In one study hybridomaswere pro-
duced from parental cell lines only one of which had
an enzyme (UDP-N-acetylglucosamine: §-D-mannoside
B-1,4-N-acetylglucosaminyltransferase; GnT-I11) respon-
sible for the addition of a bisecting GlcNac. As ex-
pected the resulting hybridomas had varying levels of
GnT-I11. Of interest was the fact that the content of bi-
secting GIcNAc in the antibodies produced by each hy-
bridoma was a reflection of the intracellular activity of
GnT-I11.

A further example of the effect of the producer cell line
on the glycosylation pattern of amonoclonal antibody has
been shown for the 1lgG, CAMPATH-1H. Thisisahuman-
ized recombinant murine monoclonal antibody devel oped
for human therapy and has been expressed in various cell
lines including a murine myeloma and Chinese hamster
ovary (CHO). Theglycosylation of the antibody produced
from CHO was consistent with normal human 1gG. That
isfucosylated biantennary structures containing zero, one,
or two galactose residues. However, the immunoglobulin
from amurine myeloma (NS0) resultsin some potentially
immunogenic glycoforms containing Gala/(1-3)Gal ter-
minal residues. Such hypergalactosylated proteins have
been shown following expression from various murine
cells.

Cdll culture conditions have aso been shown to affect
product glycosylation. Relevant culture parameters in-
cludethe accumul ation of ammonia, the dissolved oxygen
level, glucose depletion, lipid composition, pH and protein
content of the medium. The glycosylation of monoclonal
antibodies from hybridomas is particularly susceptible to
the dissolved oxygen level of the culture, which on alarge
scaleisoften maintained at a specific set-point through an
oxygen probe that controls the gaseous input to the biore-
actor. This dissolved oxygen (DO) is usually calibrated
from 0 to 100%, which is the level of oxygen relative
to saturation with air. The three predominant glycoforms
found in immunoglobulin are shown in Fig. 13. The rel-
ative proportion of these glycoforms has been found to
change depending upon culture conditions. For example,
the dissolved oxygen level of a hybridoma culture has a
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noticeable effect on this distribution. Whereas a normal
distribution of GO, G1, and G2 isfound at 50% DO, lower
levels of oxygen (<10%) may lead to poor galactosyla
tion and a consequent increased proportion of GO. The
data shown in Fig. 14 show a proportional decreasein GO
and an increase in G2 at higher DO levels.

XX. LARGE-SCALE PRODUCTION
OF MONOCLONAL ANTIBODIES
FROM HYBRIDOMAS

A. In Vivo (Ascites) Production
of Monoclonal Antibodies (Mabs)

One of the original methods employed for the large-scale
production of monoclonal antibodies was to grow the se-
lected hybridoma cell lines in vivo, following injection
into the peritoneal cavity of mice. The hybridomas grow
essentialy astumorsin aliquid milieu termed the ascites
fluid. The secreted antibodies are then extracted from the
aliquots of this fluid. After 5-21 days, the peritoneum is
tapped for the antibody-rich fluid. This has been a stan-
dard method for the production of the thousands of mon-
oclonal antibodies that are now available commercialy.
The antibodies may be required in variable quantities
from milligramsto kilograms. For laboratory reagentsthe
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FIGURE 14 Effect of dissolved oxygen on the glycoform profile
of IgG.
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typical minimum quantity for sale is 200 pg which may
cost around $300. This method of production is conve-
nient because variable quantities of different antibodies
can be produced from batteries of mice.

The production of monoclonal antibodies in vivo, us-
ing mice (or other laboratory animals) has come under
increasing criticism because of the ethical issues posed
by the use of laboratory animals. In Europe, regulatory
approva of this method has been withdrawn except for
cases were alternative methods are shown not to be avail-
able. Mice generating Mabs typically exhibit abdominal
distention, anorexia, anemia, decreased activity, and body
mass, dehydration, difficulty in walking, respiratory dis-
tress, shock, hunched posture, peritonitis, immunosup-
pression, and possibly death.

Additionally, the ascites method presents problems for
product purification. The overall protein content of ascites
fluid is high, posing considerable difficulty in obtaining a
pure monoclonal antibody. Furthermore, the ascites fluid
contains antibodies secreted by the host mouse and these
are virtually impossible to separate from the monoclonal
antibody. Thus the final “purified” product has residual
activity that may interferewith the application of the mon-
oclonal antibody.

B. In Vitro Production

The basis for commercial production of monoclonal anti-
bodies from hybridomasis cell culture technology which
involves the growth of isolated mammalian cells in lig-
uid culture in vitro. Cells are grown in bioreactors, and
can be produced in high densities if the appropriate phys-
ical conditions and nutrients are provided. Small vol-
ume cultures (<200 ml) are usually set up in T flasks
or spinner flasksin temperature-controlled incubators, of -
ten without controlling other culture parameters. How-
ever, in order to obtain high cell densities and maxi-
mize productivity of secreted products at a larger scale
(>1 liter) other culture parameters are controlled. These
include oxygen supply, temperature, pH, and culture mix-
ing. Three culture system bioreactor designs have been
used routinely for the production of monoclonal antibod-
ies. These include stirred-tank, air-lift, and hollow fiber
bioreactors.

C. Stirred-Tank Bioreactor

The stirred tank bioreactor is a simple and widely used
fermenter design that consists of acylindrical vessel with
astirrer. The design has been used extensively in al mi-
crobial fermentation and has been the main system usedin
yeast fermentation in the brewing industry for centuries.
However, animal cells are more fragile and grow more
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slowly than most bacteria or fungi. They require gentler
culture conditions and control systems that are optimized
for lower metabolic rates. Therefore, the design, mode of
operation, and control systems of a stirred tank reactor
used for animal cells are distinctly different from those
that would be applicable to bacterial or fungal cells.

The stirred tank reactor has been developed commer-
cialy in large-scale animal cell culture processes up to
a volume of at least 10,000 liters. For laboratory use
there are aso numerous bench-top stirred tank reactors
(1-5 liters) that are available commercialy and that have
been designed specifically for thegrowth of animal cellsin
suspension. Figure 15 shows atypical design. Bench-top
models are generally made of glass with a stainless-steel
head-plate, whereas the larger fermenters are made en-
tirely from stainless steel. The metal head plate of astirred
tank reactor consists of a range of ports and pipes. This
allows electrodes to be inserted and tubing to be attached
for mediainput or sampling.

Manufacturers of bench-top modelsinclude thefollow-
ing: Applikon, New Brunswick, LH Fermentation, Setric
SGl, Braun, Bio-engineering. Each of these companies
produces uniquely designed and controlled fermenters, all
of which have been shown to be suitable for animal cell
culture.

D. The Airlift Fermenter

This type of fermenter consists of atall column with an
inner draught tube (Fig. 16). Fluid circulation is provided
by a stream of air which passes through the inside of the
draught tube. Thisis asimple system without mechanical
components and therefore not susceptible to breakdown.
Bubble or foam damage is minimized by having a long
column, since it has been shown that maximum cell dam-
age occurs at the point of bubble bursting at the top of
the liquid column. Airlift fermenters (>1,000 liters) have
been used routinely for the production of bulk quantities
of monoclonal antibodies from hybridomas.
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E. The Hollow Fiber Bioreactor

This consists of bundles of synthetic, semipermeable hol-
low fibers which offer a matrix for cell growth similar
to the vascular system in vivo. Liquid can flow through
the fibers (the intracapillary space) or through the space
between the fibers (the extracapillary space). In the nor-
mal operation culture medium is pumped through the in-
tracapillary space and a hydrostatic pressure permits the
exchange of nutrients and waste products across the cap-
illary wall. The cellsand large molecular weight products
are held in the extracapillary space (Fig. 17).

A major limitation of this type of system is that the
pressure difference that may establish along the length of
fibers can cause nutrient gradientsand uneven cell growth.
Such pressure differences and gradients become an in-
creasing problem with scale-up. The design of some hol-
low fiber systemsisintended to correct thisproblem. Here
the pressure differential between the intra- and extracap-
illary space is continuously monitored by sensors which
serve to control the opening and closing of valves which
in turn affect the capillary pressure.

The exchange of molecules through the fiber wall oc-
curs in phases governed by a cyclic mode of pressure

serum or high
molecular weight
components
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FIGURE 17 Hollow fiber bioreactor.
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changes which prevent undue gradients devel oping along
the fibers. The hollow fiber system is suitable for both
anchorage-dependent and independent cells. Continuous
operation allows a high rate of product recovery from a
stationary high-density culture held in the extracapillary
space over along period of time.

XXI. THE CONTROL OF CULTURE
PARAMETERS

There are several culture parameters that are important
to control for maximum cell growth and antibody pro-
duction. These include agitation, temperature control, pH
control, and oxygen supply.

A. Agitation

Animal cellstend to be fragile compared to fungal or bac-
terial cells. Cells in suspension can be damaged by vari-
ous forces acting in a stirred culture, the major damaging
force is from bubble bursting on the culture surface re-
sulting from culture aeration. The hydrodynamic shear
force resulting from the motion of a tirrer is thought to
be of lesser importance; nevertheless the stirring speeds
commonly adopted for animal cell cultures are consider-
ably lower than those for bacterial cultures of equivalent
volume.

The simplest stirring operation involves the rotation of
a suspended bar by a magnetic stirrer. Thisis the system
used in glass spinner bottles and is suitable for stirring
cultures up to avolume of 1 liter. At larger volumes, such
magnetic stirrers are not suitable because of theincreased
energy required for rotation. Top-drive mechanical motors
arenormally used for stirred tank reactors from bench-top
models to the larger commercia fermenters. In the de-
sign shown in Fig. 15 the stirring shaft fits through the
stainless-steel head-plate and into the sterile culture. The
stirring motor and outer part of the drive shaft can nor-
mally be disconnected from the head-plate to allow the
fermenter to be autoclaved. In early fermenter models,
the stirring shaft was connected through the head-plate
by replaceable rubber/silicone seals, which were vulner-
able to damage and provided entry points of contamina-
tion. Later models have sealed units which are far more
reliable.

Typically, maximum stirring rates of 100-150 rpm are
used for cells in suspension. In order to ensure ade-
guate mixing at low stirring speeds, the culture vessels
are designed with a round bottom, which distinguishes
them fromtheflat-bottomed bacterial fermenters. Impeller
blades which are fitted at the end of mechanical drives
shafts are designed to allow vertical aswell as horizontal
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liquid flow. The pitched-blade or marine type impellers
are particularly suitable.

B. Culture pH

The optimal pH for hybridoma growth is around pH 7.0-
7.4 and maximum cell growth occursif thisis maintained.
A pH probe can be used to control the sparging of cul-
tures with CO, or by low volume additions of a concen-
trated sodium bicarbonate solution. Bicarbonateisusedin
preference to sodium hydroxide because of the danger of
over-shooting the set-point with the stronger alkali. These
additionsare normally governed by acomputer-controlled
pump or gas valve to a preset pH value. Acid (e.g., HCI)
may a so be added from an external source. However, this
isusualy not required aslactic acid is normally produced
by cell metabolism and causes the culture pH to decrease
during growth. The culture pH in a bioreactor is often
controlled by the rate of CO, gasflow into the culture. An
electronic pH controller regulates the on/off function of a
control valve.

C. Oxygen

The supply of oxygen to satisfy cell metabolism is one of
the major problems associated with fermenter scale-up.
The oxygen consumption rate of hybridoma cells varies
from 0.06 to 0.6 mmol/liter/hr for acultureat 10° cells/ml.
In small cultures (T-flasks, etc.), the oxygen demand can
be satisfied by gas diffusion from the head space through
the culture surface. However, with increasing culture vol-
ume, the surface to volume ratio decreases. At cultures
of 1 L and above, the surface/volume ratio is generally
too low to satisfy the overall oxygen demand at this cell
concentration.

Because the solubility of oxygen islow and a contin-
uous supply of oxygen is required to satisfy the cellu-
lar metabolism at higher culture volumes,. The maximum
concentration of oxygenin culture mediawhichisinequi-
libriumwithairis0.22 mM at 37°C—referredto as*“100%
air saturation.” Growth of many animal cell lines hasbeen
found to be optimal at dissolved oxygen levels (DO) be-
low the maximum oxygen solubility and corresponding to
20-50% of air saturation. This DO level may be main-
tained by a control system that incorporates an oxygen
probe and input of sparged air or oxygen.

An added problem is that excessive gas sparging may
cause cell damage particularly in cultures with a large
surfaceto volumeratio. This problem may be offset by the
use of chemical protectants such as the polymer, Pluronic
F-68, or by alternative methods of introducing oxygen
into the culture. The aternative methods may include gas
sparging in amediareservoir not in contact with the cells
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or via a the surface of silicone tubing introduced into the
culture vessel.

XXII. SERUM AND SERUM-FREE
MEDIUM FOR ANTIBODY
PRODUCTION FROM HYBRIDOMAS

The growth of mammalian cell lines requires a chemi-
cally defined liquid basal medium which is traditionally
supplemented with 10% (by volume) bovine serumto pro-
vide supplements of growth factors. Although bovine (or
other animal) serum provides excellent growth support for
cellsin culture, there are significant disadvantages in us-
ing serum as a an additive to hybridoma cultures. These
include:

» Batch-to-batch variation in composition. To generate a
supply of bovine serum for usein cell culture, the
serum is extracted from a herd of cows and pooled.
Each batch is then identified by the supplier and can be
sampled by the buyer for suitability in an industrial
process. However, the composition of each batch
varies in undefined ways depending upon the diet of
the cows. This variation can cause significant
differences in the growth-promoting characteristics of
the serum, and ultimately causes significant differences
in productivity of the cell culture process.

* A high protein content that hinders product purifica-
tion. The cells grown in a bioreactor secrete the
product of interest (normally a protein) into the culture
medium. If the culture medium contains serum, its
protein concentration is already high. Serum hasa
protein concentration of 60-80 mg/ml and so the basal
level of protein in a 10% serum-supplemented culture
medium is 6-8 mg/ml. In comparison, the
concentration of a protein secreted by the cells being
cultured typically reaches 100-150 pg/ml and
therefore a difficult purification processis required to
separate the product from the serum protein (called
downstream processing). The monoclonal antibody of
interest may well be mixed with any other antibodies
present in the serum and these are virtually impossible
to separate. The disadvantage of an impure or poorly
purified product such as a monoclona antibody is that
there may be unwanted side reactions connected with
its use as a diagnostic or therapeutic agent that reduces
its effectiveness.

e The potential for product contamination. The threat of

contamination arises from unwanted viruses and
mycoplasma that may be present in serum aswell as
the undefined and uncharacterized prion agents of
bovine spongiform encephal opathy (BSE, or “Mad
Cow Disease”). Because of the concern over the
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potential human conseguences of the presence of these
contaminants in therapeutic products, most regul atory
authorities have demanded the use of serum-free
processes for the production of therapeutic products
when available.

A. Serum-Free Media

Given the disadvantages described above, the growth of
cells in bioreactors using serum-free media offers an
aternative solution:

» Serum-free mediareduce the risk of exposure to agents
of zoonotic diseases, like BSE, by being devoid of
animal-derived components.

* Serum-free media can be formulated with alow
protein content to offer enhanced purity and higher
quality of the final cultured product.

Historically, serum-freemediahave exhibited poor growth
characteristics compared to serum-supplemented media,
and for thisreason have not been widely used asareplace-
ment to serum-supplemented media. However, serum-free
media technology is continuously improving and serum-
free media products have been shown to exhibit growth
and productivity characteristicsthat are comparable or su-
perior to serum-supplemented media.

XXII. CONCLUSIONS

The ability to produce monoclonal antibodies from hy-
bridomas emerged from a technology developed in the
early 1970s and reported in 1975. Since then monoclonal
antibodies have found wide application in research and in
diagnostic tests because of their high specificity in recog-
nizing antigens. However, the therapeutic application of
monoclonal antibodies has taken along time because of a
range of side-effects associated with undesirable immune
responses in humans of murine-derived antibodies. The
situation is now rapidly changing with the ability to pro-
duce humanized or fully human antibodies. This has en-
abled the approval of monoclonal antibodiesfor arange of
therapiesincluding transplantation, cancer, infectiousdis-
ease, cardiovascular disease, and inflammation. There are
presently eight antibodies approved by the FDA for thera-
peutic use (see Tablel 1) with several hundred awaitingthe
results of clinical trial. Because these approved antibodies
are human (or humanized) immunoglobulins they enable
effector functions to direct complement-dependent cyto-
toxicity to a target cell. Other biological effects are also
possible by conjugation of compounds to the antibody.
Therapeutic antibodies are required in much larger
quantities than those used in diagnosis or as laboratory
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reagents. Therefore, it is certain that the requirements for
large-scal e production of hybridomaswill increase. There
isaneed to ensure that the conditions of culture are com-
patiblewith full and appropriate human glycosylation pro-
filesof the synthesizedimmunoglobulins. Therefore, work
to understand fully those conditions that allow thisto take
place will continue.
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GLOSSARY

Cryosurgery Surgery that involves the application of
extremely low temperatures to destroy tissue.

Focused ultrasound surgery (FUS) Surgery that in-
volves the use of extremely high frequency sound tar-
geted to highly specific sites of a few millimeters or
less.

Image-guided therapy (IGT) A general term for thera-
pies based on some form of imaging data describing
conditions below the visible surface, as a complement
to or replacement for direct observation.

Interstitial laser therapy (ILT) A form of thermal abla-
tion using a laser as the heat source.

Intraoperative imaging Imaging done during the actual
course of an operation.

Magnetic resonance imaging (MRI) A contemporary
technique of medical imaging in which a rapid oscil-
lation of atomic nuclei occurs when certain elements
placed in a strong magnetic field are exposed to a radio
pulse of appropriate frequency; this produces a signal
that can be detected by external sensors and employed

to provide images of subsurface tissue.

Minimally invasive surgery Surgery that involves the
least possible intrusion into the body of instruments or
other foreign material and mechanisms.

Stereotactic surgery Surgery that involves the highly
specific location of a discrete site (e.g., in the brain)
and the precise direction of the surgical device to and
at that site.

Thermal ablation The removal or destruction of tissue
by means of heat.

CURRENT EXCITING progress in minimally invasive
surgery, the introduction of new imaging modalities, and
the availability of high-performance computing are the
setting for the development of novel image-guided ther-
apies. Image-guided therapy (IGT) is changing the fun-
damentals of traditional surgery by replacing and/or com-
plementing direct visualization with volumetric imaging
(Jolesz, 1997). This new approach not only represents
a technical challenge but also a transformation of pro-
cedures based on hand—eye coordination into interactive
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navigational operations. The presentation of multimoda-
lity-based images has to be merged into a single model
in which anatomy and pathology have to be distinguished
but integrated into the same intuitive framework. Therapy
systems have to be linked with imaging systemsto consti-
tute acomplete therapy delivery system. At the sametime
a multidisciplinary team has to be created which com-
bines surgeons, interventionalists, imaging experts, and
computer scientists.

Such anenvironment isradically different fromthecon-
ventional operating room. The surgeon’s view of the sur-
face of the operational field is coupled by images showing
what isbeyond the visible surface. Thisleadsto adefinite
change in surgical approaches and methods and results
in a close integration of image-based information with
surgical procedures. Thisnew integrated setting is not op-
timized yet and it has been the subject of intense research
(Jolesz and Shtern, 1992). The overall goal of IGT isto
integrate all the accessibleinformation (both preoperative
and intraoperative imaging data) into a single complete
operational therapy delivery system.

These therapy delivery systems can be suited to dif-
ferent applications. These call for interdisciplinary teams
from various clinical specidties to work together with
engineers and computer scientists using not only surgi-
cal and radiological methods, but biomedical engineering
principlesin the process of combining imaging and ther-
apy devices. It is anticipated that this emerging field will
embrace less-invasive therapy options and will result in
better clinical outcomes and reduced cost.

I. IMAGE-GUIDANCE METHODS
AND TECHNOLOGIES

IGT systems use preoperatively acquired images to cre-
ate models which can be used for localization, targeting,
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and visualization of the three-dimensional (3D) anatomy.
Thesevolumetric model ssupport surgical planning and/or
simulationsto define and optimize access strategiesand to
simulate planned trajectories (Kikiniset al., 1996). When
thesemodel sareregistered to the patient’sactual anatomy,
they relate image-based coordinate locations in the surgi-
cal field. The use of sensors or tracking devices enables
the surgeon to navigate and carry out procedures using all
the preoperative multimodality-based information, which
istied together in the model. Acquisition, display, and vi-
sualization of an image in surgery is different from that
in diagnosis. Preoperative images can be acquired with
optimal quality and without seriously limiting the imag-
ing time. Intraoperative guidance, however, limitsthetime
acceptable for imaging. To fully integrate acquisition and
display, intraoperative imaging hasto be dynamic and pri-
marily defined by the procedure (Fig. 1).

The navigational systems display images interactively
with orientation and location defined by the position of
sensors attached to surgical instruments or other tracked
devices. Interactiveimage guidance can direct the surgeon
to the target using on-line trajectory optimization. By dis-
playing alternative access routes, surgical planning can be
performed at the operating room table. Navigational sys-
tems (frameless stereotaxy) have arelatively good accu-
racy and they are feasible unlessthe surrounding anatomy
is changing significantly during the procedure.

In combination with navigational and interactive dis-
play tools preoperative models can aid a variety of di-
agnostic and therapy applications. For diagnosis, the pri-
mary objective is detection and description of a lesion.
For therapy, the purposeis localization and targeting. For
surgery and targeted therapy, it is essential to know the
exact position and 3D extent of the abnormality and its
relationship to the surrounding anatomy. The representa-
tion of anatomic structures and their functions along the

Focused Ultrasound

FIGURE 1 The concept of image-guided surgery.
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FIGURE 2 Image fusion. Two-dimensional MR images of the
brain are combined with three-dimensional information obtained
from functional MR and MR angiograms. The red represents in-
tracranial blood vessels. The green corresponds to a brain tumor.
The purple represents the pre-central gyrus (motor cortex) and
the yellow corresponds to the post-central gyrus (sensory cortex).
The arrow points to the area activated by finger tapping recorded
by functional MRI.

path or tragjectory of the surgical device is important for
targeting. Image-guidance tools should provide 3D rep-
resentations of both the target and the entire operational
volume (Fig. 2).

There are severa unresolved basic biomedical engi-
neering questions in IGT. Most of the efforts so far have
been concentrated onimage processing methodsincluding
various registration and segmentation approaches. Most
of the applications of IGT require robust algorithms and
automated methods that create patient-specific models of
relevant anatomy from multimodal imaging. The process
of selecting tissue components with anatomic or patho-
logicimportanceiscalled segmentation (Clineet al ., 1990;
Gibsonetal., 1998; Held et al., 1996; Wellset al., 1996a).
Theother important computerized method that alignsmul -
tiple datasets with each other and with the patient is called
registration (Pelizzari et al., 1989; Grimson et al., 1996;
Wells et al., 1996b). Both techniques may utilize shape
description methods for capturing morphology and its bi-
ological variation. The challengeisto integrate these tech-
nologiesinto complete and compatible IGT systems. The
ultimate goal isto create the computational infrastructure
and an associ ated suite of methodsto support abroad range
of procedures (Warfield et al., 1998).

II. INTRAOPERATIVE IMAGING

The main purpose of IGT is the integration of anatomic
and functional information with surgical and other ther-
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apy methods. The availability of patient registered, con-
tinuously updated “fused” multimodal information in an
intraoperative setting increases safety and may result in
better outcome by reducing the invasiveness of the proce-
dures, decreasing complications, and increasing the effec-
tiveness of surgery. Image-based information can be uti-
lized accurately to target and cut out diseased tissues and
at the same time avoid critical structures. During surgery
most of the structures and the related functions are unseen
by the surgeon but can be displayed interactively.

Intraoperative shifts and deformations are unavoidable
and mostly unpredictable. These displacements are the
results of mechanical factors, physiologic motions, and
pathophysiologic processes like edema or hemorrhage.
The unwanted movement of tissues and the reduction or
swelling of tissuevolumesby theadvancing surgery canbe
so substantial that the use of preoperatively acquired im-
agesfor guidance becomeimpossible. Theonly solutionto
this problem isintraoperative imaging, which updates the
original preoperative (baseline) 3D model. The potential
use of agorithmic tools which model rigid and nonrigid
deformationsislimited and only volumetricintraoperative
imaging can provide correct, updated information (Cotin
et al., 1999; Cover et al., 1993; Hata et al., 1998).

The application of intraoperative image guidance for
monitoring and controlling open surgeries, endoscopic
procedures, thermal ablations, brachytherapy, and targeted
drug delivery can consolidate minimally invasive ther-
apies. IGT methods have already had an impact on the
fields of interventional radiology, radiation oncology, and
surgery. In the future a strong coordinated multifocused,
multidisciplinary trang ational research effort isnecessary
to promotethedevel opment and implementation of image-
guidedinterventions. Thisrequiresinnovative approaches,
novel applications, and the more efficient use of computer
technologies. Thereisalso aneed for more advanced ther-
apy devices and for a more complex and diverse techno-
logical infrastructure. Examples of current integrated IGT
systemsand their clinical application are described bel ow.

[ll. INTRAOPERATIVE MAGNETIC
RESONANCE IMAGING

Interactive intraoperative MRI (IMRI) guidance allows
one accurately to localize and target in order to optimize
surgical approaches that avoid critical structures and de-
creasethe vulnerability of surrounding functionally active
normal tissues (Fig. 2). In addition, by measuring specific
functional (perfusion, flow) or physical (diffusion, temper-
ature) parameters MRI can monitor and/or control energy
delivery, targeted drug delivery, or other therapy methods.
Sincetheintroduction of interventional and intraoperative
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FIGURE 3 Open-configuration intraoperative MR imaging system (Signa SP, GE Medical Systems). Left: the surgeon
operates between the two components of the magnets. There is full access to the patient. The surgical instruments
are tracked using optical sensors to guide interactive imaging (display seen at top). Right: the patient is introduced

into the magnet.

magnetic resonanceimaging (Figs. 3 and 4), considerable
experience has been amassed (Jolesz, 1994; Schenk et al.,
1995; Jolesz, 1998) (Fig. 4). The IMRI integration has
been a good exercise in blending together various com-
ponents of IGT (Silverman et al., 1998). Several surgica
(brain, spine, breast) and interventional clinical applica-
tions, such as MRI-guided endoscopy (Fried et al., 1998;
Hsu et al., 1998), interstitial laser therapy (Kettenbach
et al., 1998; Vogl et al., 1997; Kahn et al., 1998), cryo-
ablation (Silverman et al., n.d.), MRI-guided focused
ultrasound treatment (Cline et al., 1994; Chung et al.,
1996; Hynynen et al., 1996, 1997, n.d.), and MRI-guided
brachytherapy (D’Amico et al., 1998) have been tested.
The integration of combining the operating room with
MRI and high-performance computing is necessary. The
intraoperative MRI environment and its clinica utiliza-
tion show the way that IGT can be applied to several
procedures. The combination of pre- and intraoperative
image acquisition, on-line image processing, and intra-
operative display utilizes all the available intraoperative
and preoperative information. The skillful integration of
the software and hardware components of intraopera-
tive MRI, navigational tools, and multimodality imaging

FIGURE 4 Localization of a liver tumor in the interventional MR
system, using virtual needle tip (marked by cross-hairs). Targeting
is accomplished by tracking the position of the needle holder and
displaying image planes defined by the position of the probe.
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FIGURE 5 Navigational guidance during brain surgery within the intraoperative MRI. Left: the appearance of the
brain (with large frontal tumor) immediately after craniotomy. Right: image of the brain after tumor resection. The
position of the tracked pointer is seen in the resection cavity. Note the significant deformation of the brain in the ad-

vanced stage of surgery.

and intraoperative display guarantees that intraoperative
trajectory optimization and navigation can be accom-
plished in a user-friendly environment (Fig. 5). The in-
tegration also includes the engineering setting of high-
performance computing and the use of the hospital
network.

The IMRI methods require high spatial and temporal
resolution, multiplanar imaging, interactive navigation,
and a 3D visualization (Figs. 6 and 7). MRI represents
excellent tissue characterization for both anatomy and

pathology. The multiplanar and volumetric imaging per-
mits the understanding of three-dimensional anatomic re-
|ationships. The spatial resolutionisappropriateto achieve
the accuracy accepted in stereotactic neurosurgery. The
temporal resolution of MRI is around the 1-sec range
using fast and ultrafast imaging sequences. These fast
imaging methods allow close to real-time imaging in the
presence of physiological motion, sufficient to track in-
struments and follow the changes induced by therapy in-
terventions. In addition, specific MRI pul se sequencescan

FIGURE 6 Planning and execution of MRI-guided prostate brachytherapy. Left: three-dimensional model of the
prostate, tumor, rectum, bladder, and seminal vesicles. The pelvic anatomy was segmented based on MR images.
Middle: the planning of the procedure. The peripheral zone and central zone of the prostate are depicted on a cross-
sectional MR slice acquired with an endorectal coil. The dashed lines represent individual needle trajectories. Right:
display of dose distribution on two-dimensional MRI of the prostate.
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be devel oped to utilize dynamic imaging methods, such as
MR fluoroscopy, keyhole imaging, and adaptive imaging.

Since itsinitial introduction IMRI has matured from a
research tool into a clinical approach that can transform
minimally invasive surgery and interventional radiology
into a more advanced stage. Currently several open-
configuration and short-bore MRI systems suitable for
some percutaneous procedures and/or open surgeries are
being marketed. In areas like neurosurgery and endo-
scopic surgery, MRI-based guidance systems may pro-
vide more effective treatment options than conventional
surgery or other image-guidance techniques such as ul-
trasound and X-ray computed tomography. Intraoperative
MRI may result in improved patient care, reduced inva-
siveness, and a safer surgical or interventional procedure.
MRI-based image guidance may induce the devel opment
and implementation of new surgical approaches. Thisis
a challenging new technology which can lead to signifi-
cant changes in surgical procedures and other treatment
methods.

The future of IMRI depends not only on the evolution
of MR imaging technologies, but also on the success-
ful integration of computers and therapy devices. Sur-
geons and radiologists using intraoperative MRI have
full access to all available preoperative image based in-
formation and on-line MRI can update this baseline in-
formation. Interfaces between the operators and imag-
ing and therapy systems are necessary to control the
flow of information. Anatomy-, function-, and therapy-
induced changes should be displayed in an integrated

way.

IV. IMAGE-GUIDED NEUROSURGERY

Over the past decade a distinct field of neurosurgery,
image-guided neurosurgery, has evolved through ad-
vances in neuroimaging, computer science, and frame-
less stereotactic techniques. Image-guided neurosurgery
introduces effective neuroimaging technologies into the
operating room by utilizing advanced computing and engi-
neering technology. Using various intraoperative display
tools and interfaces, navigational guidance is applied for
localization and targeting (Grimson et al., 1996; Maciunas
et al., 1992; Heilbrun et al., 1992; Laborde et al., 1992;
Galloway et al., 1992; Barnett et al., 1993; Zamorano et
al., 1993; Zinreich et al., 1993). Computerized image-
guidance methods and navigational tools have not been
tested or carefully evaluated and there has been lack of
appropriate methods to assess and validate the complex
machinery used; in particular, there has been no attempt
to relate this technology development to clinical outcome
measures.

Image-Guided Surgery

FIGURE 7 The position of the radioactive seeds implanted within
the prostate as is seen in coronal MR images.

A significant limitation of current image-guided neuro-
surgery isthat it is based on preoperative models, which
cannot be updated intraoperatively. As the neurosurgical
procedure advances, the brain can deform or shift sub-
stantially due to the surgical insult and operation. This
limits the usefulness of the baseline preoperative infor-
mation. I ntraoperativeimaging update can compensatefor
the changes. Navigational tools built into the intraopera-
tive imaging systems (ultrasound, CT, MRI) permit inter-
activeimaging guidancefor biopsiesor surgery (Nakajima
et al., 1997; Bucholz et al., 1993). Although the im-
age quality of ultrasound has been improving, it is still
of lesser value in comparison with MRI. Nevertheless
further advances in technology may change the current
situation (Koivukangas et al., 1993). The use of CT is
limited by ionizing radiation and tissue differentiation.
It isinferior to MRI because lacks multiplanar imaging
capabilities, high contrast, spatial resolution, and high
sensitivity.

With intraoperative MRI guidance one can identify sur-
gical margins even in the presence of ongoing deforma-
tions. Thisallowsimage-based control of tumor resections
and can result in the complete removal of lesionswith less
or no damage to adjacent normal tissues. Intraoperative
complications, such as hemorrhage or edema, can be im-
mediately identified and their resolution can be facilitated
(Black etal., 1997; Schwartz et al., 1999; Hall et al., 1998,
1999, 2000; Sutherland et al., 1999; Tronnier et al., 1999;
Wirtzetal., 1998; Rubinoetal., Martinetal., 1999). Cran-
iotomiesusing M RI guidanceare performed routinely, and
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lesionstreated includeintracranial hemorrhages, cysts, as
well as malignant and benign brain tumors, cavernous
hemangiomas, and arteriovenous malformations (Black
et al., 1997; Schwartz et al., 1999). During open surgery
the surgeon cannot see beyond the visible surface, soit is
very helpful to use intraoperative volumetric imaging to
depict theentireoperational volumeduringtheintracranial
surgery. Today the major benefit of intraoperative imag-
ing is to control tumor resections and to reduce the pos-
sibility of residual tumor. More precise definition of tar-
get tissue, as well as functional and structural areasto be
avoided, with functional MRI and diffusion-weighted im-
ages and diffusion tensor representation of the white mat-
ter tracts will continue to improve IMRI. Improvements
to MR imaging will include faster acquisition times and
refinement of imaging sequences for neurosurgical guid-
ance such as continuous imaging (Kacher et al., 2000).
Most importantly, in the future, intraoperative guidance
may result in mgjor changes in operative approaches and
in introducing novel surgical techniques.

In neurosurgery the introduction of real-time image
updates has improved localization and targeting and the
completeness of tumor resections. The same fundamen-
tal approach can also be used in other surgical fields.
MRI provides high-sengitivity identification of the mar-
gins of breast cancer. The approach that was refined for
brain tumor detection and removal can be directly applied
for lumpectomy. One of the major challengesin perform-
ing lumpectomiesis the intraoperative detection of tumor
boundaries. Because the breast islessrigid than the brain,
the use of preoperative image data is even more restric-
tive than in the case of brain. In lumpectomy it is highly
desirable to use intraoperative image updates to identify
margins and to recognize residual tumor.

V. THERMAL ABLATIONS

Originally, image guidance waslimited to the deployment
of various probes through which the biopsy and/or the
treatment was accomplished (targeting). Although cor-
rect targeting isvery important, imaging can continue dur-
ing the procedure (monitoring). The resurgence of local
tissue-killing techniques using various forms of energy
(chemical, thermal) is justified by increasing capabilities
of monitoring and control by advanced image-guidance
methods (US, CT, MRI).

The unique potential of MRI to detect temperature
changes initiated and inspired the evolution of interven-
tional MRI from simple MRI-guided biopsy method to a
sophisticated tool to monitor or potentially control thermal
ablations (Silverman et al., 1995; Morrison et al., 1998;
Matsumoto et al., 1994; Young et al., 1994; Dickinson
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etal., 1986; Patel etal., 1998; Ishiharaet al ., 1995; Kuroda
etal., 1997; Stollberger et al., 1998; Bertsch et al., 1998).
Thermal ablations are effective, minimally invasive meth-
ods for tumor treatment if appropriate guidance of the
thermal deposition is achieved. For a successful thermal
therapy the tumor should be localized and targeted and
heated or cooled. The treatment is unsuccessful unless
the right temperature range is achieved and maintained
for an appropriate time period. In addition, the damage
to the adjacent normal tissue must be minimized. These
goals cannot be accomplished without image guidance. If
the thermal treatment can be combined with temperature
monitoring, the full potential of thermal therapy can be
demonstrated. The development of temperature-sensitive
MRI techniques which improve the efficacy of various
thermal treatments can help in the resurgence of thermal
ablations. The field is now best characterized as being in
an early stage of development and mostly involves the
testing of feasibility.

MRI’s high sensitivity for localizing tumor margins
and the surrounding anatomic structures can be used for
targeting. The multiplanar capability helps in trajectory
optimization and in correct targeting by various probes.
Multiple temperature-sensitive MRI parameters (T1, dif-
fusion, and chemical shift) are relevant for thermal map-
ping and monitoring. MRI can demonstrate thermally in-
duced changesin diffusion and perfusion and characterize
tissue injury.

The biological mechanisms of heat-mediated tissue
damage arewell known, but the entire spatial extent of the
tissue damage can only be demonstrated using volumetric
imaging. Thisrequires not only accurate target definition,
but also sensitive monitoring. Temperature sensitive MRI
monitoring can be used to control the deposition of ther-
mal energy and can detect potential energy spread to the
surrounding normal tissue. This way a thermal ablative
treatment can be highly effective and safe.

Imaging is an important, but it is not the only factor
of image guidance. The integration of imaging and ther-
apy is requisite for the control of interventional manip-
ulations and for optimal energy delivery during thermal
ablations. This control can be accomplished only if the
characteristics of the imaging systems and the features
of the therapy devices are matched and their functional
properties are coordinated. Both the temporal and spatial
resolution of imaging have to satisfy the requirementsfor
the particular intervention. The time constants of thermal
diffusion or the identification of the tip of therma en-
ergy delivery probe (optical fiber, radiofrequency needle,
etc.) are equally important to perform a safe and efficient
image-guided therapy. These factors all should be seri-
oudly considered before an image-guided therapy proce-
dure has been conceived, developed, and implemented.
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A. Interstitial Laser Therapy

Interstitial laser therapy (ILT) isaminimally invasive ab-
lative procedure designed for tumor coagulation. ILT uses
alaser as aheating source and applies near-infrared emis-
sion (such asviaaneodymium-yttrium-al uminum garnet,
Nd:YAG) laser to deliver energy directly to tissue through
optical fibers. The distribution of energy depends on both
the optical and thermal properties of the tissue (scattering,
absorption, thermal conductivity, and perfusion). Primary
optical absorption and subsequent thermal conduction re-
sult in irreversible tissue coagulation. This coagulation
occurs at and above 60°C.

MRI is well suited for monitoring ILT (Jolesz et al.,
1988). The optical fibers generally have small diameters
and can pass through thin needles. Therefore, laser treat-
ment is convenient and adaptable for converting a biopsy
procedure into atreatment session. The optical fibers and
the light itself are fully compatible with MRI, which can
provide fast and relatively accurate temperature-sensitive
images with appropriate temporal resolution. Soon after
the original suggestion of MRI-guided ILT, clinical appli-
cations for brain tumor treatment were initiated (Kahn
et al., 1998; Bettag et al., 1991; Ascher et al., 1991,
Schwabe et al., 1997). The treatments were mostly for
malignant gliomas and brain metastases.

Preoperativelocalization can be complemented by elec-
trophysiological methods and by fast MRI. Monitoring
can be accomplished by T1-weighted, or phase-sensitive,
MRI. Control by on-line monitoring makes ILT particu-
larly suitable for brain tumors that are located in areas of
functional relevance. Soon after the introduction of MRI-
guided ILT in neurosurgery, other clinical applications
were tested. MRI-guided thermal therapy has become an
accepted, minimally invasive treatment option for liver
tumors, breast cancer, and head and neck malignancies
and more recently for the treatment of uterine fibroids. It
is arelatively simple and straightforward method which
can be well adapted to the MRI environment (Kettenbach
et al., 1998; Vogl et al., 1997; Kahn et al., 1998).

B. Focused Ultrasound Surgery

One of the most attractive approachesfor thermal ablation
is based on the use of focused ultrasound (FUS). Ultra-
sound penetrates through soft tissues and can be focused
to afew millimeters. The acoustic energy is absorbed and
causestemperatureelevation with arelatively narrow ther-
mal gradient. It is possible to achieve sharply demarcated
target volumes without damaging the adjacent normal tis-
sues. Similar well-controlled focusing of thermal energy
cannot be achieved by other heating methods especially
without an invasive probe.

Image-Guided Surgery

The feasibility of MRI-guided FUS to monitor the
therapy has been demonstrated (Cline et al., 1994; Chung
et al., 1996; Hynynen et al., 1996, 1997, n.d.). MRI rep-
resents major advantages over other imaging techniques
for targeting, monitoring, and controlling ultrasound
exposures. MRI’s excellent tissue characterization can be
exploited for localization and accurate targeting. Tempe-
rature-sensitive MRI sequences can be used to monitor
temperature changes and to detect irreversible tissue
damage (Young et al., 1994; Dickinson et al., 1986; Patel
et al., 1998; Ishihara et al., 1995; Kuroda et al., 1997,
Stollberger et al., 1998; Bertsch et al., 1998). Thelocation
of the focus can be depicted at low power levelsto verify
accurate targeting. The tissue changes induced by the
sonications can be detected using T1- and T2-weighted
MR images. The occlusion of the microvasculature can
be detected by the lack of MRI contrast agent uptake.
The temperature history of the treated tissue volumes can
be used to calculate the biological effect or thermal dose
induced by the exposure. In addition, the imaging an be
used to monitor normal tissue temperatures for safety.

The feasibility of using a single, focused ultrasound
transducer guided by MRI has been demonstrated in clin-
ical treatments of fibroadenomas of the breast (Fig. 8)
(Hynynen et al., n.d.). Phased array ultrasound transducer
systemscanincreasethefocal volumeand reducethetreat-
ment time. The utilization of the phased arrays allow one
to makethethermal exposure distribution uniform and use
the minimum amount of power to reduce the total treat-
ment time. The results so far indicate that one can am
the ultrasound beam into the tumor accurately through
the breast tissue and that the temperature can be elevated
enough to coagulate the tumor tissue. These treatments
have shown that MRI can detect temperature elevation
during the sonication, and thus the basic concept of MRI-
monitored ultrasound surgery isvalid (Fig. 8).

VI. CRYOABLATION

The MRI signal from frozen water is minimal or ab-
sent. This lack of signal has been exploited for control
of cryosurgery by monitoring the signal void of the evolv-
ing ice ball with standard fast MRI sequences (Silverman
et al., n.d.). Using specia an MRI-adapted cryosurgery
unit, percutaneous treatment of soft tissue tumors (liver,
breast, kidney, muscle, and bone) is possible (Fig. 9).
The MRI-guided percutaneous cryotherapy approach is
feasible because monitoring of the developing iceball in
multiple planes is possible. During the freezing process,
dynamic MRI demonstratesthe slow expansion of theice-
ball, while thawing images confirm the receding effect.
Permanent tissue changes have been clearly identified and
can be followed by serial MRI (Silverman et al., n.d.).
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FIGURE 8 Focused ultrasound treatment of breast fibroadenoma. Left: the breast is positioned on a water-filled
pillow which provides acoustic coupling between the breast tissue and the transducer. (The transducer is positioned
within the MR table.) The focal planes are positioned within the tumor. Right: the outline of the tumor target is defined
by the dashed line. The colored area represents temperature rise at the focal point measured by temperature-sensitive

MRI sequences.

VII. CONCLUSION

Images contain information which can be used for both
diagnosis and therapeutic interventions. These two ap-

FIGURE 9 Three-dimensional planning of cryoablation of
metastatic liver tumor. The yellow represents the tumor, the red
is the frozen ice ball at the tip of the needle. The green is the
gallbladder and the blue represents portal and hepatic veins.

plications of image-based information, however, cannot
be disconnected due to the close interplay between the
process of diagnosis and therapy. Nevertheless, there
are fundamental differences between the requirements
for a diagnostic work-up and an imaging study di-
rected toward a therapeutic procedure. For correct di-
agnosis specificity has greater significance than sensi-
tivity. For therapy, sensitivity should be a fundamental
feature.

Images are fundamental in finding optimal access to
the target of interventions and in using various target-
ing methods to define trgjectories for instruments. For
localization, targeting, and monitoring interventions, all
available imaging modalities, but primarily X-ray flu-
oroscopy, have been exploited. More recently CT, US,
and MRI were brought into the operating room environ-
ment for intraoperative image guidance. At the sametime,
with the advance of computerized image processing and
visualization tools, image-guidance systems have been
introduced for various surgical and radiation oncology
applications. These systems use preoperatively acquired
imagesto create anatomic model swhich providelocaliza-
tion, targeting, and visualization of the three-dimensional
anatomy.
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Preoperative models, however, should be modified as
the procedure progresses and the anatomy changes. The
only adequate solution to detect physiologic motion, dis-
placements, or deformations isintraoperative or intrapro-
cedural imaging. Monitoring of dynamic changes not re-
stricted to follow motions but avariety of other functional
or physical parameters may be atered or modified during
interventional or surgical procedures. Although the pri-
mary goal of monitoring isto follow and update anatomic
changes in position, other types of dynamic informa-
tion (flow, perfusion, cortical function, etc.) can aso be
extremely useful.

MRI’s high sensitivity and superb tissue characteriza-
tion explain its success in intraoperative monitoring for
brain tumor surgery or for breast cancer excision. During
these open surgeries the tissue planes significantly shift
and deform, therefore the origina template of the tumor
obtained by preoperative imaging or by images acquired
at the beginning of the surgery become usel ess as the pro-
cedure progresses. Real -time monitoring or frequent vol-
umetric update is necessary to redefine the location of the
tumor, its surrounding, the advance of surgery, and the
presence or absence of any local tissue response or threat-
ening complications. New intraoperative monitoring and
interactive imaging methods are intended to convert inter-
ventional radiology and minimally invasive surgical tech-
niques, including thermal ablations and brachytherapy, to
genuine image-guided therapy where the role of image-
based information is crucial and strategically important
during every phase of the entire procedure.
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GLOSSARY

Amplification The generation of multiple copies of one
or more genes in a cell or nucleus.

Anchorage-dependent cell (ADC) Cells that will grow,
or survive, only when attached to a surface (e.g., glass
or plastic).

Calcium-phosphate/DNA co-precipitation The most
popular method for the preparation of DNA that is to
be transfected into mammalian cells.

Cell hybridization The fusion of two or more dissimilar
cells leading to the formation of a synkaryon (hybrid
with fused nuclei from original cells).

Cell line A cell line arises from a primary culture at the
time of the first successful subculture and implies that
cultures consist of cell lineages originally present in
the primary culture.

Clone A population of cells derived from a single cell by
mitosis.

Continuous cell culture A culture apparantly capable of
an unlimited number of population doublings (often
referred to as immortal ).

Florian Wurm
Swiss Federal Institute of Technology Lausanne

Dihydrofolate reductase (DHFR) An enzyme that re-
duces dihydrofolate to tetrahydrofolate.

Immortalization The attainment by a finite cell culture
of the attributes of a continuous cell line.

Methotrexate A folic acid antagonist that binds to, and
inhibits, DHFR (see above).

Recombinant protein A protein produced in a cell
that has been genetically engineered (e.g., by trans-
fection).

Subculture (=passage) The transfer of cells, with or
without dilution, from one culture vessel to another.
Suspension cell Cells, that either singly or in aggregates

multiply while suspended in liquid medium.

Transfection The transfer of naked DNA into cells in
culture.

Transformation An inheritable change to cells in cul-
ture, either intrinsically or by treatment with carcino-
gens, oncogenic viruses, irradiation, or transfection
with oncogenes, leading to the acquisition of altered
properties (e.g., neoplatic, proliferative, antigenic).

Tissue plasminogen activator (tPA) Plasminogen acti-
vators catalyze the conversion of plasminogen to the

31



32

active fibrinolytic enzyme plasmin and are used for
dissolving blood clots.

Transgenic animals Animalsthat haveincorporated for-
eign DNA heritably.

CELL CULTURE refersto the ability to grow cells de-
rived from the whole organism as either discrete cells or
as small fragments of tissue in vitro. Cell culture has be-
come avery important technology in awide range of life
science applications. It allows the study of cell growth
and control, differentiation, genetics, and many diseases
including cancer. In addition, it is extensively used for the
manufacture of a large number of biological productsin-
cluding vaccines, hormones, immunologicals, and blood
factors and for tissue engineering and gene therapy.

I. INTRODUCTION

The initial aims of cell and tissue culture were to study
specialized cell behavior and function in vitro. However,
these aims could not be realized because only the ubiqui-
tous dedifferentiated cell, or cellstransformed by carcino-
gens, survivedin culture. Although mammalian cells have
been grown in vitro since before 1907, the factor that gave
impetusto their current widespread laboratory and indus-
trial use was the discovery by Endersin 1949 that human
pathogenic viruses could be grown in cell cultures. Prior
to this, viruses could only be grown in living tissue, thus
vaccine production used living organisms such as the em-
bryonic chicken. The use of cultured cellsto grow viruses
opened up the possihility of aless expensive, easier, bio-
logically safer, more controllable (and reproducible), and
larger scale method for vaccine manufacture. Following
this demonstration by Enders, it took only 5 years before
the first cell-based vaccine was licensed for clinical use
(the Salk polio vaccine in primary monkey kidney cells
in 1954). This opened up 20 years of continuous devel-
opment of human and veterinary viral vaccines and cre-
ated the need for industrial-scale cell-culture processes.
The most effective large-scale process devel oped during
this period was for foot and mouth disease virus (FMDV)
based on suspension culture of BHK cells. Devel opments
in processes for human vaccines were less dramatic due
to the need to use biologically safe cell lines. This meant
the use of human diploid cell lines, such as WI-38 and
MRC-5, which unfortunately, due to their normality (i.e.,
they behave as cells in vivo without tumorgenic trans-
formation), only grow attached to a substrate (anchorage
dependent) and only reach low cell densities. The wide
range of animal cell reactors available is partly due to
thedual development of systemsfor anchorage-dependent
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cells (ADC) and free-suspension cells. ADC were grown
in small culture vessels and a production batch consti-
tuted hundreds, even thousands, of replicate cultures (i.e.,
amultiple batch process). The need for a unit batch pro-
cess(onelarge culturevessdl), such asthefermenters used
for suspension cells, saw the development of awiderange
of novel culture reactors, but the significant breakthrough
came with the microcarrier system. This procedure devel-
oped in 1967 by van Wezel allowed cellsto grow attached
tosmall (200-micron) sphereswhichwerestirredinalarge
tank fermenter anal ogousto suspension cells. Thiswasthe
first successful large-scale unit process for ADC.

Vaccines were the dominant product until the 1970s,
but changes in regulatory and licensing procedures then
allowed cells from sources other than normal tissues to
be used for human medicinal products. This came about
during the development of a production process for hu-
man interferon proteins using acancer cell line, Namalva,
by the company Wellcome. Their pioneering work estab-
lished the safety criteria, and thus acceptance, for using
non-normal (heteroploid, transformed, or tumor-derived)
cell lines and the feasibility of scaling-up an industrial
cell culture process to 8000 L. Cell culture then entered
a new, or modern, phase where a wide variety of cell
products (Table 1) is produced from arange of cell types
(see Section I1). Two of these can be highlighted as be-
ing significant milestones. First, the production of mon-
oclonal antibodies from hybridoma cells (the fusion of a
normal antibody-producing cell and a hemopoitic cancer
cell) which has given rise to hundreds of new products.
Second, the development of recombinant tPA by Genen-
tech which gave rise to the first genetically engineered
clinical product from cell cultures. Currently, applications
are widening to include the cell itself as a product in
tissue engineering and organ replacement and for gene
therapy.

Technological advances have obviously driven the
development of animal cell biotechnology from 1954 to
the present day, but the main influencing factor has been
the saf ety of theend product. Regulatory bodiessuch asthe
World Health Organization (WHO), the U.S. Food and
Drug Administration (FDA), and others have set down at
all stagesof the process acceptabl e standardsfor cell prod-
ucts, and these have had to safeguard against both known
and perceived hazards such as transforming viruses, dis-
ease agents, carcinogenic and immunologically damaging
molecules, and, more recently, prions.

In this chapter, emphasis is placed on scale-up be-
cause of the relatively low biomass productivity of nat-
ural products from animal cells compared to bacteria and
the need to introduce more efficient and economical in-
dustrial processes to meet the production requirements
of recombinant proteins. However, of equal importance
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TABLE | Mammalian Cell Products
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Native products
Human vaccines
Veterinary vaccines

Interferon

Recombinant products
Monoclonal antibodies

tPA

EPO

hGH

HBsAg

Interferon

G-CSF

Blood factor V111
Dnasel
Glucocerebrosiduse
FSH

Product name (Year of license)
Polio (1954), measles (1963), rabies (1964), mumps (1969)
FMDV, rabies, Marek’s, pseudorabies, BVD, Loupingill,
bluetongue, avian influenza, canine distemper

OKT3/Orthoclone (1987), Centoxin (1990), Reopro (1994),
Myoscint (1989), Oncoscint (1990)

Activase/Actilyse (1987)

Epogen/Procrit/Eprex (1989), Epogin/Recormon (1990)
Saizen (1989)

GenHevac B Pasteur (1989), HBGamma (1990)
Roferon(1991)

Granocyte (1991), Neupogen (1991)

Recombinate (1992), Kogenate (1993)

Pulmozyme (1993)

Cerezyme (1994)

Gonal-F (1995)

rDNA productsin development/clinical trial

HIV vaccines (gp120, gpl60, CD4)

Herpes simplex vaccines (gB,gD)

Chimeric Mabs (her2, CD4, TNF«, CD20, Cd18, TAC,
leukaintegrin, CF54, RSV)

In vitro diagnostic Mabs (over 200)

Others (TSH, TNF, M-CSF, IL-6, IL-1)

Tissue engineering and replacement (e.g., skin, artificial
liver, kidneys)

has been the development of more efficient culture media
(particularly the identification of specific growth factors
that have allowed the introduction of serum-free and low-
protein media and thus the growth of specialized rather
than undifferentiated cells), followed by cell fusion tech-
niques (e.g., hybridomas) and recombinant DNA technol-
ogy to allow product expression from fast-growing undif-
ferentiated cells and to enhance productivity.

II. THE CELL

A. Cell Types

A cdll cultureisusually initiated by the explant technique
(allowing cellsto migrate out of atissue fragment to form
aculture of individua cells) or by mechanically and en-
zymically breaking down an organ/tissue into single cells
which are then plated out as aprimary culture. A complex
medium of amino acids, vitamins, salts, glucose, and fetal
calf serum (or arange of growth factors normally present
inserum), buffered at pH 7.0to 7.4, and incubated at 37°C
is necessary to isolate and cultivate cells.

Cells can be grown as:

1. Organ culture: Short-term culture of functional tissue
(e.g., tissue dices).

2. Primary cells: Short-term culture of single cellsiso-
lated directly from tissues, usually by an enzymic treat-
ment, and allowed to grow and divide until they are ready
for subculturing into daughter culturesasacell line. How-
ever, for many applications, cells are only used in the pri-
mary culture as they still retain some in vitro specialized
characteristics(e.g., chick embryo fibroblastsand monkey
kidney cells) for vaccine manufacture.

3. Finitecell lines: Cellsderived from normal tissuevia
a primary culture which can replicate and undergo lim-
ited subculture until they become senescent (e.g., WI-38,
MRC-5) orimmortalized (by chemical carcinogens, trans-
forming viruses, hybridization, or genetic engineering).

4. Continuous cell lines: Cells that have an indefinite
subculture potential derived from tumour tissue (e.g.,
HelLa) or that have undergone immortalization in vitro
(eg., L929 cells).

Finite cell lines have been extensively used in vaccine
production but they are limited in cell type (usualy
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TABLE Il Examples of Commonly Used Mammalian Cell Lines

Cell Source M or phology Application
Finite cell lines
MRC-5 Human lung Fibroblastic  Virus studies, vaccine production,
and aging studies
WI-38
Continuous cell lines
HelLa Human cervical carcinoma Epithelial Virology
L929 Mouse connective tissue Fibroblastic ~ Generd studies
Vero Monkey kidney Fibroblastic ~ Virology and vaccines
BHK21 Syrian hamster Fibroblastic =~ FMDV vaccine
CHO, CHO dhfr-  Chinese hamster ovary Epithelial Genetics, recombinant proteins
MDCK Dog kidney Epithelial Virology
3T3 Mouse embryo Fibroblastic ~ IGF-1 production
COs African green monkey kidney Fibroblastic ~ SV40 viruses
NSO, Sp2/0 Mouse myeloma Spherical Fusion partners to form hybridomas
for monoclonal antibodies
J558L Mouse BALB/C myeloma Spherical IgA secretion
Hybridoma Hybrid of myeloma and Spherical Mab production
plasmacell partner
Namalwa Human tumor Spherical Interferon production
C6 Rat brain glial tumor Epithelial Neurotoxicity studies
GH3 Rat pituitary tumor Epithelial Hormone studies
293 Adenovirus transformed HEK Epithelial Gene therapy
X CRE/Y, CRIP Mouse NIH3/Moloney leukemia
Spherical Retrovirus packaging

fibroblasts) and lifespan (typically 50 to 60 population
doublingsfor MRC-5 cells). Continuous cell lines are the
most widely used cell materials but the cell is usually
dedifferentiated.

A cell line is perpetuated by the subculture technique.
For anchorage-dependent cells attached to asubstrate, this
entails detachment from the substrate by an enzyme (usu-
ally 0.25% trypsin) followed by dilution in fresh medium
in a 1:2 to 1:20 ratio, depending upon cell type. Cells
growing in free suspension are concentrated (by gentle
centrifugation) and redistributed into fresh medium.

B. Cell Lines

A very wideselection of cell linesisavailablefrom culture
collections (e.g., ATCC, ECACC, Riken) and examples
are given in Table Il of the more widely used ones. For
more information, see culture collection catalogs.

C. Hybrid Cell Lines
1. Hybridomas

Hybridoma cell lines are biologically unique, since they
have their origin in an experimental setup that sets out
to unify two cellular characteristics into one. The first

one is the feature of the continual production of a spe-
cific antibody (monoclonal) by an individual B-cell de-
rived from an immunized animal (mouse, rat, or human).
The second is the feature of unlimited life span, a char-
acteristic of tumor cells. Hybridomas are created by the
fusion, through a number of techniques, of a tumor cell
line, usually of mouse origin with B-lymphocytes derived
from an immunized mouse. The original experiment by
Koehler and Milstein in 1975 demonstrated that differ-
entiated mouse B-cells producing a specific type of an-
tibody constitutively could be coerced to grow in vitro
and scaled-up when fused with cells from an immortal
tumor cell line (myeloma). Originaly, the fusion partner
for mouse B-lymphocyteswasamouse myelomacell line,
P3X63AG8, but today more popular asafusion partner is
the cell line SP2/0, which isarecloned product of afusion
experiment between P3X63AG8 and mouse spleen cell.
Thefusion of cells of the two popul ations can be induced
by thetreatment with ahigh concentration of polyethylene
glycol (PEG) solution (in medium). PEG causes aggrega-
tion of membrane-bound proteins, resulting in the outer
cell membranes being reduced in proteins—membrane-
bound proteins interfere with the fusion of lipid bilayers.
Two cell membranes that come into close contact with
each other will fuse into one, eventually creating asingle
cell containing the two individual genomes.
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Hybrid cell lines carry, due to their particular type of
creation, the chromosome sets of the two partner cellsthat
were at the origin of the fusion. One of the two partners
isacel of immortal character (usualy a tumor-derived
cell line), and these cells are generally known to exhibit
a high degree of cytogenetic instability, a feature that is
transferred into the fusion product. A disadvantage of hy-
bridomacell lines, in comparison with, for example, trans-
fected Chinese hamster ovary (CHO) cell linesexpressing
an antibody, is an inherent (productivity) instability. This
instability is due to the decline and eventual overall loss
of cellsin the cell population expressing the desired an-
tibody and an overgrowth of nonproducing clones in the
cell population. In order to compensate for this disad-
vantage, single-cell cloning and expansion from “young”
hybridomas are frequently necessary while limiting the
subcultivation of cell populationsto short time frames. To
obtain areasonable number of cell linesexpressing thede-
sired antibody, several cloning stepswith candidate fusion
product cells have to be executed.

Monoclonal antibodies derived from murine hybrido-
mas have been used in a variety of clinical applications,
but some of the early promise could not be realized dueto
human anti-mouse immune reactions induced in treated
patients. The concept of fusion of two biological systems
for the synthesis of a specific monoclona antibody has
also been used for the creation of murine-human het-
erohybridomas and for human-human hybridomas. In all
these cases, because of the use of cellsderived from blood
sources, a very important characteristic has been “inher-
ited” that significantly facilitates the scale-up of the cell
substrate to very large cell number—the growth of single
cellsin free suspension.

2. Heterokayons

Somatic cell fusion using Sendai virus or polyethylene
glycol, and asel ective medium to prevent the growth of the
parent (non-hybrid) cells, was avaluabletool for studying
somatic cell genetics in the 1960s and 1970s. The devel-
opment of hybridoma technology used these techniques,
but currently recombinant genetic techniques have largely
replaced the classical fusion techniques. However, cell fu-
sionisstill used to study fundamental genetics and physi-
ology, aswell asthemore publicized monoclonal antibody
technol ogy.

D. Recombinant Cell Lines

1. Nonviral DNA Transfer Vehicles
for Mammalian Cells

The transfer of genes of interest into mammalian cells
was greatly facilitated by the development of methods
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that complex DNA moleculesinto acompacted structure,
usually together with agents that compensate its negative
charge. The most popular of the complexing agentsiscal-
cium phosphate, which can be precipitated in the presence
of DNA and generates microscopic particles (up to 3 um
in size, but preferably smaller than 0.3 um at the time of
interaction with the cells). Small calcium phosphate DNA
co-precipitates(smallerindiameter than 0.3 xm) cancarry
as much as 40% of their entire mass as DNA and individ-
ua 0.5-um particlescan carry asmany as4500 copiesof a
standard-sized plasmid DNA. More recently, other lipid-
or polymer-based DNA delivery vehicleshave been devel -
oped, most of them provided now in the form of commer-
cial kits. Aswith calcium phosphate DNA co-precipitates,
the majority of these polymer- or lipid-based vehicles de-
liver DNA into endosome compartments of the cells. It
is assumed that the transfer across the cellular membrane
occurshby endocytosis. Thedifferent steps of transport and
processing of DNA to finally achieve expression from the
DNA sequencesintegrated into thegenome (seeFig. 1) are
poorly understood. They are a subject of intense research
due to increased interest in gene therapy, in which genes
need to be delivered to the nucleus of many individual
cells of the patient.

2. Transfer of Genes of Interest
into Mammalian Cells

The generation of recombinant cell lines (i.e., cell pop-
ulations that have incorporated into one or more of their
chromosomes segments of DNA provided experimentally
through viral or nonviral vectors) has been motivated by
the desire to understand phenomena of gene expression,
gene control, and gene regulation. During the early 1980s,
mammalian cells and, in particular, CHO cells with a
double mutation/deletion of the dihydrofolate reductase
(DHFR) gene locus became arather convenient substrate
for the introduction of genes. The availability of these
mutant CHO cells allowed identification, in selective me-
dialacking certain precursors for nucleotide synthesis, of
clones of cells that express the DHFR gene. The DHFR
gene can be provided by transfection with a plasmid vec-
tor into which another gene of interest has been cloned
or to which a second plasmid containing that gene of in-
terest was added for the preparation of the transfection
cocktail (Fig. 2). In both cases, emerging cells after se-
lection contain the DHFR gene and the gene of interest
in their chromosomes, usually genetically closely linked
to each other. The purpose of most of these experiments
has been and dtill is to obtain cell lines that produce the
product of the gene of interest at high levelsin a stable
manner. In general, CHO cells are considered cytogeneti-
cally stable, afeature that translates to recombinant CHO
cells.
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FIGURE 1 Transfection barriers: DNA for integration into chromosomes of mammalian cells has to overcome various
barriers. The steps involved are numbered: (1) Neutralization and compactation of DNA, (2) association with cellular
membrane and endocytotic entry of compacted DNA, (3) endosomal transfer towards nucleus and partial degradation
(not shown) of DNA, (4) entry of DNA into nuclear environment, and (5) integration of DNA into chromosomal DNA.

Besides DHFR, drugs such as neomycine, hygromy-
cine, and puromycine can be used in combination with
plasmids that confer resistance to these components for
the selection and identification of recombinant cells. A
positive selection mechanism is based on the use of the
glutamine synthetase (GS) gene in transfected plasmids
when growing CHO cells in medium lacking glutamine.
The GS system can be applied to other non-CHO cell
lines and also alows the amplification of the transferred
expression vectors in the genome of these cells.

Theintegration of exogenous DNA inthe chromosomes
of mammalian cellsis poorly understood and, when using
standard transfection and selection procedures, isalargely
uncontrolled process. A major reason for observed vari-
ability inexpression of clonesisolated upontransfectionis
the variation in copy number and in location of integrated
plasmid molecules. In spite of usually large excesses of
plasmid molecules entering the cells upon transfection
(10,000 to 100,000 copies), variable but small numbers
of plasmid copies (1 to 100) integrate into a single chro-

mosomal locusthat is different for each clone. These two
factors of variability in gene integration and probably a
number of other, so far unknown phenomena makeit nec-
essary to analyze many clonal cell linesto identify afew
that meet the expected expression levels. With moderate
screening and nonoptimized vectors, expression levels of
0.1 to 10 pg of recombinant protein/cell/24 h can be con-
sidered acceptable for secreted proteins. However, from
more stringently screened clones, including those that de-
rive from methods that increase the copy number of inte-
grated DNA molecules (see below), expression levels of
10 to 50 pg/cell/24 h can be obtained.

Another approach to possibly improve methods for
identification of high-level expression from transgenic
DNA in mammalian cells and to maintain better con-
trol over the outcome of the gene transfer experiments
istargeting into defined chromosomal sites. Here, prefer-
entially chromosomal areas of high transcription activity
are desired, as are compensating or preventing trends in
chromosomal silencing frequently observed when DNA
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FIGURE 2 DHFR-mediated transfection: One, two, or more plasmids containing a functional DHFR expression
cassette and other gene of interests can be (co-) transfected into Chinese hamster ovary cells that are DHFR negative.
It is preferable to linearize the DNA to be transfected. Individual cells that have taken up and express the DHFR gene
will survive and form colonies in a medium that lacks nucleotide precursor molecules [glycin, hypoxonthin, thymidin

(GHT)-minus medium].

israndomly integrated in mammalian chromosomes. The
targeted integration is mediated by homol ogous recombi-
nationwhereby thetargeting vector will contain sequences
similar or identical to the DNA at the target site. Since
targeted integration is dependent on the chance of close
physical proximity of plasmid DNA and the target site,
random integration will still occur at a higher frequency.
To increase the frequency of targeted over non-targeted
integration of foreign DNA in the mammalian genome,
selection strategies can be applied in culture that employ
two different selection markers—for example, aneomycin
resistance gene and a herpes smplex thymidine kinase
gene, both sequences adjacent to 10 to 15 kilobases of
homologous DNA.

An interesting and promising approach with respect to
targeting is the gene-activation method. Here, an endoge-
nous, normally inactive gene (for example, the human
erythropoeitin (EPO) gene in a human tumor cell line)
isactivated by the targeted integration of astrong (viral or
nonviral) promoter in front of the coding sequence of the
EPO gene.

3. Amplification of Transferred DNA
Through Methotrexate Selection

An advantage of the DHFR/CHO system for achieving
high productivity from chromosomally inserted DNA is
the possibility of exposing recombinant cellsto the DHFR
inhibitor methotrexate (M TX). Onecan elevatein stepsthe
concentration of MTX in the culture medium and isolate
and subsequently establish cells that have the capacity to

grow at elevated MTX concentrations. Over periods of
weeks and eventually months, subclones of cell lines can
be generated that are resistant to very high levels (up to
300 M) of MTX (see Fig. 3). Such cell lines are very
frequently found to have amplified segments of chromo-
somal regions containing the DHFR gene and the gene of
interest. The result of gene amplification is not only an
elevated expression of DHFR but also of the secondary
gene of interest. This increase in expression rarely cor-
relates linearly with the increase in copy number, yet 5-
to 20-fold improvements of the specific productivity of
stable cell lines have been found.

4. Transient DNA Transfer into Mammalian
Cells for Rapid Protein Synthesis

The expression of recombinant proteins in mammalian
cells from DNA sequences that have been inserted into a
chromosomal siteistermed stable expression. The gener-
ation of stable cell lines that produce at a satisfying level
isusually avery time-consuming and labor-intensive pro-
cess; however, it has the advantage of providing an un-
limited basis—in time and scale—for product synthesis.
An alternative, more rapid, and less labor-consuming ap-
proach for protein synthesisis based on transient gene ex-
pression. The concept of transient gene expression from
mammalian cells has its molecular foundation in an effi-
cient DNA transfer to the majority of cellsin a culture,
usually maintained and expanded as an adherent format
in standard tissue culture flasks. All cells that have re-
ceived a sufficient quantity of DNA will then begin to
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FIGURE 3 DHFR-mediated gene amplification: Cell populations containing a functional DHFR gene are exposed to
stepwise elevated concentrations of methotrexate (MTX) in the culture medium for 2 to 4 weeks at each concentration.
The majority of cells will die, but a number of clonal cells will multiply and form a monolayer that can then be exposed
to a higher level of MTX. The majority of clones subsequently analyzed will have amplified the chromosomal DNA
segments containing the DHFR gene and associated gene of interest sequences.

produce the desired protein of interest. One method for
DNA transfer that hasbeen used for thispurposefor almost
30 years is the calcium phosphate DNA co-precipitation
technique. Several improvements of the technique have
made it very reliable and easy to use. A number of com-
mercial transfection kits are now available, most of them
based on synthetic or semisynthetic polymers, that work
very well. Usualy, within a few days upon transfection,
the mgjority of cells have degraded or otherwise lost the
transfected DNA. However, during thisperiod, someDNA
seguences provided by thetransfection, will have been uti-
lized by nuclear polymerases for transcription, producing
mMRNA andthusinitiating protein synthesis. Thisapproach
iswidely used in the setting of a standard research labo-
ratory, usually with the goa to study the function of the
transfected DNA within the cell. It has become a standard
approach for the rapid synthesis and subsequent analysis
upon purification of adesired protein. With adherent cul-
tures, microgram quantities of recombinant protein can be
produced quite easily. Efforts have been initiated more re-
cently to perform transient gene expression at the bioreac-
tor scale, since many studies, especially when the product
is eventually intended for a pharmaceutical application,

require purified protein quantities in the milligram to the
hundreds of milligram range, even before clinical studies
areinitiated. Oneof thelimitationsin large-scaletransient
expression when considering a scale beyond 20 L is the
quantity of DNA. With an optimized calcium phosphate
method, about 1 mg of plasmid DNA isrequired to trans-
fect cells in suspension cultivated at the 1-L scale. With
this technique, expression levels of up to 20 mg/L of a
recombinant antibody have been observed. One can ex-
pect that improvementsin understanding of gene transfer
and technological breakthroughswill alow production of
recombinant proteins at the 100-L scale or larger in the
near future.

Ill. THE CULTURE SYSTEM

A. Reactors for Anchorage-Dependent Cells
1. Basic Culture Units

Tissue culture flasks and tubes (glass or polystyrene plas-
tic with special surface treatments) with surface areas
of 5 to 200 cm? are familiar stock items of any culture
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laboratory. The largest stationary flask routinely used is
the Roux bottle (or disposable plastic T-flask), which has
asurface area of 175 to 200 cm? (depending upon make
and type), requires 100 to 150 mL medium, and utilizes
750 to 1000 cm? of storage space. Such avessel will yield
2 x 107 diploid, or 102 heteroploid cells; thus, to producea
modest 10 cells, over 100 replicate cultures are needed
(i.e., manipulations have to be repeated 100 times) and
100 L of culture space are required. Although afew pro-
cesses (mainly for classical viral vaccines) still use this
methodology, the need to move to larger units is obvi-
ous and is approached by increasing the ratio of surface
areato volume. Thefirst step in scale-up usually involves
a change from stationary flasks to roller bottles (i.e., a
dynamic system) and is currently in widespread use for
many products. Roller bottles can be up to 1750 cm?, use
350 mL medium, and have avolume of 25L (i.e., anine-
fold increase in surface area, but only athreefold increase
in medium and total volume). This is possible because
the cells use the total internal surface areafor growth. In
addition, more efficient aeration occurs because the cells
movein and out of the culture fluid. This method has been
usedindustrially to produceviral vaccines, veterinary vac-
cines in multiples of 28,000, interferon, and EPO. It has
a place in modern processes largely because it has been
automated using robotic systems such as Cellmate (The
Automation Partnership; Royston, Herts, U.K.). All the
routine manipulations of cell seeding, media changing,
bottle gassing, cell sheet rinsing, trypsinization, and cell
collection by scraping can be carried out automatically,
and reproducibly, with very precise volumes. Examples
of products produced by this method are Varivax® (Merck
varicellavaccine) and Saizen (Serono recombinant human
growth hormone).

Modifications to increase the ratio of surface area to
volume for the roller bottle culture include the Spira
Cell Multi-Surface Roller Bottle (Bibby Sterlin, Ltd.), ex-
tended surface arearoller bottles (ESRB) (Bibby Sterlin,
Ltd.), and TexturSil, a silicone rubber matrix that coats
roller bottles to increase the surface area (Ashby Scien-
tific, Ltd.; Coalville, Leics., U.K.)

Theroller bottle is awell-established technique and is
till widely used, in both the research laboratory and the
industrial plant. Some cell lines (particularly epithelial)
may not be as successfully grown in roller bottles due to
streaking, clumping, or inadequate spreading over thetotal
surface (i.e., nonlocomotory cell lines) as in stationary
bottles. An aternative scale-up routeisto use multisurface
plate stationary systems.

2. Multisurface Plate Units

Two commercially availableexamplesof multiple-layered
polystyrene plates stacked within a polystyrene box are
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1. Cell Factory (A/SNUNC; Roskilde, Denmark): The
trays are 335 x 205 mm (600 cm?) and can be obtained
in multiples of 1, 2, 10, and 40. The largest has a surface
area of 24,000 cm? and requires 8 L medium (equivalent
to 14 large roller bottles but requiring half the incubation
space and no ancillary roller equipment).

2. CellCube (Costar; Cambridge, MA, U.S.): Although
this system also has parallel polystyrenetrays, itisamod-
ular closed-looped perfusion system that includes an oxy-
genator, pumps, and system controller (pH, O,, level con-
trol). The unit is very compact, with the trays being only
1 mm apart, thus the smallest unit of 21,250 cm? is un-
der 5L total volume (1.25 L medium). Additional units of
42,500 cm? (2.5 L medium) and 85,000 cm? (5 L medium)
are available, and four units can be run in parallel in the
system, giving 340,000 cm? growth area.

3. High-Volume Units

These are true unit process systems, analogousin volume
and performance to suspension cell fermenter vessel pro-
CEsSes:

1. Glassbead culture: Packed beds of 3- to 5-mm glass
spheres through which medium is continuously perfused
have a demonstrated scale-up to 100 L. Spheres of 3-mm
diameter pack sufficiently tightly to prevent the bed from
shifting but allow sufficient medium flow up the column
so that fast flow rates, which would cause shear damage,
arenot required. Medium can be circulated by pump or by
airlift (for better oxygenation). Glass-sphere packed beds
congtitute a simple system that minimizes moving parts
and the risk of mechanical failure and has an inexpensive
and reusable substrate capable of considerable radial and
reasonable vertical scale-up to operate beds of over 200-L
volume using 5-mm spheres. The disadvantages are that,
assphereshavethe minimum surface areaper unit volume,
the culture will always be bulky, with most of the volume
being dead space. Also, the system offers limited secreted
products, as it is difficult to harvest cells from the bed,
soitisideal for long-term continuous cultures rather than
batch cultures.

2. Microcarrier culture: Microcarriers are small parti-
cles, usually spheres 100 to 300 m in diameter that are
suspended in stirred culture medium. The technique was
initiated in 1967 but required considerable developmental
work to produce a range of suitable microcarriers (e.g.,
the Cytodex seriesby Pharmacia). Thefirst industrial pro-
cessbased on microcarrierswasfor FMDV. Subsequently,
awide range of microcarriers based on gelatin, collagen,
polystyrene, glass, cellulose, polyacrylamide, and silica
have been manufactured to meet all situations. The key
criteria in the design of effective microcarriers were to
make the surface chemically and electrostatically correct
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for cell attachment, spreading, and growth. The power of
the method is exemplified by the following data:

a 1 g Cytodex =6000 cm? which at 2 g/L = 12,000
cm?/L (equivalent to eight large roller bottles)

b. Scale-up to 4000 L has been achieved (=3200roller
bottles) in an environmentally controlled and optimized
process.

This method opened up both industrial production op-
portunities and alowed research laboratories to easily
produce substantial quantities of developmental prod-
ucts. Microcarrier culture is the most versatile, reliable,
and characterized procedure for unit volume scale-up of
anchorage-dependent cells. It has had widespread use for
industrial processes[vaccines, interferon, tPA, and human
growth hormone (hGH)] as well as many developmental
uses, has been scaled-up to 4000 L, and has the potential
for processintensification by perfusion with spin filtersor
by the use of microporous microcarriers.

B. Bioreactors for Suspension Cells
1. Laboratory Scale

The basic culture unit for suspension cells is the spinner
flask, so called because it has a magnetic bar operated
by standing the unit on a magnetic stirrer. Side arms are
usually fitted to allow gassing with CO,/O, through afil-
ter and for sampling. The spinner flask is usually glass
with a silicone- or Teflon-coated magnet and is available
in sizes from 50 mL to 20 L, athough 10 L should be
considered the maximum practical size. It is advisable to
siliconizethe culturevessel and add medium supplements,
such as Pluronic F-68 (polyglycol) (BASF, Wyandot) at
0.1% to protect against mechanical damage, especially if
low serum concentrationsare used. Stirring speedsfor sus-
pension cellsareusually within therange of 75to 250 rpm
(depending upon cell typeand vessel geometry), and acul-
ture will expand from 1-2 x 10°/mL to 1-3 x 108/mL in
4to 5 daysbeforerequiring either harvesting or amedium
change. Conventional spinner flasks are available from
a wide range of laboratory suppliers. Modified spinner
cultures include aradia stirring action (Techne), a float-
ing impeller (Techne BR-06 Bioreactor), the Superspin-
ner (Braun Melsungen AG), CellSpin (Tecnomara AG,
Switzerland) and a dual overhead drive system to allow
perfusion (Bellco). For small-scale culture (5 to 10 mL)
polypropylene tubes (50 mL) placed on a horizontal cir-
cular motion shaker at 100 to 200 rpm are a useful means
of carrying out process optimization studies.

2. Scale-Up

Suspension cultureisthe preferred method for scaling-up
cell cultures as it is easier to volumetrically increase the
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size of asingle fermenter vessel than the specialized units
used for ADC. Although some cell lineswill not grow in
suspension [e.g., human diploid cells (HDC) lines WI-38
and MRC-5], many lines can be adapted to grow in free
suspension by recognized procedures.

Several physical factors must be satisfied for successful
scale-up. Good mixing is essential for homogeneity and
efficient mass transfer, but during scale-up the power re-
quired to produce these conditions can cause problems.
Edy effects such as the energy generated at the tip of the
gtirrer blade, and particularly gas bubble rupture at the
media surface, are limiting factors giving rise to damag-
ing shear forces (created by fluctuating liquid velocitiesin
turbulent areas). As mixing efficiency increases with tur-
bulence, acompromise hasto be reached to minimize cell
damage. Thus, cell cultures use large impellersrunning at
relatively low speeds. Magnetic barsused in spinner flasks
give only radical mixing, with no lift or turbulence, and
scale-up means a move to marine (not turbine) impellers.
Alternative systemsto avoid stirring have been devel oped:

1. Air-lift fermenter: This fermenter uses the bubble
column principle to both agitate and aerate a culture. Air
bubbles are introduced into the bottom of a culture ves-
sel (aspect ratio 8-12 : 1) and rise up an inner draft tube.
Aerated medium has alower density than nonaerated so
the medium rises through the draft tube and circulates
down the outside of the vessel (upflow and downflow
of approximately equal volumes). The amount of energy
required is very low and shear forces are absent; thus,
it is an ideal method for fragile cells. Air-flow rates of
about 300 mL/min are used. Vessels are available from
2 L upwards, with 2000-L reactors being used in indus-
trial manufacturing processes. However, scale-up is more
or less linear; a 90-L vessd requires 4 m headroom, so
special manufacturing suites are needed for large-scale
operations.

2. Celligen fermenter: Thisfermenter isavailable from
New Brunswick Scientific and is designed so that the im-
peller acts as a fluid pump and aerator. Macrocirculation
mixing is generated by the hollow central shaft filled with
threerotating horizontal jet tubesinalow shear bulk move-
ment of cells and medium (cell-lift effect).

The other principal physical factor to be accommodated
is aeration. Sparging can cause cellular damage unless
carried out at very low rates. General guidelines are to
use large bubbles (1 to 3 mm in diameter) and low flow
rates (5-10 cm3/min) which means relatively inefficient
mass transfer, especially at the low stirring rates used.
Even though cell bioreactors have an aspect ratio of less
than 2:1 in order to maximize surface diffusion, supply-
ing sufficient oxygen during scale-up is alimiting factor.
Strategies to address this have included a surface agerator,
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multiple nozzle injection on the medium surface, caged
aerator, spin exchange aerator, external and internal loop
oxygenator, and membrane tubing arranged in the ves-
sel or stirring system. The use of closed perfusion loops
through external reservoirs is also an efficient means of
oxygenation as long as the perfusion rate is fast enough,
which requires avery efficient spin filter or other cell sep-
aration device in the culture.

3. Large-Scale Bioreactors

Large-scale bioreactors are based on either the fermenter
tank or the airlift principle. Stirred tanks have been oper-
ated at 8t0 10,000 L for the production of interferon, tPA,
recombinant antibodies, and DNase, and airlift at 2000 L
principally for monoclonal antibodies. The preferenceis
for tank fermenters, as they are a well-tried and familiar
production method using conventional production plant
facilitiesand have beenrefined over the past 30 years; how-
ever, most processes run at scales between 50 and 500 L.

Containment of the process to prevent ingress of con-
taminating factors and the release of materials that may
affect the process worker and environment is a key factor
in these processes. Microbiological containment of small-
scale systems (below 20 L) in class |1l microbiological
cabinetsis possible, and alarger scale fermentation plant
can be contained to P3 standards at least up to the 150-L
scale.

The engineering complexity and considerable resource
investment in money and time to get a large-scale pro-
duction process built and operating mean that many new
products are still brought to market using replicate small-
scale systems. This allows a quicker market entry, but it
does involve a complete re-registration of the product if,
at alater stage, the product is moved to alarge-scale pro-
duction process.

C. High-Cell-Density Bioreactors

In this section, the processes that support cells at signif-
icantly greater densities than the classical 2-3 x 105/mL
level are described. Inthe human body, cellsin tissuesare
found in the order of 2-3 x 10° cells/cm?®, and this propor-
tion hasalwaysbeen atarget for invitro systems. However,
2 x 108 cells/mL have so far been the practical limit of
density scale-up, but even so thisisa100-fold increase. To
achieve higher unit cell density requires (1) perfusion to
supply nutrients and remove waste products, and (2) cell
immobilization in order to perfuse media at afast enough
rate without damaging or washing the cells out of the
culture. A huge range of devices have been developed to
meet these requirements, of which hollow-fiber bioreac-
tors, spin-filter perfusion, and microporous microcarriers
are the most successful in terms of acceptance and use.
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1. Hollow-Fiber Bioreactors

This method was pioneered by Knazek in 1972 using ul-
trafiltration capillary fibers. They can be considered anal-
ogous to a blood vascular system as the fibers selectively
(by molecular weight cut-off) allow passage of macro-
molecules through the spongy fiber wall (60 um) as the
medium flows continuously through the lumen (200-m
diameter). Cédlls are kept in the extra capillary space. A
unit consists of thousands of fibers “potted” at either end
in a cylindrical housing and capable of supporting both
ADC and suspension cells at 1-2 x 108/mL. This con-
cept has been widely developed with many commercial
units available and has been used particularly for produc-
ing monoclonal antibodies. The principal limiting factor
in their exploitation is the difficulty in scaling-up beyond
very small volumes (25 mL). Thus, this method gives a
very large surface-to-volume ratio, allows continuous re-
moval of waste products and supply of nutrients, supports
high cell densities with a tissue-like architecture, and al-
lows a concentrated product to be harvested. The disad-
vantages are diffusional limitations causing culture inho-
mogeneity and cell necrosis, process control complexity,
and difficulty in sterilization.

2. Spin Filters

Asall static filterswithin aculture becomeblocked, sooner
rather than later, the development of arotating filter that
creates a boundary effect, thus delaying cell attachment
and filter clogging, has been an important step forward.
Thesefiltersprovideasimpletechnical solutionto scaling-
up process intensity within well-established stirred fer-
menters. They arelimited in that clogging does eventually
occur and in the perfusion rate that can be maintained.
However they are particularly useful for microcarriers, as
afar larger mesh can be used, thus reducing the onset of
filter clogging and permitting cell densitiesof 2 x 107/mL
to be attained.

3. Microporous Microcarriers

Microcarrier culture has proven to be the most effective
scale-up method for ADC, despite its limitations (critical
procedures, low surface area-to-volumeratio of asphere).
To increase the surface area porous particles were devel-
oped. Theinitial particlewasthe Verax microspherewhich
was 500 um in diameter and manufactured from bovine
collagen. The interconnecting channels of 20- to 40-um
diameter provided an internal open volume of 80% of the
sphere. The spheres were fluidized at 75 cm/min upward
flow, and cell densities in excess of 108/mL intrasphere
volume were achieved (equivalent to 4 x 10’/mL in the
bioreactor). The sphere matrix provided a huge surface



42

areafor attachment of ADC, but was equally suitable for
suspension cells entrapped in the pores. The system was
scaled up to 24 L routinely and to 200 L in the company’s
production unit. It was used for over 85 different cell lines
producing many cell products (including tPA, proUK,
EPO, IFN, IL, factor VII1, various immunoglobulins).

Many microporous beads are available, as are systems
such as the Pharmacia Cytopilot using Cytoline porous
microcarriers. There is a preference for microporous mi-
crocarriers that could be used in stirred, rather than flu-
idized, bioreactors, and these are now available (Cellsnow
and ImmobaSil). ImmobaSil is of particular value asit is
extremely permeable to oxygen, is a non-animal product
safe from bovine contaminants, isrobust, and can be used
inal culture modes.

An dternative to using stirred/fluidized microporous
carriersisto use a fixed bed of porous glass spheres (e.g.,
Siran). Fixed bed reactorsof solid glass sphereshave many
advantages, and the disadvantage of low cell density can
be overcome by using 5-mm Siran spheres. These have
asurface area of 75 m?/L with interconnecting pores and
channelsof 60to 300 wm. They can bestackedin 5-L beds
and perfused at 5 linear cm/min to provide ahigh feed rate
without washing out or damaging the cells (protected from
shear within the particles). The versatility and usefulness
of this technique have been demonstrated for a range of
suspension and anchorage-dependent cells, resulting in a
tenfold higher productivity over equivalent systems.

A characteristic of al microporous carrier systems is
that cell-specific productivity is always higher, presum-
ably due to the favorable environment of cells packed to-
gether in amost tissue-like density. Commercia fixed-
bed reactors are available (Meredos GmbH, D-37120
Bovenden).

The advantages of porous carrier culture are summa-
rized in Table I11. This technology is truly universal asit
isequally suitable for suspension and ADC, isflexible in
the range of bioreactor systems it can be used in, is the

TABLE Il Advantage of Microporous Microcarriers

1. Unit cell density 50- to 100-fold higher than free suspension

2. Suitable for both attached and suspension cells

3. Can be used in fluidized and fixed-bed reactors and in stirred
suspension

4. Elimination of seed chain steps by in situ 100- to 250- fold seed
expansion

5. Efficient diffusion into a sphere (30% diameter penetration = 70%
of volume)

6. Protection of cells from shear

7. Three-to fivefold increase in specific cell productivity

8. Easily derivitized three-dimensional structure for specialized cells

9. Capable of long term (>100 d) culture with continuous harvesting

10. Scale-up potential as compared with analogous systems
(microcarrier to 4000 L)
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only truly scalable high-cell-density system available, and
provides amicro-environment that stimulates cell product
expression.

IV. THE CULTURE PRODUCTION
PROCESS

The basic principles common to most processes are sum-
marized in Fig. 4. The components are

1. Seed banks: Both the cell line and virusfor vaccines
have to be laid down in a fully tested and characterized
bank. Thus, each production batch will be initiated from
identical cells(and virus) known to be viable and contam-
ination free.

2. Cell seed expansion: A series of culture steps is
needed to expand the cell seed ampoule (e.g., 5 million
cells) to production size (range 10° to 10* cells). For
HDC, thisis accomplished in steps of a split level of 1:2
or more usually 1:4 through a series of flasks, roller bot-
tles, and possibly cell factories (A/S Nunc). Other cell
types are split at a 1:5 to 1:20 ratio. A similar build-up is
needed for the virus seed.

3. Production: The production culture may be a batch
of several hundred roller bottles, 30 to 50 cell factories, or
a single bioreactor for suspension (100 to 10,000 L) or
microcarrier (50 to 500 L) cells. Although batch-type
production is still the most common process, continuous
processes where the product is harvested daily over along
period (20 to 100 d) are being increasingly used. Cul-
ture systems based on hollow fibers, porous microcarriers,
or other immobilization techniques are used for contin-
uous perfusion processes. During the production phase,
the virus seed or a promoter (e.g., for interferon) may be
added.

4. Harvesting: If the product is intracellular, then the
cellshaveto be harvested (trypsin and/or EDTA), washed,
and concentrated by centrifugation. Extracellular (se-
creted) products just require the collection of the culture
supernatant.

5. Downstream processing: Intracellular products have
to be extracted from the cells (by sonication, freeze
thawing, and/or homogenization), and separated from
the cells (centrifugation or filtration). Extracellular prod-
ucts require concentration and separation from the bulk
supernatant.

6. Formulation: The product is added to a medium
with protective and stabilizing agents and then usually
freeze-dried.

7. Quality control: Throughout the process, prescribed
samples are taken for a range of quality control tests to
show safety, efficacy, and consistency in the process and
product.
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FIGURE 4 Production process schematic for mammalian cells (vaccines, antibodies and recombinant products, etc.).
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The use of mammalian host systemsfor the production of
pharmaceutically relevant products has been discussed, at
timesquitecontroversially, by regul atory control agencies,
academic institutions, and private companies. In all these
discussions, the transfer to patients of agents (globally re-
ferred to as “adventitious” agents) has been the reason for
concern. Thethree maintypesof agentsareviruses, DNA-
containing oncogenes, and any other pathogenic activity
and contaminating proteins that may give rise to immune
reactionsor any other adversereaction. Infact, someof the
early experiences, especially with primary cells, resulted
in the transfer of viruses of known or unknown origin to
human patients (e.g., SV40 virus in polio vaccines). The
sophistication of modern purification techniques and the
accuracy of assay measurements at the picogram level al-
low substates to be used that were considered a hazard 15
yearsago, asquality control emphasisisnow on the purity
of the final product.

V. CELL PRODUCTS

A. Viral Vaccines

The first cell-based vaccine was for polio and was pro-
duced in monkey kidney cells. A series of HDC vac-
cines were licenced during the 1960s. The first recom-
binant vaccine was against hepatitis B and currently the
primary target is human immunodeficiency virus (HIV).
Other viral diseases with trial vaccines are hetres simplex
virus (HSV), rous sorcomavirus (RSV), cytomegal ovirus
(CMV), influenza, and rotavirus. Thevaccine field has ex-
panded from the area of infectious diseasesto include can-
cer (particularly melanoma, also breast, colorectal, ovar-
ian, and B-cell cancers), rheumatoid arthritis, multiple
sclerosis, and contraception. Thevaccineitself isshowing
a dynamic evolution from the original whole virus (dead
or attenuated), through subunits (native and recombinant),
genetically deleted viruses, to the future aim of DNA vac-
cines and mucosal immunity.

B. Antibodies

The production of monoclonal antibodies, first at the re-
search level and then for diagnostics (including in vivo
imaging) from the mid-1980s gave a huge impetus to in-
dustrial animal cell biotechnology. The use of monoclonal
antibodies expanded from small-reguirement (dose) diag-
nosticsto large-dose therapeuticsfor HIV, cancer, alergic
diseases, arthritis, renal prophylaxis, septic shock, trans-
plantation, asthma, CMV, and anti-idiotype vaccines. The
development of recombinant monoclonal antibodies was
largely driven by the need to “humanize” the product
to prevent immunological incompatibilities that lead to
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very short half-lives and make only single-dose treatment
possible. The field has moved on to the use of adoptive
immunotherapy, where the patient’s cells are altered and
grown in vitro and perfused back into the patient. Many
novel products have been developed—for example, the
CD-4 receptor, which is a combination of the genes cod-
ing for the solubleform of the CD-4 receptor with thegene
sequence for 1gG moleculeswhich resultsin asoluble re-
ceptor for HIV.

C. Immunoregulators

The production of apha-interferon in Namalwa cells by
Wellcome was the first licenced use of a cancer cell sub-
strate for a human biological. The unrestricted growth
in suspension culture of these cells alowed the first
multithousand-Liter (8000 L) unit processto be developed
for human products. The knowledge gained from produc-
ing FMDV vaccinein suspension BHK cells was of great
benefit in developing this process. A wide range of both
interferons and interleukins occurs naturally, and to date
both apha- and gamma-interferons and interleukins 2, 3,
4, 6, 11, and 12 have been manufactured in culture.

D. Recombinant Products

Thefact that cellswith specialized in vivo functions, such
asendocrine cells secreting hormones, could not be grown
and replicated in culture with retention of their special-
ized properties has always been a great disappointment,
not only for advancing medical studies but also for using
cellsto manufacturenaturally occurring biologicals. Thus,
genetic engineering techniques that alow the gene(s) re-
sponsiblefor production of required biologicalsinahighly
differentiated (nonculturable) cell to be inserted into a
fast-growing robust cell line have opened up numerous
possibilities for exploitation by animal cell technology
(Tablel).

Theemerging pharmaceutical biotech-industry realized
inthe mid-1980sthat the expression capacity of microbial
systems, and in particular of Escherichia coli, was limited
when the protein of interest required a complex folding
with multiple disulfide bridges and secondary modifica-
tions such as glycosilation, fucosilation, or other post-
translational processing. Simply, the majority of some-
what larger proteins could not be expressedin afunctional
and structurally correct formin microbial systems. Human
tPA, a protein with 528 amino acids, 15 disulfide bridges,
and three glycosilation sitesisin this category. Initial at-
temptsto expressfunctional tPA in E. coli failed, while ef-
fortsto produce moderate quantitiesof thisproteinin CHO
cells were successful. The naturally adherent CHO cells
were scaled up for an industrial robot-driven production
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processin roller bottles, an approach that is useful dueto
its simplicity and reliability. Such an approach is still be-
ing used today for a number of processes, including one
that was developed later for another highly glycosilated
protein, the red blood cell growth factor erythropoeitin
(EPO). EPO is a hormone produced by the kidney that
controls the maturation of red blood (erythroid) cells and
has clinical applications in anemia due to chronic renal
failure. The product was licenced in 1989 (by Amgen) as
Epogen and in 1990 as Epogin.

The productivity of roller bottle processes is usualy
limited, since the only controlled environmental factor
is the temperature. For human recombinant tPA made in
CHO cellsthrough aroller bottle process, expression lev-
els could not be elevated beyond 5 to 10 mg/L of cell cul-
ture supernatant, revealing a major supply restriction for
the anticipated global markets for the novel thrombolytic
agent. Thisresulted in the successful effortsto adapt CHO
cellsto growth in suspension as single cells, thusallowing
the use of well-established bioreactor stirred-tank tech-
nology, overcoming both avolumetric limitation and titer
limitation.

The first process to be developed for a recombinant
pharmaceutical from a mammalian host was finally pro-
duced at the 10,000-L scale with a product titer in the
medium of about 50 mg/L and was licenced as Acti-
vase/Actilyse in 1987. To put this in perspective, nonre-
combinant endothelial cellsand other in vivo rich sources
(e.g., human uterus) contain only 1 mg tPA per 5 kg
uterus (0.01 mg purified tPA per uterus). Some tumor
cell lines such as Bowes melanoma secrete tPA at a
higher rate (0.1 mg/L), but this amount still was not
economical for a production process and (at that time)
was considered unsafe coming from a human melanoma.
tPA is a product necessary for dissolving blood clots
and is much needed for the treatment of myocardial in-
farcation and thrombolytic occlusions. Alternative prod-
ucts, urokinase and streptokinase, were less specific and
could cause genera internal bleeding and other side
effects. tPA was therefore an ideal model product for
cell technology and an example of a high-activity/low-
concentration product that was clinically in demand.
Genetic engineering not only allowed the product to be
produced in a relatively safe cell line but was used to
amplify cell production (50 mg/10° CHO cells/day) from
the low native secretion rates. By the year 2000, more
than 20 large-scale production processes had been de-
veloped, based on the model of the rtPA process, utiliz-
ing the DHFR/gene-amplification/suspension/stirred-tank
bioreactor technology. Recently, reports have revealed ex-
pression levels of 2 g/L and higher for recombinant hu-
man antibodiesproduced by suspension-adapted CHO cell
lines.
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E. Cell and Tissue Therapy
1. Cell Therapy

Cell therapy isthe replacement, repair, or enhancement of
biological function of damaged tissue or organs achieved
by transplantation of cells to a target organ by injection
(e.g., fetal cellsinto the brain of patients with Parkinson’s
or Alzheimer’s disease), or by implantation of cells se-
lected or engineered to secrete missing gene products. The
first recorded application was growing keratinocytesfrom
asmall skin biopsy into large cell sheets, which were then
grafted onto burn patients. This application has now ad-
vanced to commercial production of dermal replacement
products such as Dermagraft. To avoid destruction of im-
plants by the host’s immune system, encapsulation of the
transplant cells in semipermeable devicesis widely used.
Examplesinclude pancreatic islet cellsfor diabetes, chro-
maffin cells for chronic pain, and genetically engineered
BHK cells secreting neurotrophic factors for neurodegen-
erative diseases. It has not yet been possibleto replace the
liver or kidney, but artificial organs situated outside the
patient containing primary or recombinant cells through
which the patient’s blood is perfused have been devel-
oped. Dialysis techniques only remove the toxic prod-
ucts, whereas the cells in the artificial organs perform
biotransformations—as well as degrading toxic products,
they additionally regenerate many essential metabolites
which are returned to the body.

The future of cell therapy is expected to be based on
stem cells (self-renewing cells that give rise to phenotyp-
ically and genotypicaly identical daughter cells). Stem
cells develop via a“committed progenitor stage” to ater-
minally differentiated cell. They are multipotent—that is,
they are ableto developinto awiderange of tissuesand or-
gans, but only fertilized germ cells are totipotent—able to
giverisetoall cell tissuesin thebody. Control of the devel -
opment of stem cellsinto therequiredtissueor to stimulate
quiescent “committed progenitor cells” of therequiredtis-
sue with the relevant growth factors and hormones would
alow the most effective cell therapy possible. This ap-
proach is causing some ethical controversy, as the most
suitable source of stem cellsis cloning them from human
embryos. The technique is to extract the genetic material
from an adult patient needing transplantation, introduce
it into a human egg with its nucleus removed, and grow
the embryo in vitro for eight divisions until stem cells
can be treated with growth factors to form the required
tissue (e.g., pancreas, nerve, etc.). Interest in replacing
organs or damaged tissue with the help of cells that have
been cultivated isexpanding rapidly dueto the finding that
the nucleus of adult, fully differentiated mammalian cells
can, under conditions, be reprogrammed to allow even the
cloning of an animal.
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2. Gene Therapy

Gene therapy has the potential for treating a very wide
range of human diseases but since the first somatic gene
therapy product [T-lymphocyte-directed gene therapy of
adenosine deaminase deficiency (ADA-SCID)] went into
trial in 1990 progress has been disappointingly slow, al-
though there are over 300 clinical products at some stage
of clinical trial. One problem is the development of safe
and efficient gene-delivery systems, which require careful
regulation for safety. This effort has largely concentrated
on engineering viruses as vectors of therapeutic genes
Three modes of gene delivery are possible:

1. Ex vivo: Removal of the cells from the body, incu-
bation with a vector, and return of the engineered cellsto
the body (mainly applicable to blood cells),

2. In situ: Vector is placed directly into the affected
tissues (e.g., infusion of adenoviral vectors into trachea
and bronchi for cystic fibrosis patients).

3. In vivo: Vector is injected directly into the blood
stream (this method is a goal but has not yet been used
clinicaly).

The target diseases currently undergoing clinica trial
are

1. Cancer (melanoma, colon, renal cell, neuroblastoma,
ovarian, breast, lung)

2. Genetic diseases (cystic fibrosis, Gaucher’s disease,
SCID)

3. Viral (acquired immune deficiency syndrome, AIDS)

F. Other Products

A product area of increasing interest and potential is the
cell-adhesion molecules (CAMs). These are molecules
that mediate cell-cell and cell-matrix interactions and
are being developed as drugs against inflammatory dis-
eases. They also have the potential to treat metatas-
tic diseases, atherosclerosis, and microbia infection.
Chemokines present at sites of inflammation and dis-
ease bind leukocyte receptors and activate a family of
CAMsknown asintegrins. Sequential activation andinter-
action of multiple CAMsintheinflammatory processoffer
many targetsfor drugintercession. Target productsinclude
antisense and antagonists. Examples of such drugs un-
dergoing tria are Cylexin (reperfusion injury), Integretin
(arteria thrombosis, angina), and Celadin (inflammatory
diseases). Thereare over 30 companiesdeveloping CAMs
which arein various stages of preclinical and clinical trial.

An important and topical new application is gene tar-
geting into primary mammalian cells for the generation
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of transgenic animals. Mouse embryos have been found
to provide atype of cell known as embryonic stem cells.
These cells can be cultivated, genetically modified in cul-
ture, and subsequently inserted into adevel oping embryo.
These modified cells can contribute to al of the cells of
the mouse embryo, including germ cells, providing the
opportunity to transfer a genetic character into a strain of
laboratory mice. Recently, based on the breakthrough dis-
covery of Wilmut and Campbell when cloning the sheep
“Dolly” from an adult mammary tissue cell, gene con-
structs of interest have been inserted into cultured fetal
fibroblasts of sheep that were subsequently inserted into
enucleated eggs. Using a targeting vector and selection
with a neomycin selection marker, the gene of interest
for human apha-1-antitrypsin (AAT) has been inserted
into the chromosomal locus of a pro-collagen gene. Of
16 transgenic fetuses and lambs analyzed, 15 were con-
firmed to contain the transgene. One individual produced
650 mg/L of AAT inthe milk from a single inserted copy
of the AAT gene. It isto be expected that these techniques
for gene transfer into mammalian cells will be expanded
for the commercial use of transgenic animals for the pro-
duction of desirable proteins, aswell asfor the generation
of more useful human disease modelsin mammals larger
than mice.

VI. APPLICATIONS OF CELL CULTURE

In addition to being used as a substrate for the manufac-
ture of pharmaceutical products, cells are used in awide
range of other applicationsincluding diagnostic virology,
aging, cell physiology and metabolism, immunology, cell
genetics, and cancer. Testing inthefieldsof toxicology and
pharmacology isaso important to lead to more controlled
experiments and reduce significantly the need for using
animals. Cell cytotoxicity assays are used to (1) identify
potentialy active therapeutic compounds, (2) to identify
the mechanism by which the compound exerts its toxic
effect, (3) to predict anticancer activity, (4) to identify
possible target cell populations, (5) to identify the toxic
concentration range, and (6) toinvestigatetherelationship
of concentration to exposure time.

VII. CONCLUSION

Mammalian cell culture is used widely, from small-scale
applicationsinthelaboratory that enableresearchinto can-
cer and many other medical conditions, through screening
and assay proceduresfor identifying new drugsand testing
the safety of existing products, asabasisfor tissuereplace-
ment and gene deficiency correction, to aproduction of up
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t010,000-L batches of pharmaceuticals. The devel opment
of media containing specific growth factors, together with
the sophistication of genetic techniques and implantable
materials, has alowed cell culture to evolve to the use
of the cell itself as a product (or means of producing a
substrate) for use in biological processes.

SEE ALSO THE FOLLOWING ARTICLES

BIOMATERIALS, SYNTHESIS, FABRICATION, AND APPLI-
CATIONS e BIOREACTORS o CELL DEATH (APOPTOSIS) o
DNA TESTING IN FORENSIC SCIENCE @ GENE EXPRESSION,
REGULATION OF e HYBRIDOMAS, GENETIC ENGINEER-
ING OF @ IMMUNOLOGY—AUTOIMMUNITY e METABOLIC
ENGINEERING e TISSUE ENGINEERING
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GLOSSARY

Bioinformatics The use of informatics to upgrade bio-
logical information, e.g., to identify genes in sequenced
genomes, to predict protein structures, and to construct
whole cell models.

DNA arrays Glass slides or other surfaces where
oligonucleotides or cDNA are fixed in very small spots.
The surface is organized in an array where each ele-
ment in the array represents a specific oligonucleotide
sequence. DNA arrays (or DNA chips) can be used to
quantify gene expression of many genes in parallel—
in some cases the expression of all genes within a
genome.

Functional genomics The science that aims at identify-
ing the function of genes with unknown function, often
referred to as orphan genes.

Heterologous gene A gene that is not naturally present
in the host, e.g., a human gene inserted in a bacteria is
a heterologous gene.

Metabolic flux analysis Analysis technique that en-

ables quantification of the fluxes through the different
branches of the metabolic network within a given cell.

Metabolic network The network of biochemical reac-
tions functioning within a given cell.

Proteome The total pool of different proteins present
within a given cell.

Transformation vector A circular orlinear piece of DNA
that can be used to insert a gene within a chromosome
or as a self-replicating piece of DNA within a given
cell.

METABOLIC ENGINEERING is the introduction of di-
rected genetic changes with the aim of improving micro-
bial, plant, or animal cells for the production of various
products. Besides genetic engineering, it involves detailed
physiological characterization of the cells, and many new
experimental techniques have been developed in connec-
tion with metabolic engineering. These techniques aim at
obtaining a sufficiently detailed characterization of the cel-
lular function to identify targets for genetic improvements.
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Among thetechniquesapplied aremetabolic flux analysis,
metabolic control analysis, DNA arrays, proteome analy-
sis, and metabolite profiling.

. BACKGROUND

Fermentation based on microorganisms, plant cells, ani-
mal cells, and mammalian cellsis currently used to pro-
duce awidevariety of products, ranging from bulk chem-
icals and materials to highly valuable pharmaceuticals.
Traditionally, optimization of fermentation processes in-
volved improved design of the bioreactor and introduction
of advanced schemes for controlling the process. Parallel
to thiswork, the properties of the organism applied in the
process was improved through random mutagenesis fol-
lowed by screening for better strains. This is especially
demonstrated with the domestication of the baking and
brewing strains of Saccharomyces cerevisiae. Here novel
strains have been obtained through classical methods of
mutagenesis, sexual hybridization, and genetic recombi-
nation. Also, in the development of the penicillin produc-
tion several rounds of mutagenesis and screening have
resulted in strains with improved yield of the secondary
metabolite, and Fig. 1 illustrates atypical development in
the performance of an industrial strain lineage of Penicil-
lium chrysogenum applied for penicillin production.

II. INTRODUCTION

The first successful genetic engineering of Escherichia
coli by Cohen, Boyer, and coworkers in 1973 paved
the way for a completely new approach to optimization
of existing biotech processes and development of com-
pletely new ones. Shortly after were implemented several
industrial processes for production of recombinant pro-

Productivity (arbitrary units)
N
(=]

1960 1970 1980 1990
Year
FIGURE 1 Increase in productivity (output rate/unit volume, arbi-
trary units) of penicillin G production by Gist-brocades, Delft (now

DSM), in the period between 1962 and 1987. The introduction of
new strains is marked with arrows.

Metabolic Engineering

teins, e.g., the production of human insulin by a recom-
binant E. coli. With the further development in genetic
engineering techniques, the possibility to apply this for
optimization of classical fermentation processes soon be-
came obvious, and through introduction of directed ge-
netic modifications by rDNA technology this has enabled
afar more rationa approach to strain improvement than
the classical approach of mutagenesis and screening. In
1991 this led Bailey to discuss the emerging of a new
science called metabolic engineering, which he defined
as “the improvement of cellular activities by manipula-
tions of enzymatic, transport, and regulatory functions of
the cell with the use of recombinant DNA technology.”
Initially metabolic engineering was simply the technolog-
ical manifestation of applied molecular biology, but with
the rapid development in new analytical techniques and
in cloning techniques, it has become possible to rapidly
introduce directed genetic changes and subsequently an-
alyze the consequences of the introduced changes at the
cellular level. Often the analysis will point toward an ad-
ditional genetic changethat may berequired to further im-
provethecellular performance, and metabolic engineering
therefore involves a close integration between analysis of
the cellular function and genetic engineering asillustrated
inFig. 2.

According to the cycle of metabolic engineering, there
is a continuous improvement of the cellular properties
through several rounds of genetic engineering. Depending
on the process and aim, one may start at different loca
tionsin thiscycle. Thus, for production of a heterologous
protein, for production of a hew metabolite by pathway
extension, or for extension of the substrate range for the
applied microorganism, it isalwaysnecessary to start with
the synthesis step. However, if the aim is to improve the
yield or productivity in an existing process, it is neces-
sary first to analyze the pathway involved in forming the
product, and how this pathway interacts with the overall
cell function, i.e., one should start with the analysis step.
It is always desirable to optimize the yield or productiv-
ity inindustrial processes, and the analysis step therefore
always plays a very prominent role—also in those cases
where the first step is to construct a recombinant strain
that produces the product of interest. It is clear that by
passing through the cycle of metabolic engineering one
gains a significant insight into cellular function, and this
is one of the reasons that metabolic engineering today in-
teract closely with the discipline of functional genomics,
where the aim is to assign function to orphan genes in
completely sequenced genomes (seeal so discussion | ater).
However, since metabolic engineering requires availabil-
ity of the proper tools for genetic modifications and for
analysis of cellular function, developments in genomics
and analytics have been one of the main reasons for the
rapid expansion of the field of metabolic engineering in
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FIGURE 2 The cycle of metabolic engineering.

recent years. Thus, genetic engineering techniques have
been facilitated and the sequencing of several complete
genomes and devel opmentsin bioinformatics has speeded
up the process of gene cloning and transformation. To-
day many different microorganisms have been completely
sequenced—including several industrially important mi-
croorganisms like Bacillus subtilis, E. coli, and S. cere-
visiae, and the list is rapidly growing (for a up to date
list, see www.genome.ad.jp). Table | compiles some of
thetoolsthat are often recruited in metabolic engineering,
and in the following some of these tools are discussed in
further details.

[ll. MOLECULAR BIOLOGY TOOLS

For introduction of genetic modifications it is pivotal to
have suitable strains and vectors that enable rapid trans-

TABLE | Tools of Metabolic Engineering

Molecular biological tools Analytical tools

Methods for rapid genecloning  Gene expression analysis (DNA
arrays, Northern’s)
Stable plasmids Protein level analysis (2D gels,

Western’s)
Different promoters (inducible, ~ Metabolite profiling
strong, etc.)
Site-directed chromosomal
integration of genes
Error prone PCR
Gene shuffling

Metabolic network analysis

Metabolic control analysis

formation with ahigh transformation efficiency. For afew
microorganisms, e.g., S. cerevisiae and E. cali, there are
efficient transformation vectors available that enable -
ther rapid chromosal integration of DNA or expression of
genesthrough the use of high copy number plasmids. Fur-
thermore, for these organismsthere are many auxotrophic
strains available, which facilitates the genetic engineering
significantly. For S cerevisiae there is a very high de-
gree of homologous recombination, and this enables high
frequency of directed DNA integration into the chromo-
some. For E. coli many special tools have also been de-
veloped, e.g., segregationally stable plasmids present in
low copy numbers that enables rapid cloning of different
genes and methods for stabilization of MRNA of heterol-
ogous genes through introduction of specific hairpins. For
other microorganisms the necessary tools may be avail-
able, but the transformation efficiency is often low, and
the genetic engineering is much more cumbersome. For
many industrially important organisms, e.g., P. chryso-
genum, Aspergillus species, and Corynebacterium glu-
tamicum, there are also suitable transformation vectors,
and even though there are less auxotrophic strains avail-
able (at least in industrial strain backgrounds) there are
typically several dominant markers available.

Another important tool required for metabolic engineer-
ing is access to promoters with varying strength. Often
it is of interest to increase expression of a certain gene,
and availability of strong promoters is therefore desir-
able. Glycolytic promoters are generally a good choice
for strong, constitutive promoters, e.g., the promoter of
thegeneencoding glycera dehyde-3-P dehydrogenasethat
has been cloned in many different microorganisms. For
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many organismsthere are also strong regulated promoters
available, e.g., the GAL7 promoter of S. cerevisiaeand the
TAKA-amylase promoter of Aspergillus oryzae, but the
application of these promoters generally requires more
advanced fermentation strategies. For the production of
heterologous proteinsin E. coli thelac promoter has often
been used, sincewith thispromoter it ispossibleto induce
the expression by addition of isopropyl-S-D-thiogal actose
(IPTG).

Very often metabolic engineering is carried out with
laboratory strains since they are much easier to work
with, especially when it comes to genetic engineering.
Here it is possible to introduce specific genetic changes,
and this enable comparison of strains that are otherwise
isogenic. For this purpose very specific disruption cas-
settes have been developed in certain organisms, e.g., the
loxP-kanMX-1oxP disruption cassette for gene disruption
in S cerevisiae (see Fig. 3A). The advantage of this cas-
sette is that the dominant marker can be looped out, and
thereby the cassette can be used for sequential disrup-
tion of several genes. In S cerevisiae thereisavery high
frequency of homologous recombination, and only short
fragments (down to 50 base pairs) of the genes are re-
quired for flanking the resistance marker. For many other
microorganisms the frequency of homologous recombi-
nation is much lower, and larger fragments are required
[for filamentousfungi fragmentsup to 5 kilobase (kb) may
be needed]. Some industrial strains are polyploid, and it
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is therefore laborious to disrupt genes on all the chromo-
some pairs. In principle the loxP-kanMX-loxP disruption
cassette can be used to disrupt the same gene on several
chromosomes by repetitive use. Alternatively, disruption
of the same gene present on several chromosomes can be
doneby isolation of haploid spores, disruption of thegenes
inthese haploid strains (or isolation of haploid strainswith
the proper gene disruption), and subsequent reisolation of
a polyploid strain through sexual crossing of the haploid
strains. With this procedureit is, however, almost impossi-
ble to introduce specific genetic changes without altering
the overall genetic makeup of the cell, and the effect of a
genedisruption can be difficult to evaluate. An alternative
strategy for silencing of gene expression isto apply RNA-
antisense techniques (Fig. 3B). If the antisense gene frag-
ment is expressed from a strong promoter, there may be
produced sufficient antisense MRNA to silence expression
from several gene copies, and this technique is therefore
attractivein polyploid industrial strains. Normally, strate-
gies for metabolic engineering developed in laboratory
strains can easily be transferred to industrial strains, but
in some cases a successful strategy in a laboratory strain
will not work inanindustrial strain dueto avery different
genetic background. It istherefore often necessary to eval-
uate strategies in both laboratory and industrial strains.
With the rapid development in techniques for gene
cloning, it has become possible to recruit genes from
many different organisms. The increasing access to new

A B
loxP  kanMX  loxP
gene gene
loxP  kanMX  loxP sense mRNA
—————
l antisense mRNA
> e e
’>’< antisense gene fragment
disrupted gene
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FIGURE 3 Methods for silencing gene expression. (A) Gene disruption by loop-in-loop-out method. Within a part of
the gene is cloned a resistance marker (e.g., the kanMX gene that ensures resistance towards the antibiotic G418
in S. cerevisiae). The resistance marker is flanked by two directed repeats (or loxP sequences) and fragments of the
gene to be disrupted. Upon transformation there may occur homologous recombination, and the resistance marker
is inserted within the gene, which hereby becomes disrupted. The insert can be looped out again through crossover
between the two directed repeats. The end result is a disrupted gene, and since the resistance marker has been
looped out it can be used again for another disruption. (B) Silencing of gene expression by expression of an antisense
mRNA fragment. A part of the gene is inserted in the opposite direction (often behind a strong promoter), and upon
expression an antisense mRNA is formed. This may hybridize with the sense mRNA and hereby the translation

process is prevented.
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shuffled genes

FIGURE 4 Gene shuffling. A family of genes are cleaved by re-
striction enzymes, and ligated randomly. The shuffled genes are
cloned into a proper host, and there are selected for desirable
properties. A good selection procedure is clearly essential since
a very high number of shuffled genes may be obtained.

organisms through exploitation of the biodiversity in the
world will therefore play an important role in the future
of metabolic engineering, especially since the accessto a
class of genes from different organisms will enable con-
struction of completely new genes through gene shuffling
(see Fig. 4). Thereby it is possible to construct genes
that encode proteins with altered properties, and this ap-
proach may aso be applied for obtaining enzymes with
improved properties, e.g., improved stability, improved
catalytic activity, or improved affinity toward the sub-
strate(s). Another approach is to apply directed evolution
of agiven gene through error-prone polymerase chain re-
action (PCR), a technique that may also be used in com-
bination with gene shuffling. Generally these empirical
approaches have shown to be more powerful than pro-
tein engineering. In the future, when our understanding
between the primary structure of proteins and their func-
tion hasbeen improved, directed modifications of proteins
through protein engineering may, however, enable con-
struction of tailor-made enzymes that may contain desir-
able properties. Thus, enzymes that have increased affin-
ity for a branch point metabolite may be constructed, and
hereby more carbon may be directed toward the end prod-
uct of interest (see discussion later).

IV. METABOLIC NETWORK ANALYSIS

A key aspect in the field of metabolic engineering isanal-
ysisat the cellular level in order to understand the cellular
function in detail. Of particular importance is quantifica
tion of fluxesthrough the different metabolic pathwaysand
analysis of how these fluxes are controlled. The metabolic
fluxes represent a very detailed phenotypic characteriza-
tion, and theinvivo fluxesaretheend result of many differ-
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ent typesof regulationwithinthecell (seeFig. 5). Inrecent
yearssomevery powerful techniqueshave been devel oped
for quantification of metabolic fluxes and for identifica-
tion of the active metabolic network—often referred to as
metabolic network analysis. Metabolic network analysis
basically consists of two steps:

* Ildentification of the metabolic network structure (or
pathway topology)

 Quantification of the fluxes through the branches of the
metabolic network

For identification of the metabolic network structure, one
may gain much information through the extensive bio-
chemistry literature and biochemical databases available
on the web (see, e.g., www.genome.ad.jp, which gives
complete metabolic maps with direct links to sequenced
genes and other information about the individual en-
zymes). Thus, there are many reports on the presence
of specific enzyme activities in many different species,
and for most industrially important microorganisms the
major metabolic routes have been identified. However, in
many cases the complete metabolic network structure is
not known, i.e., some of the pathways carrying significant
fluxeshave not beenidentified inthemicroorganisminves-
tigated. In these cases enzyme assays can be used to con-
firm the presence of specific enzymes and determine the
cofactor requirementsin these pathways, e.g., whether the
enzyme uses NADH or NADPH as cofactor. Even though
enzymeassays are valuablefor confirming the presence of
active pathways, they are of limited use for identification
of pathways in the studied microorganism. For these pur-
poses, isotope-labeled substrates is a powerful tool, and

Product

Metabolic Regulation
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FIGURE 5 Control of flux at different levels. The transcription of
genes to mRNA is controlled, and together with control of mMRNA
degradation this determines the mRNA levels in the cell. The
mMRNAs are translated into proteins, either enzymes catalyzing
biochemical reactions or regulatory proteins acting as transcrip-
tional factors or protein kinases. Finally, the enzymes catalyzing
biochemical reactions determine the levels of the metabolites,
which influence the metabolic fluxes directly or indirectly through
feedback interaction with regulatory proteins. Thus the metabo-
lites indirectly may control both transcription and translation.


file:///M|/EOPSAT-BT-0122274105/Biotechnology/www.genome.ad.jp

396

Metabolic Engineering

Substrate
* Balance for A
A K ViTV2 .
2
v Balance for B éII ‘1) (; ?; Z vi|_ g
V3 2 Vo=V, +V o ve |
Metabolite I «—B 273 4 0001 -1-1j| 0
5
vV Balance for € vs
c v, =Vs v,
Vs Vs G'v=0

Metabolite 2 Metabolite 3

FIGURE 6 Quantification of metabolic fluxes by metabolite balancing. It can generally be assumed that inside the
cell the formation and consumption of metabolites is balanced (only immediately after large perturbations does
the metabolite concentration change). This gives a set of constraints on the fluxes, and this can be generalized to
the matrix equation specified in the figure. In the example there are three equations, and with six fluxes it is possible to
calculate three fluxes if three are measured, i.e., the degrees of freedom is three. Note that the balance for metabolite
A'is obvious, and for this reason linear segments in the metabolic network are normally lumped into overall reactions.
In many cases cofactors impose additional constraints between the fluxes, and thus the degrees of freedom may be

further reduced.

especially the use of 13C-labeled glucose and subsequent
analysisof thelabeling pattern of theintracellular metabo-
lites has proven to be very useful for identification of the
metabolic network structure. The labeling pattern of 3C
in intracellular metabolites may be analyzed either using
NMR or using gas chromatography—mass spectroscopy
(GC-MS), with the latter technique being superior due to
its high speed and sensitivity.

When the metabolic network structure has been iden-
tified, it is important to quantify the fluxes through the
different branches in the network. The simplest approach
to quantify the fluxes is by using the concept of metabo-
lite balancing (see Fig. 6). Here material balances are set
up over each metabolite in the network structure, and as-
suming steady state in the metabolite concentrations a
set of algebraic equations relating the fluxes is obtained.
These equations impose a set of constraints on the fluxes
through the individual reactions in the network. By mea-
suring some of the fluxes or by using linear programming,
it is then possible to calculate the fluxes through all the
branchesof the network. Noticethat cofactorsmay link the
individual pathway segments, and thus impose additional
constraintson the fluxes. Dueto its simplicity, the concept
of metabolite balancing is attractive, but it has some lim-
itations. Thus, the flux estimates depend on the cofactor
balances, i.e., the balances for NADH and NADPH, and
it is therefore important that all reactions involving these
cofactors within the cell areincluded. Sinceit is unlikely
that all reactionsinvolving these cofactors have beeniden-
tified, metabolite balancing may result in poor estimates
of some metabolic fluxes.

Through the use of *C-labeled glucose and measure-
ment of thelabeling pattern of theintracellular metabolites
by NMR or GC-MS, it becomespossibleto apply balances
for theindividual carbon atomsin addition to the metabo-

lite balances. Therefore an additional set of constraintsis
obtained, and it is therefore not necessary to include bal-
ancesfor cofactors. Furthermore, since many balancesfor
the individual carbon atoms can be applied, an overdeter-
mined system of equationsisobtained, i.e., thereare more
equations than unknown fluxes. This redundancy in the
equation system enables a more robust estimation of the
fluxes, and it al so enabl es estimation of reversiblefluxesin
the network. Clearly the use of labeled substrates enables
amuch better estimation of the metabolic fluxes, but it is
also amore complex procedure. First of all, measurement
of the labeling pattern of the intracellular metabolites re-
guiresmore advanced analytical procedures, but the equa-
tion system is also far more complicated. In recent years
this approach has been demonstrated, however, to work
very well for estimation of the fluxes in many different
microorganisms.

Metabolic network analysisis clearly a very powerful
tool for phenotypic characterization. It is, however, im-
portant to underline that the technique has no predictive
power. Only in few cases do the estimated fluxes by it-
self point to a strategy for directed genetic modifications.
In most cases flux analysis is only useful when different
strains are compared or there is performed a comparison
of the same strain grown at different environmental con-
ditions (see Fig. 7). Through such comparisonsit may be
possible to derive correlations between the productivity
and certain fluxes, and from such correlationsahypothesis
about possible limitations within the cell may be derived.

V. METABOLIC CONTROL ANALYSIS

When the fluxes through the different branches of the
metabolic network have been quantified, the next question
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FIGURE 7 Metabolic fluxes estimated using 13C-labeled glucose. (A) Fluxes estimated in a high and low yielding
strain of P. chrysogenum. The left figures indicate fluxes in the low yielding strain and the right figures indicate the
fluxes in the high yielding strain. It is observed that there is a slightly higher flux through the pentose phosphate
pathway in the high yielding strain, which may be explained by the increased demand for NADPH in this strain. This
points to a possible correlation between penicillin production and pentose phosphate pathway activity. [The data are
taken from Christensen, B., Thykeer, J., and Nielsen, J. (2000). Appl. Microbiol. Biotechnol. 54, 212-217.] (B) Fluxes
estimated in S. cerevisiae grown at respectively high and low specific glucose uptake rates. The fluxes at high specific
glucose uptake rates are the left figures and the fluxes at low specific glucose uptake rates are the right figures. At
high specific glucose uptake rates there is ethanol formation due to the Crabtree effect, and respiration is repressed
resulting in no flux through the TCA cycle. Due to the Crabtree effect, the yield of biomass on glucose is low and there
is therefore a low requirement for NADPH and precursors of the pentose phosphate pathway, and the flux through this
pathway is therefore low. [The data are taken from Gombert, A. K., dos Santos, M. M., Christensen, B., and Nielsen,

J. (2001). J. Bacteriol. 183, 14411451 ]

arises: How is the distribution of flux controlled? This
is the key question in metabolic engineering, since it is
only when an understanding of how the flux distribution
is controlled that one is able to design a suitable strategy
to modulate the flux such that an improved cellular per-
formance is obtained. Control of fluxes is determined by
kinetic and thermodynamic constraints, and the material
balances used for calculating the fluxes therefore supply
no information about this. In order to understand the flux
control, it is necessary to understand how the enzymes
around the branch points in the metabolic network are
regulated. Furthermore, itisimportant to haveinformation
about the metabolite levels, which together with informa-
tion about the affinities of the enzymes in the pathway
supply valuable information about the in vivo regulation.
This can beillustrated by the simple pathway structurein
Fig. 8. The distribution of flux through the two branches
is determined by three factors:

* The enzyme concentrations
» The affinities of the enzymes toward the metabolite |
 The concentration of the metabolite |

In order to gain information about flux control, meth-
ods for measurement of the intracellular metabolites are
therefore valuable. Due to the rapid turnover of intracel-
lular metabalites, there are basically two requirementsfor
reproducible analysis of intracellular metabolites: (1) a
method for rapid quenching of the cellular metabolism,
and (2) efficient analytical procedures that enable mea-
surement in a complex matrix. Using rapid sampling in,

/, A
E
E, J
Substrate —» —» — J < ?
ErL J
J; E 73
B

FIGURE 8 Simple pathway structure that illustrates that flux dis-
tribution around the branch point metabolite | is controlled by
the enzyme concentrations, the affinities of the enzymes for the
metabolite, and the metabolite concentration. J 1, J,, and J 3 rep-
resent the steady state fluxes through the three branches of the
pathway.



398

e.g., cold methanol, another cold buffer, or boiling ethanol
itispossibleto obtainavery rapidinactivation of thecellu-
lar metabolism. Using enzymatic assaysor different chro-
matographic techniques, it is possible to measure many
different metabolites both in complex matrices and with
a high sensitivity, and especialy the increased sensitiv-
ity of analytical procedures has been of importance for
reproducible analysis of intracellular metabolites.

For quantification of flux control, the concept of
metabolic control analysis (MCA) is useful. In MCA flux
control is quantified in terms of the so-called flux con-
trol coefficients (FCCs). The FCCs quantify the relative
increase in a given flux J; within the network upon an
increase in a given enzyme activity (E;j), and they are
mathematically defined as

5 _E2Y
b g 0E
Besides the FCCs there is another set of parameters that
are used to characterize the system, namely the elasticity
coefficients, which are given by
i X]' Bvi
8X = — .
L Vi 3Xj

1)

2

The eladticity coefficients specify the sensitivity of the
individual enzymatic reactions to changes in the metabo-
lite concentrations. Thus, if an enzyme is saturated it is
clearly not very sensitiveto changesin the metabolite con-
centration, and the elasticity coefficient islow, whereas if

TABLE Il Overview of Methods for Determination of FCCs
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the enzyme is not saturated with the metabolite the re-
action is sensitive toward changes in the metabolite con-
centration, i.e., the elasticity is high. The FCCs and the
elasticity coefficients are related to each other via the so-
called summation theorem, which states that the sum of
al the FCCs is 1, and the connectivity theorem, which
states that the sum of the product of the elasticity co-
efficients and the FCCs is zero. If the elasticity coeffi-
cients are known, it is therefore possible to calculate the
FCCs.

There are different experimental methods available for
determination of the FCCs, and these can be grouped into
two:

¢ Direct methods, where the control coefficients are
determined directly

« Indirect methods, where the elasticity coefficients are
determined and the control coefficients are calculated
from the theorems of MCA

Table Il gives and overview of the different direct and
indirect methods.

Whereas the elasticity coefficients are properties of the
individual enzymes, the FCCs are properties of the sys-
tem. The FCCsaretherefore not fixed but change with the
environmental conditions, as illustrated in Fig. 9, which
summarize results from analysis of the flux control in the
penicillin biosynthetic pathway. The penicillin biosyn-
thetic pathway consists of three enzymatic steps. In the

Method Procedure

Advantages/disadvantages

Direct
Genetic manipulations

Enzyme titration
enzymes

Inhibitor titration
inhibitors

Indirect
Double modulation

calculation of differentials

Sngle modulation
of one of the elasticity coefficients
Top-down approach
double modulation
Kinetic models
kinetic model

Alternate the expressed enzyme activity through genetic
manipulations, e.g., insert inducible promoters

Vary the enzyme activity through titration with purified

Vary the enzyme activity through titration with specific

Measure the metabolite levels at different environmental
conditions and determine the elasticity coefficints by

Similar to double modulation but based on knowledge
Based on grouping of reactions and then using, e.g.,

Direct calculation of the elasticity coefficients from a

Robust method that give direct answers, but the method
isvery laborious

Simple and straightforward procedure, but it can only be
applied for pathway segments that are completely
decoupled from the rest of the cell

Simple and easy to apply, but requires the existence of
specific inhibitors

Elegant approach, but requires two independent changes
in the metabolite levels, which is difficult to obtain due
to the high degree of coupling between intracellular
reactions

More robust than double modulation, but it requires
knowledge of one elasticity coefficient

Very useful, but do not directly give all the FCCs of
the system

Robust, but relies on the availability of areliable kinetic
model for theindividual enzymesin the pathway
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FIGURE 9 MCA of the penicillin biosynthetic pathway. Based on a kinetic model for the enzymes, in this pathway the
FCCs were calculated at different stages of fed-batch cultivations. During the first part of the cultivation the flux control
was mainly exerted by the first step in the pathway, i.e., the formation of the tripeptide LLD-ACV by ACV synthetase
(ACVS), whereas later in the cultivation flux control shifted to the second step in the pathway, i.e., the conversion
of LLD-ACV to isopenicillin N by isopenicillin N synthetase (IPNS). This shift in flux control is due to intracellular
accumulation of LLD-ACV, which is an inhibitor of ACVS. The initial high isopenicillin N concentration is due to the
fact that this sample was taken from the inoculum culture where the side-chain precursor phenoxyacetic acid (POA)
was not present in the medium. [The data are taken from Nielsen, J., and Jergensen, H. S. (1995). Biotechnol. Prog.

11, 299-305.]

first step the three amino acids L-«-aminoadipic acid, L-
valine, and L-cysteine are condensed into the tripeptide
8-(L-a-aminoadipyl)-L-cysteinyl-D-valine, normally ab-
breviated ACV. This reaction is catalyzed by ACV syn-
thetase (ACV'S), which besides formation of the two pep-
tide bonds also performs the epimerisation of the valine
residue. The ACVSisfeedback inhibited by ACV. In the
second step, ACV is converted to isopenicillin N—a re-
action catalyzed by isopenicillin N synthase (IPNS). This
reaction is unigque because oxygen is used as electron ac-
ceptor. Inthelast reaction the side chain of isopenicillin N
isexchanged with phenoxyacetic acid (POA), resulting in
the formation of penicillin V. This reaction is carried out
by acyltransferase (AT). Before incorporation into peni-
cillin V, the side-chain precursor phenoxyacetic acid has
to be activated as a CoA-ester, which is performed by a
specific CoA ligase. Based on akinetic model, the el astic-

ity coefficients were derived and hereby the FCCs could
be determined by an indirect method. The elasticity
coefficients are functions of the intracellular metabolite
concentrations, and the resulting FCCs are therefore also
functions of the concentration of the intermediates of the
pathway. From analysis of the pathway intermediates dur-
ing fed-batch fermentations it was found that ACV accu-
mulated during the fermentation whereastheisopenicillin
N was approximately constant during the fermentation
(seeFig. 9). Initialy the ACV Sisthe flux-controlling en-
zyme (with an FCC close to 1), but due to the feedback
inhibition of ACV on the first enzyme, flux control shifts
during the fermentation to IPNS, which in the later part
of the fermentation is the flux-controlling enzyme (with
an FCC close to 1). Obvioudly, it makes no sense to talk
about a “rate-limiting step” or a “bottleneck enzyme” in
thisprocesssincetheflux control shiftsduring the process.
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VI. TOOLS FROM FUNCTIONAL GENOMICS

The active metabolic network functioning in a given cell
isdetermined by the enzymatic makeup of the cell. Fluxes
aretherefore indirectly also controlled at the level of tran-
scription and trand ation. Infact, there are several different
levels of control asillustrated in Fig. 5:

Transcriptional control
Control of mMRNA degradation
Tranglational control

Protein activation/inactivation
Allosteric control of enzymes

agkrwhpE

Due to this hierarchical contral, it is difficult to predict
the overall consequences of a specific genetic modifica
tion. Thus, a genetic change may result in altered en-
zyme levels, and thereby the metabolite concentrations
may change. This may influence regulatory proteins that
may lead to a secondary effect, both at the transcriptional
level and at the level of the enzymes. Generaly, it is dif-
ficult to predict al the consequences of a certain spe-
cific genetic change, and it may therefore be necessary
to go through the cycle of metabolic engineering several
times. However, with novel analysistechniquesdevel oped
within the field of functional genomics, a very detailed
characterization of the cell can be carried out, and this
may enable afar better design of a metabolic engineering
strategy.

A very powerful analytical technique that has emerged
in recent years is DNA arrays or DNA chips, which en-
ables measurement of the expression profile of al genes
within a genome—often referred to as whole genome
transcriptome analysis. Thus, with one measurement it
is possible to monitor which genes are active at specific
conditions, and especialy it is possible to rapidly screen
single deletion mutants. Combination of DNA arrays for
genome wide expression monitoring and bioinformatics
has demonstrated to be very powerful for pathway re-
constitution, and in the future this approach is expected
to speed up the assignment of function to orphan genes.
However, it is aso expected to play a very valuable role
in metabolic engineering.

Since theintroduction of the concept of DNA arraysin
the early nineties, the technology has developed rapidly.
Although DNA arrays are still in their infancy, they have
already been applied to many different applications. In
April 1996 the American company Affymetrix launched
the first commercial DNA array product, a chip designed
to look for mutationsin the HIV genome. Chipsfor muta-
tion analysis in the p53, p450, and BRCA1 genes soon
followed. Besides mutation analysis chips, chips have
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become available for gene expression analysis in differ-
ent organisms, and today there are commercia available
chips for E. coli, S cerevisiag, plant cells, different ani-
mal cells (only part of the genome currently covered), and
human cells (also only with part of the genome currently
covered). These chips contain oligonucleotide sequences
from sequenced genes and allow rapid identification of
complementary sequencesin the sample mRNA pool (see
Fig. 10). DNA arrays produced by Affymetrix are gen-
erated by a photolitography process, which alows the
synthesis of large numbers of oligonucleotides directly
on a solid substrate (see www.affymetrix.com for further
details). An alternative method for production of DNA ar-
raysis spotting of oligonucleotide or cDNA solutions by
a robot to a solid substrate followed by immobilization
of the oligonucleotide or DNA. This method allows for
production of custom-made DNA arrays, and is therefore
moreflexible. Normally it iscDNA that isspotted on these
custom-designed arrays, and the cDNA may have alength
of several hundred nucleotides. This enables a very good
hybridization, and it is therefore not necessary to have
more than a single probe for each gene.

Besides DNA arrays for transcription profiling, other
tools from functional genomics are valuable in the field
of metabolic engineering. Using two-dimensiona elec-
trophoresis, it is possible to identify the pool of proteins
present in a given cell—often referred to as proteomics—

mRNA
Total RNA .

AAAA
AAAAA @-T7-promoter

TTTTT

AAAAA
Reverse
Introduction transcription

to chip

cDNA synthesis ——

T

Fragmentation Synthesis of biotin-
labelled cRNA

Chip read-out

FIGURE 10 Procedure for analysis of transcription profiles of
eucaryotes using a DNA chip from Affymetrix. The total RNA is
extracted from the cell and the mRNA is purified. All eucaryotic
mRNA contains a polyA tail, and this can be used to synthesize
cDNA by reverse transcription. The cDNA is synthesized with a
T7 promoter, which enables later synthesis of biotin-labeled
cRNA. The biotin-labeled cRNA is fragmented and introduced
into the chip. The cRNA fragments then hybridize to the oligonu-
cleotides in the chip, and the concentration of the cRNA frag-
ments can be analyzed by a fluorescence scanner as illustrated
in the chip readout. For each gene there are 15-20 different
oligonucleotides (or probes) of a length of 20—25 nucleotides
each.
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and combined with transcription profiling this may give
important information about regulation at the differ-
ent levels. Finally, powerful analytical techniques like
GC-MS and LC-MS-MS (LC: liquid chromatography)
enable measurement of a large fraction of the intracel-
lular metabolite—often referred to asthe metabolome. As
discussed above, the intracellular metabolite concentra-
tions give unique information about the control of fluxes,
and therefore represent a very detailed phenotypic char-
acterization. There is still, however, some significant de-
velopments required before these methods enable high-
throughput, quantitative analysis of many metabolites.

VII. APPLICATIONS OF METABOLIC
ENGINEERING

Today metabolic engineering is applied in the optimiza-
tion of almost al fermentation processes, and the total
market value of fermentation-derived products exceeds
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55 billion US$. Table |11 lists some typical fermentation
products categorized according to their synthesis route,
i.e.,, whether they are whole cells, derived from the pri-
mary or secondary metabolism, are specificaly synthe-
sized (and perhaps secreted) proteins, large polymers, or
genetic material. Clearly, the strategy for improving the
productivity depends much on whether the product is syn-
thesized by the action of many enzymatic steps or whether
the product is derived directly from expression of a sin-
gle gene. Furthermore, for high value added productslike
pharmaceutical proteins, time to market is often moreim-
portant than obtaining a high yield or high productivity,
which on the other hand are essential for optimization of
processes|eading tolow-valueadded productslike ethanol
and many antibiotics. Despite these differences, the mind-
set of metabolic engineering is still extremely valuablein
optimization of any fermentation processes, as discussed
further in the following.

In recent yearsthere have been reported on many exam-
ples of metabolic engineering, and these examples can be

TABLE Ill List of Some Fermentation Products and Some Market Volumes
Category of product Product Typical organism
Whole cells Baker’s yeast S cerevisiae

Primary metabolites

Secondary metabolites

Recombinant proteins

Enzymes

Polymers

DNA

Lactic acid bacteria
Single cell protein
Ethanol

Lactic acid

Citric acid

Glutamate

Lysine

Phenylalanine
Penicillins

Cephal osporins
Statins

Taxol

Insulin

tPA

Erythropoitin

Human growth hormone
Interferons

Vaccines

Monoclonal antibodies
Detergent enzymes
Starch industry
Chymosin

Xanthan gum
Polyhydroxybutyrates
Vaccines

Gene therapy

Lactic acid bacteria
Methanogenic bacteria

S. cerevisiae, Z. mobilis 12 billion US$
Lactic acid bacteria, R. oryzae 200 million US$
A. niger 1.5 billion US$
C. glutamicum 1 billion US$

C. glutamicum 500 million US$
E. coli 200 million US$
P. chrysogenum 4 billion US$

A. chrysogenum, S clavuligerus 11 billion US$
Aspergillus 9 billion US$
Plant cells 1 billion US$

S. cerevisiag, E. cali 3 billion US$
CHO cells? 1 billion US$
CHOcdls 3.6 billion US$
E. coli 1 billion US$

E. coli 2 billion US$
Bacteria and yeast

Hybridoma cells 700 million US$
Bacillus, Aspergillus 600 million US$
Aspergillus 200 million US$
Aspergillus

X. campestris 400 million US$
E. coli

E. coli

@ Chinese hamster ovary cells.
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divided into seven categories, depending on the approach
taken or of theaim:

» Heterologous protein production

» Extension of substrate range

» Pathways leading to new products

» Pathways for degradation of xenobiotics

* Engineering of cellular physiology for process
improvement

 Elimination or reduction of by-product formation

* Improvement of yield or productivity

Below followsashort discussion of thedifferent categories
with some presentation of afew examples.

A. Heterologous Protein Production

The first breakthrough in genetic engineering paved the
way for a completely new route for production of phar-
maceutical proteins like human growth hormone (hGH)
and human insulin; it also opened the possibility to pro-
duce many other pharmaceuticals. The first products (hu-
man insulin and hGH) were produced in recombinant
E. coli, but soon followed the exploitation of other ex-
pression systems like S. cerevisiae (introduced for pro-
duction of human insulin), insect cells, and mammalian
cells (Chinese hamster ovary cells and hybridoma cells).
Today therearemorethan 55 protein drugs, largely recom-
binant proteins and monoclonal antibodies that are often
referred to as biotech drugs, and the 20 top-selling drugs
represents sales of more than 16 bio US$. The choice of
expression system depends upon many factors:

1. the desirahility of posttranslational modification and
secretion

2. the stability of the protein in question

3. the projected dose of protein per patient (which
determines whether the cost of the drug becomes
critical)

Thusfor proteinsusedinlargedoses, likehumaninsulin, it
isimportant that the production costs are kept low, which
requires an expression system with a high productivity,
i.e, E. coli or S cerevisiae. For very complex molecules
like tissue plasminogen activator (tPA) and erythropoi-
etin, it is not, however, possible to obtain sufficiently ac-
tive compounds in microbial systems, and here a higher
eukaryotic expression system is required.

When a certain expression system has been imple-
mented for the production of one product, it is often de-
sirable to use this expression system within the company
to produce other products as well. There have therefore
been several attempts to engineer generic expression sys-
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tems for improved performance for heterologous protein
production. A major problem encountered with this strat-
egy is, however, that the secretory capacity in a given ex-
pression system is strongly protein specific. Thus, for one
protein it may be a certain step in the secretion pathway
that is limiting the production, e.g., folding, formation of
disulfide bridges, or glycosylation, whereas other proteins
may easily be processed through the pathway and secreted
at high rates. Even when working with generic expression
systemsit is therefore normally necessary to further opti-
mize the expression system for the specific protein to be
produced, and there have been several attemptsto engineer
the glycosylation pathway or the secretion pathway.

B. Extension of Substrate Range

Biotech processes are attractive for replacement of many
classical chemical processes, since they potentialy may
apply agricultural waste products as raw materials (typi-
cal as carbon source), and thereby sustainable industrial
processes may be obtained for the production of fuels,
chemicals, and materials. Often the industrial strain ap-
plied for agiven process has anarrow substrate spectrum,
and it istherefore necessary to extend the substrate range.
Hereit is relevant to consider two different strategies:

* Introduction of a gene encoding a membrane-bound
protein that transports the substrate into the cell in
addition to genes encoding the necessary pathway that
isresponsible for channeling the substrate into the
central carbon metabolism

* Introduction of a gene encoding a secreted protein that
converts the substrate to compounds that can be
directly assimilated and metabolized by the host
organism

Expression of specific permeases is difficult, but the first
strategy is still the preferred one for engineering cells to
take up monosaccharides since often these compounds can
be taken up by nonspecific permeases. Thus, one canfocus
on engineering the pathway converting the monosaccha-
ride or disaccharide into the central carbon metabolism.
Thesecond strategy istypically appliedfor di-, oligo-, and
polysaccharides, which may be difficult (or impossible)
to transport into the cell. Here it is necessary to ensure
efficient secretion of an enzyme (often of heterologous
nature) that may degrade the substrate. Besides ensuring
proper secretion of the hydrolytic enzyme, it isimportant
to ensure that the hydrolysis rate is sufficiently high to
ensure supply of mono- or disaccharides for growth. In
the literature there are many examples of extension of the
substrate range and among the most prominent example
isengineering of S. cerevisiae such that it can metabolize
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xylose, which is present in plant materia as part of the
heterogeneous polymer hemicellulose. Hemicellulose is
one of the main constituents of lignocellulose, which due
to its abundance and low cost is an attractive raw material
for low value added products, e.g., fuel ethanol.

C. Pathways Leading to New Products

Metabolic engineering offers immense possibilities for
constructing pathwaysleading to novel products, andthere
are many beautiful examplesin the literature. There may
be three different objectives for extending pathways to
produce new products in a certain organism:

* Production of completely new compounds: This s of
particular importance in the field of pharmaceuticals,
where artificial pathways may produce new antibiotics
and anticancer drugs. However, also in the field of
materials it may be possible to tailor-make plastics
with specific properties.

 Through introduction of new pathwaysin agiven

microorganism, it may become possible to develop

biotech-based process that can replace classical
chemical processes. Thisis primarily of interest since
biotech processes are more environmentally friendly,
but also the selectivity of biochemical reactions may
offer the possihility to produce optically pure
compounds more efficiently. Since biotech processes
use sustainable raw materials and generally are more
environmentally friendly than chemical synthesis,
these are often referred to as green chemistry.

Exploitation of acommon host for production of many

different products: Thusit is possible to capitalize

investments in optimizing the fermentation process
with the general host. Thisis especially exploited in
the field of enzyme production, where afew host
systems are applied to produce a wide range of
enzymes. Also, in the field of amino acid production
there is focus on applying afew production systems,

i.e, E. coli and C. glutamicum.

One area that illustrates the power of metabolic engi-
neeringisthedevelopment of alternativeroutesfor the pro-
duction of 7-amino cephal osporanic acid (7-ACA) and 7-
amino deacetoxycephal osporanic acid (7-ADCA), which
serves as precursors for the production of semisynthetic
cephalosporins. Until recently the sole route for 7-ADCA
was by chemical ring expansion of 6-amino penicillanic
acid (6-APA), which can be derived from penicillins.
Thus, many semisynthetic cephal osporins were tradition-
aly derived from penicillin produced by fermentation.
With the high potential of g-lactam production by P.
chrysogenum, it is of interest to engineer this organism
to produce the cephalosporins directly by fermentation.
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By transforming a strain of P. chrysogenum with genes
encoding an expandase from Sreptomyces clavuligerus,
it has been possible to produce adipoyl-7-ADCA directly
by fermentation with transformed strains of P. chryso-
genum (see Fig. 11). Similarly, it is possible to produce
adipoyl-7-ACA directly be fermentation with a recombi-
nant strain of P. chrysogenum harbouring genes encoding
the expandase/hydroxylase and the acyltransferase from
Acremonium chrysogenum (see Fig. 11). From adipoyl-
7-ADCA and adipoyl-7-ACA the compounds 7-ADCA
and 7-ACA can easily be synthesised by enzymatic
removal of the adipoyl side chain. This process of direct
production of 7-ADCA and 7-ACA by fermentation
clearly demonstrates the potential of metabolic engineer-
ing in the design of new processes, which iseconomically
more efficient and more environmentally friendly than
the chemical synthesis route.

D. Pathways for Degradation of Xenobiotics

Bioremediation in the field of environmental cleanup has
attained much attention since the late 1980s. Bioremedia-
tion refers to the use of natural microorganisms for reme-
diation of polluted air, water, soil, or sediment. Many field
tests and laboratory experiments have identified microor-
ganisms that can degrade harmful organic compounds—
often referred to as xenobiotics—like aromatics (e.g.,
benzene, toluene, xylene), halogenated aromatics (e.g.,
polychlorinated biphenyls), halogenated aliphatics, and
pesticides. However, there aretwo major problemsin con-
nection with wide range application of these microorgan-
isms for biodegradation of xenobiotics:

* Therate of degradation isslow. Thisis mainly dueto
the fact that contaminants are often distributed over a
wide range, and are present in too low concentrations
to induce the degradation pathways.

 Degradation of mixtures of xenobiotics requires
several different microbial species.

Metabolic engineering may be used to solve these prob-
lems, and it furthermore offers the possibility to construct
completely novel xenobi oticsdegrading pathwaysthrough
recruitment of enzymes from different organisms.

E. Engineering of Cellular Physiology
for Process Improvement

In the industria exploitation of living cells, their proper-
ties may be undesirable, and it is therefore of interest to
obtain cells with improved properties through metabolic
engineering of the overall physiology of the cell. Some
typical problems encountered are as follows:
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FIGURE 11 Pathways for the production of 7-ADCA and 7-ACA directly by fermentation. In this process the acyl-
transferase converts isopenicillin N to adipoyl-6-APA, and when the expandase of S. clavuligerus is expressed in
P. chrysogenum, this compound is directly converted to adipoyl-7-ADCA. When P. chrysogenum is transformed with
the expandase/hydroxylase and the acyltransferase of Acremonium chrysogenum, adipoyl-6-APA is converted first to
adipoyl-7-ADACA, which is further converted to adipoyl-7-ACA.
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* Glucose repression. Many industrial fermentations are
carried out on sugar mixtures, e.g., molasses that
contain sucrose, glucose, fructose, and raffinose, and
the presence of glucose represses the utilization of the
other sugars. This causes lag phases leading to
prolonged fermentation times. Another problem may
be encountered in the field of enzyme production,
where glucose repression of the expression promoter
results in reduced expression of the gene encoding the
product. Disrupting DNA-binding proteins that
mediates glucose repression in different
microorganisms has solved problems with glucose
repression.

* High sensitivity to low oxygen concentrations. Many
microbial cells are sensitive to low oxygen
concentration, which may result in reduced product
formation—or even irreversible loss of product
formation—or onset of fermentative metabolism. This
problem can partly be overcome by expression
bacterial hemoglobin, which has demonstrated to have
apositive influence in many different fermentation
processes.

* Modulation of macroscopic structures. In some
fermentationsit is desirable to improve flocculation,

e.g., in beer fermentation, whereas in other
fermentationsit is optimal to have disperse cellular
structures, e.g., in fermentations with filamentous
microorganisms.

F. Elimination of By-Product Formation

Many fermentation processes have been optimized such
that the desired product is predominantly formed. How-
ever, due to the complexity of cellular metabolism it is
inevitable that by-products are formed. This may be un-
desirable for at least three reasons:

* The by-product(s) may be toxic to humans or animals.

¢ The by-product(s) may cause problemsin the
subsequent separation process.

* Formation of the by-product(s) resultsin aloss of
carbon, and the overall yield of product on the raw
material istherefore below the theoretical maximum.

The first reason is clearly problematic if humans or an-
imals may be exposed to the product, either directly or
indirectly. Typicaly, one chooses a cellular system that
do not produce toxins when products are made for human
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consumption, e.g., fungal cells that do not produce afla-
toxinsare used for production of food grade enzymes, and
E. coli strainsthat do not produce endotoxins are used for
production of pharmaceuticals. The second reason may
especialy be problematic if the by-product has properties
similar to those of the desired product, since separation
of the active product then requires very efficient separa
tion principles, which are often costly. In some cases the
by-product may also cause other types of problems, e.g.,
inactivation of the desired product. Loss of carbon in the
by-product ismainly aproblemin connectionwiththe pro-
duction of low value added products, and here the strate-
gies discussed in the following section may be applied.

G. Improvement of Yield or Productivity

Inthe production of low value added productslike ethanol,
lactic acid, citric acid, amino acids, and many antibiotics,
the yield of product on the substrate and the productivity
are the most important design variablesto optimize. Yield
impacts primarily the cost of raw materials and is affected
by the metabolic fluxes, i.e., anincreaseintheyield is ob-
tained through redirection of the fluxestoward the desired
product. Productivity, on the other hand, is of importance
when the capital costs are of importance, and it can be
improved by amplification of the metabolic fluxes. In or-
der to obtain a high yield and productivity it is necessary
to direct the carbon fluxes from the substrate toward the
metabolite of interest at ahigh rate. Thisoften requiresen-
gineering of the central carbon metabolism, which is dif-
ficult due to the tight regulation in this part of the cellular
metabolism.

For most processesit is hot possible to operate the pro-
cess such that both the yield of product on the substrate
and the productivity are at their optimum (see Fig. 12). It
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is therefore necessary to evaluate which of the two vari-
ablesis most important. Similarly, an improvement in the
productivity through metabolic engineering does not nec-
essarily lead to an improvement in the yield of product on
the substrate. The simple model pathways shownin Fig. 8
illustrate this. Here the substrate can be converted both to
the product of interest and to a by-product—in practice
there is often several different by-products. In this path-
way the yield is given as the ratio between the fluxes J,
and J;. Clearly the yield is not changed if the flux distri-
bution around the branch point metabolite | is constant,
i.e., independently of the size of flux J; theratios Jp/ J;
and Jz/J; are constant, whereas the productivity clearly
increases when J; increases. The flux distribution around
the branch point metabolite | depend on the flexibility or
rigidity of the network. The flexibility of a branch point
is determined by the affinities of the enzymes competing
for this metabolite and the concentration of the metabo-
lite. If the metabolite concentration is much below the K,
values of the two enzymes, then the flux distribution is
likely to be maintained if the supply of the metabolite via
flux J; increases. However, if both enzymes are saturated
with the metabolite, then an increase in the flux J; will
have no effect on either the yield or the productivity. In
this case one may increase the yield and the productivity
through increasing the flux J,, e.g., by overexpressing the
enzyme E,. However, if anincreasein E;j resultsin ade-
crease in the concentration of | below the K, values of
the enzymes E; and Ey, the consegquence may be an al-
tered flux distribution. Thus, even in this simple pathway
structure it is difficult to design the appropriate strategy
for increasing the yield or productivity without knowl-
edge of the kinetics of the enzymes and the metabolite
concentration. The complexity increases further if there
isfeedback inhibition. Here the strategy for improvement
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FIGURE 12 The specific penicillin productivity and the yield of penicillin on glucose as function of the specific glucose
uptake rate (arbitrary units). The data are typically representatives of penicillin production by P. chrysogenum [see,
e.g., Henriksen, C. M., Christensen, L. H., Nielsen, J., and Villadsen, J. (1996). J. Biotechnol. 45, 149-164, or van
Gullik, W. M., de Laat, W. T. A. M., Vinke, J. L., and Heijnen, J. J. (2000). Biotechnol. Bioeng. 68, 602—618.] Notice
that the specific productivity and the yield coefficient have maximum at different specific glucose uptake rates, and it
is therefore not possible to optimize both these parameters at the same time.
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of yield or productivity depends on the type of inhibition.
In the case of competitive inhibition, an increased flux
toward the product may result in an increase in the prod-
uct concentration and thereby a decreased affinity of E;
for the branch-point metabolite. Thismay |ead to achange
in flux distribution around the metabolite | —perhapseven
a decrease in the overal yield. With noncompetitive in-
hibition the situation is quite different, since the affin-
ity is not affected by the product concentration. How-
ever, in this case an overexpression of E; may not lead
to a significant increase in the in vivo activity due to the
feedback inhibition. In case of feedback inhibition it is
generally the best strategy to increase the step after the
inhibitory metabolite as illustrated with the flux control
in the penicillin biosynthetic pathway (see Fig. 9). Alter-
natively, one canintroduce feedback-insensitive enzymes,
e.g., by gene-shuffling or by recruiting a heterologous en-
zyme. Furthermore, through gene-shuffling enzymeswith
reduced or increased affinity may be constructed, and this
may enable redirection of pathway fluxes, and hereby a
common host can be used for the production of several
different metabolites.

VIIl. FUTURE DIRECTIONS

Metabolic engineering has come far in the last decade.
The first success stories involved introduction of a sin-
gle heterologous gene for protein production or disrup-
tion of a single gene for redirection of pathway fluxes.
In recent years, there have also been demonstrations of
how multiple genetic modifications can be exploited to
obtain the overall goal. These may either come around
through several rounds of the metabolic engineering cycle
(Fig. 1), or they may be the result of a careful analysis
that immediately points to the benefit of introducing sev-
eral genetic modifications at the same time. The approach
of suitably coordinated expression (and/or inhibition) of
several geneswill be necessary to achieve more advanced
objectives, and this calls for a systems approach. Thus, it
is hecessary to consider the complete metabolic network,
or the complete set of signal transduction pathways that
areinvolvedin regulation of cellular function, and it isex-
actly this systems approach that distinguishes metabolic
engineering from applied molecular biology. The devel-
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opmentsin functional genomics, with new analytical tech-
niques for measurement of the transcriptome using DNA
chips, the proteome using 2D gels, and the metabolome
using different analytical techniques, will have a signifi-
cant impact on metabolic engineering. With the tradition
of considering wholecell functioninthe field of metabolic
engineering, there are, however, also several lessons from
metabolic engineering for functional genomics, andinthe
futureit isexpected that these two research areaswill ben-
efit much from each other.
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I. Microfabrication
Il. Biosensors
Ill. Biological Recognition Elements
IV. Immobilization
V. Detector Elements
VI. Optically Based Biosensors
VII. Other Detectors
VIIl. Sensor Dynamics

GLOSSARY

Absorbance The common logarithm of the reciprocal of
the internal transmittance of a given substance.

Amperometric Titration in which the end point is de-
termined by measuring the amperage of an electric
current of given voltage that is passed through the
solution.

Analyte A component to be measured in an analysis.

Antibody Protein naturally existing in blood serum or
produced by an animal in response to stimulation by
an antigen that reacts to overcome the toxic effects of
a specific antigen.

Binding The act or process by which one molecule
attaches to another by noncovalent forces.

Bioassays Any quantitative estimation of biologically ac-
tive substances by measurement of the magnitude of
their actions on living organisms or parts of organisms.

Biomolecule Any molecule, especially a macromolecule,
that occurs in or is formed by living organisms.

Biorecognition An interaction between a bioactive
molecule and receptor from a cell.

Biosensor A devise that uses specific biochemical reac-
tions mediated by isolated enzymes, immunosystems,
tissues, organelles, or whole cells to detect chemical
compounds, usually by electrical, thermal, or optical
signals.

Biotechnology The study of the relationship between
human beings and machines, especially in terms of
physiological, psychological, and technological re-
quirements.

Catalysts Any substance that increases the rate of achem-
ical reaction but is itself unchanged at the end of the
reaction.

Chemiluminescence The production of visible light (lu-
minescence) occurring as a result of a chemical
reaction.

Chromophores A molecular moiety that produces color
absorption when bound to a colorless molecule.

Electroactive A substance that reacts at an electrode.
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Electroosmatic The motion of aliquid through a mem-
brane under the influence of an applied electric field.

Electrophoresis The motion of colloidal particles sus-
pended in a fluid medium, due to the influence of an
electric field on the medium. Also called cataphoresis.

Enzyme Any of various complex organic substances, as
pepsin, originating from living cellsand capabl e of pro-
ducing certain chemical changesin organic substances
by catalytic action, asin digestion.

Dialysis A process in which solute molecules are ex-
changed between two liquids through a membrane in
response to differencesin chemical potential s between
the liquids.

Fluorescence A type of luminescencethat consistsof the
emission by a substance of electromagnetic radiation,
especialy visible light, immediately (10-100 ns) after
the absorption of energy derived from exciting radi-
ation of another, usually shorter, wavelength or from
incident subatomic particles (especialy electrons or «
particles); the property of emitting such radiation.

Hybridization The act or process of forming a macro-
molecular hybrid by the artificial recombination of
subunits.

Immobilize To render any agent, whether a micro- or
macrosol ute, aparticle, or anintact cell, nondispersible
in an agueous medium with retention of its specific
ligating, antigenic, catalytic, or other properties.

Immunoassays Any of a group of techniques for the
measurement of specific biochemcia substances, com-
monly at low concentrations and in complex mixtures
such as biologica fluids, that depend upon the speci-
ficity and high affinity shown by suitably prepared and
selected antibodies.

Immunoglobulin Any member of agroup of proteinsoc-
curring in higher animals as major components of the
immune system.

Macromolecule Any molecule composed of a very
large number of atoms, operationally defined as any
molecule of mass greater than about 10 kDathat isin-
capable of passing through the pores of dialysistubing
as generally used.

Osmosis The spontaneous net flow of solvent by dif-
fusion through a semipermeable membrane from a
phase where the solvent has a higher chemcial po-
tential to one where the solvent has a lower chemical
potential.

Piezoelectric The generation of electricity or of electric
polarity in dielectric crystals subjected to mechanical
stress and, conversely, voltage.

Polarography An electrochemical method of quantita-
tive analysis based on the relationship between an in-
creasing current passing through the solution being
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analyzed and the increasing voltage used to produce
the current.

Potentiometry A precision instrument for measuring an
electric potentia difference of constant polarity with-
out drawing current from the circuit being examined.

Receptor Any cellular macromolecule that undergoes
combination with a hormone, neurotransmitter, drug,
or intracellular messenger to initiate a change in cell
function.

Spectrophotometer An apparatus to measure the pro-
portion of the incident light (or other electromagnetic
radiation) absorbed (or transmitted) by a substance or
solution at each wavelength of the specturm.

Transducer Any devicethat convertsaquantity of energy
from one form into another.

ONE OF THE MAJOR technological advancesthat has
helped the field of microassays has been the translation
of fabrication methods from the chip industry into mi-
crofabrication of devices for chemical sensors. This type
of fabrication procedure allows the synthesis of systems
that can have various components. Each of these compo-
nents has some similarities to the components or stages
that are used in the traditional chemical analytical labo-
ratory. These stages included sample preparation, sample
purification followed by sample measurement, and then fi-
nally output of an electronic signal. The microfabrication
methods allow the production of multiple array systems
that can beassmall as500 nm on each side so that hundreds
of the sensors can be placed in one device. A humber of
transducer technol ogies can be used as sensorsfor particu-
lar analytes. These include electrodes, optical techniques,
temperature measurement, charge measurement, capac-
ity measurement, and more recently magnetoresistance.
Also, atomic force microscopy has been used as away of
measuring interactions between molecules at the almost
molecular level. The general structure of a biosensor is
shownin Fig. 1.

Most of the efforts for the development of sensors and
analytical methods has been for clinical diagnosis such as
for glucose, and many of the technol ogies described here
utilize applications to the clinical field. It should be rec-
ognized that there are many other areas and fields where
sensors can now be used very effectively. This includes
environmental analysis, fertilizers, toxic substances, the
testing of foods, and aso the testing of drugs, particu-
larly hallucinogenic drugs. Further developmentsin sen-
sor technology has alowed innovative methods for the
measurement of DNA fragments. Recently discovered
technologies of combinatorial chemistry allow the rapid
selection of bioreceptors for specific analytes and also
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FIGURE 1 Key functional elements of a biosensor. Usually there
is a membrane that separates the chemical and physical compo-
nents of the sensor from the external environment containing the
analyte of interest. The analyte diffuses through the membrane
into the biochemical zone where it interacts with a biorecognition
species to produce a change that is discernable by the detector
element. A signal processing system then interprets this change
(e.g., by comparing it to a calibration curve) to provide a readout
of concentration.

with the correct sensitivity that is needed for a particular
application.

I. MICROFABRICATION

Miniaturization of devices and mass production manufac-
turing techniquesare some of the key reasonsfor commer-
cial interest in biosensorsat thistime. M anufacturing tech-
nologies developed for completely different applications,
such as micromachining for integrated circuits and fiber
optics components for telecommunications, have allowed
rather novel designsto be contemplated and devel oped for
biosensors. Another key feature of these technologiesis
the miniaturization of devicesthat oneis able to achieve.
This capability leads to the potential of very small, sensi-
tive, and very stable devices that alow the devel opment
of portable and perhaps disposable biosensors to permit
bringing the analysis system very close to the source of
the analyte rather the current mode of bringing samples of
the analyte to centralized analysis |aboratories. For exam-
ple, if the application is environmental, one could put the
sensor in remote locations to monitor many sites simul-
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taneously. For medical uses one can put the sensor in a
catheter to beinserted into ablood vessel, or an individual
could have a portable analyzer and periodically place a
drop of blood in contact with the sensor.

Usually the construction of amicrosized analytical sys-
tem has components for the following functions: sam-
ple injection, preparation, separation, and detection. The
fabrication of these devices has been facilitated by the
application of techniques that were originally developed
for computing chip manufacture. While current tech-
niques for computer devices can make features at the
nanometer level, for microfabricated analytical devices
the usual feature dimensionsare more likely at the micron
level.

Thefunctionsthat are required for this devices are fluid
handling systems: for fluid movement, combining lig-
uid streams, splitting samples into multiple zones, reser-
voir zones for time delay and valves. There are severd
techniques for moving fluids in these micron-sized chan-
nels; theseincludecapillary action, centrifugal force, grav-
ity, and pump mechanisms. Figure 2illustratesaperistaltic
pump that hasbeen mi crofabricatedinapolymer substrate.
The dimensions of the tubes are about 100 1, and the rate
of pumping as afunction of the frequency of air pressure
cycling is shown in the lower part of the figure.

One of the most effective techniques for fluid handling
on microdevices utilizes electro-osmotic flow generation.
Thistype of flow depends on generating an electrical dou-
blelayer between thewalls of the flow channel and thelig-
uid in the channel. This mode of generating flow has one
advantage because it generates a plug flow pattern, rather
than a parabolic flow pattern that is typical of pressure-
driven laminar flow. A plug flow pattern hasminimumdis-
persion and thus limits the mixing between sample zones
that can occur with laminar flow situations.

It was recently demonstrated that polynucl ectide frag-
ments can be separated in a microfluidic flow chamber
that includes a series of “molecular dams.” Asillustrated
in Fig. 3, large fragments of DNA are hindered by nar-
row passageways in the flow chamber. By appropriately
deploying these barrier sections, a separation device can
be constructed that can operate continuously.

Finally, electrophoresis is known as one of the most
powerful separation techniques for the separation of
biological materials. Capillary electrophoresis provides
exceptionally high resolution of biomolecules. This tech-
nology has been microminiaturized as shown in Fig. 4.
The resolution of a series of proteins is excellent and,
very importantly, the reproducibility of different lanesis
exceptiona (Fig. 5).

An example of acommercia microanalysissystem that
utilized microfabrication and incorporated fluidic circuits
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FIGURE 2 Microfluidics is a key technology for the chemical anal-
ysis of samples with microassay systems. This figure illustrates a
peristaltic pumping technique that has been fabricated into a poly-
meric structure by soft lithography. (A) Channels are constructed
by bonding layers of elastomers. Pulses of air pressure are se-
quentially applied to the upper “fingers” from bottom to top. This
results in a directional squeezing of the lower channel to propel
a liquid from one section of the device to another. (B) The ef-
fect of frequency on the pumping rate of fluid through the lower
channel shows a linear response in the lower frequency range.
[From Unger, M. A. et al. (2000). Science 288, 113. Reprinted with
permission of the American Association for the Advancement of
Science, Washington, DC.]

and biosensorsisthe product produced by i STAT for point-
of-care monitoring of blood chemistries. An exploded
view of their device is shown in Fig. 6. iSTAT gives the
following explanation for the operation of their device:

The sensors are micro-fabricated thin film electrodes that are
connected to amperometric, potentiometric or conductometric
circuits. When blood samples contact the sensors, they are
measured electrochemically as follows: Sodium, Potassium,
Chloride, lonized Calcium, pH and PCO, are measured by ion-
selective el ectrode potentiometry. Concentrations are cal culated
from the measured potential through the Nernst equation. Urea
is first hydrolyzed to ammonium ions in a reaction catalyzed
by the enzyme urease. The ammonium ions are measured by
an ion-selective electrode and concentration is calculated from
the measured potential through the Nernst equation. Glucose
is measured amperometrically. Oxidation of glucose, catalyzed
by the enzyme glucose oxidase, produces hydrogen peroxide.
The liberated hydrogen peroxide is oxidized at an electrode to
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produce an electric current which is proportional to the glucose
concentration. PO, is measured amperometrically. The oxygen
sensor is similar to aconventional Clark electrode. Oxygen per-
meates through a gas permeable membrane from the blood sam-
ple into an internal electrolyte solution where it is reduced at
the cathode. The oxygen reduction current is proportiona to the
dissolved oxygen concentration. Hematocrit is determined con-
ductometrically. The measured conductivity, after correction for
electrolyte concentration, is related to the hematocrit. A variety
of calculated results are avail able that include HCO®, TCO,, BE,
sO,, Anion Gap and Hemoglobin.

The concept of developing array technologies for mas-
sive analysisin biotechnology research was introduced in
1991. A group at Affymax showed that gene sequencing
and gene discovery could be accomplished by immobi-
lizing thousands of polynuclectide fragments of known
characteristics as a matrix of micron-sized spots on a
microscope-like dides. The array chip is then exposed to
fluorescently label ed gene fragments from asampl e under
study. Hybridization is allowed to occur and then by the
pattern of fluorescent spots on the chip the DNA sequence
of the unknown sample can be deduced. Array technology
has be expanded to be useful inidentifying genetic defects
and in drug discovery.
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FIGURE 3 Microfabrication techniques allow a new method for
the separation of macromolecules by electrophoresis. Molecules
are driven across microchannel slits by an applied voltage. Mobility
differences related to the size and structure of the macromolecule
are created at these slits that result in a efficient separation of DNA
samples. [From Han, J., and Craighead, H. G. (2000). Science
288, 1026. Reprinted with permission of the American Association
for the Advancement of Science, Washington, DC.]
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FIGURE 4 Capillary electrophoresis provides a very efficient and
effective method to identify the components of complex mixtures.
Microfabrication of multiple capillary channels on a chip allows
rapid identification of mixtures because of the small distances
involved, approximately 50 mm. This illustration shows the laser-
excited confocal-fluorescence scanner that is used to determine
the amounts of material passing the detection zone as a function
of time. [From Woolley et al. (1977). Anal. Chem. 69, 2183-2184.
Reprinted with permission of the American Chemical Society,
Washington, DC.]

II. BIOSENSORS

Asiillustrated in Fig. 1, there are three primary compo-
nents of a biosensor: (1) the detector element, (2) the bi-
ologica element, and (3) membranes used to separate the
various structural elements of the sensor. The detector el-
ement performs the task of providing a signal related to
the recognition event—that is, the result of the interaction
of the analyte to be measured with the biological recogni-
tion molecule. The detector translates what is essentially
achemical interaction to sometype of physical signal that
can be manipulated by avariety of aelectronic or optical
techniques to finally produce an electrical output that is
related to the amount of the analyte of interest.

The detector element is primarily responsible for the
sensitivity of the device. Some of the very many detectors
that have been tested are shown in Fig. 1. However, most
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of the detectorsthat have been used in commercial devices
are electrochemical or optical in nature.

Perhaps the most unique component of a biosensor is
the biological system that is utilized to identify specific
molecules of interest in solutions of complex mixtures.
The biological element of courseis primarily responsible
for the selectivity of biosensors. There are many differ-
ent types of biological recognition systemsthat have been
explored for sensors, ranging from the molecular scale—
e.g., bioreceptors, enzymes, and antibodies—to cellular
structureslike mitochondria, and evenimmobilized whole
cells and tissues. However, to date for practical reasons
most commercially feasible biosensors have primarily uti-
lized enzymes, and to alesser extent antibodies.

Packaging isto some extent one of the most critical ele-
ments of abiosensor from the point of view of practicality.
There have been hundreds of demonstrations of biosensor
concepts using different types of biological recognition
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FIGURES5 Thisfigure illustrates that the entire analysis of mixture
of polynucleotide fragments of from 67 to 622 base pairs can be
accomplished in 160 sec. Also, the reproducibility from channel
to channel allows the easy discrimination of minor changes in
composition between samples. [From Woolley et al. (1997). Anal.
Chem. 69, 2183-2184. Reprinted with permission of the American
Chemical Society, Washington, DC.]
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Biosensor Chip

FIGURE 6 Exploded diagram of iSTAT’s Portable Clinical Analyzer cartridge. This disposable cartridge measures
approximately 1” x 2” and consists of calibration fluids as well as biosensors for the simultaneous analyses of up to
eight different materials. After the blood sample is placed on the cartridge, it is inserted into a hand-held analyzer
module that provides the controls for carrying out the analysis, display values for the analytes and a storage module

for the information. An analysis is completed in minutes.

elements and detectors. However, a very limited number
of al these possihilities have actually been translated into
working biosensors because of the extreme difficulty in
packaging of these devices to produce a product that is
stable, that can be manufactured in large numbers, that
is reproducible, and that can be used in many different
environments.

Different types of membrane materials have been used
in packaging sensorsto provide somedegree of selectivity,
separation, and protection of the detector and biological
elements of biosensors. And although a number of eso-
teric membrane preparations have been reported, for the
most part, commercial biosensors utilize either (a) poly-
mer filmsthat are permeable to gases and exclude solutes
such as salts and dissolved organics, or (b) microporous
membranes are available with very large range of pore
sizes—from reverse osmosis membranes that have pores
on the order of 2-3 A, to ultrafiltration membranes that
may have pores on the order of hundreds of A. These mi-
croporous membranes can provide selectivity for sensor
application but they are a more difficult to manufacture

integrally with the sensor. Dialysis membranes are per-
meable to low molecular weight solutes but retain or ex-
clude macromolecules such as proteins. And then, findly,
membranes or films can be “doped” with other reactive
componentsto provide even higher levels of selectivity—
for example, ion selective membranes.

One of the earliest biosensors was the glucose sensor
devised by Leland Clark. (See Table 1.) This prototype of
biosensor is illustrated in Fig. 7, and the three primary
components of the biosensor are identified. The biologi-
cal recognition element, in this case glucose oxidase and
catalase, are confined to aregion between the oxygen sen-
sor and the external sample by two membranes of differ-
ent selectivity. The detector element is a polarographic
electrode that measures the local oxygen concentration.
The biorecognition element will be discussed first. There
are avariety of substances that can be used for this pur-
pose, but we can illustrate the concept with the use of an
enzyme (Fig. 7). Inthissensor theenzymeglucose oxidase
was utilized to produce a change in composition that was
proportional to glucose concentration. In the presence of
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TABLE | Historical Landmarks in the Development of Chemical Sensors and Biosensors

Date Event Investigators
1916 First report on the immobilization of proteins: Adsorption of invertase to activated charcoal J. M. Nelson and E. G. Griffin
1922 First glass pH electrode W. S. Hughes
1954 Invention of the oxygen electrode L. C. Clark, Jr.

Invention of the pCO, electrode

1962 First amperometric biosensor: Glucose oxidase-based enzyme electrode for glucose
1964 Coated piezoelectric quartz crystals as sensors for water, hydrocarbons, polar molecules,

and hydrogen sulfide

R. W. Stow and B. F. Randall
L. C. Clark, Jr., and C. Lyons
W. H. King, Jr.

1969 First potentiometric biosensor: Acrylamide-immobilized urease on an ammonia electrode G. Guilbault and J. Montalvo
to detect urea
1972-1974 First commercia enzyme electrode (for glucose) and glucose analyzer using the electrode

(Yellow Springs Instruments)

1975 First binding-protein biosensor: Immobilized concanavalin A in apolyvinyl chloride

J. Janata

membrane on a platinum wire electrode to measure yeast mannan

Invention of the pCO,/pO, optrode

D. W. Lubbersand N. Opitz

1979 Surface acoustic wave sensors for gases J. Wohltjen and R. Dessey
1979 Fiber-optic-based biosensor for glucose J. S. Schultz and G. Sims
1980 Fiber-optic pH sensorsfor in vivo blood gases J. |. Peterson, S. R. Goldstein,
R. V. Fitzgerald, and
D. K. Buckhold
1983 Molecular-level fabrication techniques and theory for molecular-level electronic devices F. L. Carter
1986 First tissue-based biosensor: Antennules from blue crabs mounted in a chamber with S. L. Belli and G. A. Rechnitz
aplatinum electrode to detect amino acids
1987 First receptor-based biosensor: Acetylcholine receptor on a capacitance transducer R. F. Taylor, I. G. Marenchic,
for cholinergics and E. J. Cook
1991 First array sensor on achip S. Fodor

glucose oxidase, glucose is oxidized to gluconic acid and
hydrogen peroxide, which can further be decomposed to
produce water with the net utilization of one mole of oxy-
gen. Thischemical reaction producesanumber of changes
such as pH, temperature, and H,O, that could be detected
for the purpose of creating a glucose sensor as discussed
bel ow.

Glucose + 20, — Gluconic Acid 4+ H»0,,
2H,0, — 2H,0 + Os.

However, Dr. Clark utilized the fact that one result of this
catalyzed reactionisthedepletion of themol ecular oxygen
inthevicinity of the enzyme, sincethe biological reaction
utilizes one mole of oxygen for each mole of glucose that
is oxidized. He showed that the enzymatically produced
change in oxygen content can be detected polarograph-
ically by the so-called oxygen electrode, also developed
by Dr. Clark. This particular deviceisapolarographic cell
encapsul ated by agas-permeabl e polymer membrane such
as a silicon rubber. Oxygen that diffuses into the cell re-
acts at a polarized electrode to form hydroxide, and the
current is proportional to the oxygen concentration in the
enzyme compartment. Clark’s electrochemical cell works

well because the platinum electrode is protected from the
external environment by a polymer film; this film allows
gases to pass relatively freely into the electrochemical
compartment but prevents organic materials such as glu-
cose or other electroactive substances from passing into
the detector compartment. This combination of detector
and enzyme biorecognition elements resulted in the first
documented biosensor that becamethe basisfor aseriesof
commercial biosensors produced by the Y S| Corporation,
discussed below.

This sensor works in the presence other sugars, amino
acids, or biochemicals in the sample fluid that might pro-
vide interference in other methods. The influence of these
potential interferences on the output of the sensor will be
minor because glucose oxidase has avery high selectivity
for glucose and does not oxidize other compounds to any
measurable extent.

One of the requirements of a practical biosensor is that
the various components have to be assembled into a de-
vice that preserves the configuration of the various ele-
ments so that they maintain their functional capabilities
over time. Figure 8 shows the structure of sensor meeting
these requirementsthat is marketed by Y SI; in thisfamily
of devicessamplesizeisontheorder of 10-25 ul. By using
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FIGURE 7 Components of the Clark glucose biosensor. This first
portable biosensor is based on the measurement of the consump-
tion of molecular oxygen due to the oxidation of glucose to gluconic
acid as catalyzed by the enzyme glucose oxidase. Both glucose
and oxygen diffuse into the sensor through a dialysis membrane.
The first compartment encountered contains the enzymes that
cause the oxidation of glucose with a simultaneous reduction in
the ambient oxygen concentration. The second compartment con-
tains a polarographic electrolytic oxygen measuring sensor that
results in a current. Due to the consumption of oxygen in the first
chamber, the current produced is inversely related to the glucose
in the external fluid.

different immobilized enzyme membranes, Y S| has pro-
duced ageneral sensor configuration to measure many dif-
ferent analytes. Some of the analytesthat can be measured
utilizing this enzyme biosensor are choline, D-glucose,
dextrose, ethanol, galactose, hydrogen peroxide, lactose,
L-glutamate, L-glutamine, L-lactic acid, methanol, and su-
crose. This illustrates the range of selectivity that is ob-
tainable using enzymes as the recognition element.

Ill. BIOLOGICAL RECOGNITION ELEMENTS

Figure 1 lists many other biological systemsthat could be
utilized as the recognition element in biosensors. Gener-
ally spesking, one can select systems starting at the very
simplemolecular level and proceed through to much more
complex systems, such aswhole cellsor eventissues. Here
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we limit discussion to three classes of biomolecules: en-
zymes, binding proteins (there are a number of binding
substances that can be utilized in this fashion), and anti-
bodies. Antibodiesarelarge proteins (MW about 150,000)
naturally found in blood, which are produced by the
immune system for protection of an individual against
foreign substances. Fortunately with new techniques in
molecular biology, antibodies can be made to virtually
any organic substance with a molecular weight greater
than several hundred.

Enzymes are the class of bioactive agents that are
the most readily adapted to biosensors because many
enzymes are commercially available in large quantities
and have been characterized in a great deal of detail.
Antibodies would appear to be the most versatile type
of biomolecule that can be employed in sensors, since
they can be developed for virtually any analyte, but they
are costly substances at this time. The most difficult
kind biological substance to use would be tissues them-
selves because methods of sustaining stability are not well
developed.

Enzymes are the choice for biosensors directed toward
analytes that fall into the category of biochemicals that
are metabolic intermediates. Because the metabolic en-
zymes (e.g., in glycolysis or protein synthesis) already
exist in nature, and thus are afruitful choice of materials
that adapted for usein biosensors. Also, sincethereisvast
technol ogy associated with enzymes, usually one can find
acommercia sourcefor an enzymefor nearly any organic
material. On the other hand, enzymes vary widely in their
degree of specificity as compared with the relatively high

Immobilized
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FIGURE 8 YSI Corporation manufactures a complete line of
enzyme-based biosensors that follow from Clark’s invention. By
providing kits containing different enzymes immobilized on a
membrane substrate, this generic approach allows a single de-
tector device (a polarographic electrode) to be used for a number
of analytes. In this system the electrode measures the hydrogen
peroxide generated by the enzyme reaction.
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TABLE Il Enzymes That Have Been Used in Commercial
Biosensors

Kwm (mol 1-1) Substrate
Alcohol EC1.1.3.13 1x 1072 Ethanol
dehydrogenase
Catalase EC 11116 1 Sucrose, glucose
Choline EC1.1.99.1 7 x 1073 Phospholipids
dehydrogenase
Lactate EC1.1.23 2x 1073 Lactate
dehydrogenase
Galactose oxidase EC 1.1.3.9 2x 101 Galactose
Glycerol kinase EC2.7.1.30 1x 1078 Glycerol
Glucoseoxidase ~ EC1.1.34 1x 1072 Glucose
Lactate EC1.1.1.27 2 x 1072 Lactate
dehydrogenase
Lactate oxidase EC1.1.3.2 2 x 1072 Lactate
Mutarotase EC5.1.3.3 3x10°2 Glucose
Sulfite oxidase EC183.1 3x10°° Sulfite
Urate oxidase EC1.7.33 2x10°° Uric acid

degree of specificity of antibodies. Some of the common
enzymes that have been used in sensor applications are
shown in Tablell.

Another classof biomolecul esthat can be used asrecog-
nition elements in sensors are bioreceptors. These are
proteineous species that normally are found in the mem-
branes of biological cells. Many of these proteins have
been identified that have arole as signaling agents to pro-
vide information transfer between the two sides of a cell
membrane—in other words, these molecul es are the prim-
itive manifestation of senses (taste, touch, smell, vision)
for single cells. Membrane bioreceptors have been iden-
tified with a responsiveness to many different substances
that either excite cells or to regulate the cell’s behavior.
Some examples are given bel ow.

Receptor Candidate analyte
Nicotinic Organic phosphates
Adrenergic Propanolol
Serotonergic Imipramine
GABA Barbiturates
Sodium channel DDT
Estrogen Tamoxifern
Auxin 2,4-D
E colicins Aminobenzypurines

However, the number of bioreceptorsthat have beeniden-
tified, numbering into the hundreds, is much more limited
than the diversity of antibodies that number into the thou-
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sands; thus the number analytes that might be measured
by biosensors based on bioreceptors is somewhat limited.
On the other hand, this class of cell regulators that inter-
act with bioreceptors may be very important biologically,
e.g., hormones.

V. IMMOBILIZATION

Technologies for immobilizing proteins on surfaces that
have been developed over the last 25 years are particu-
larly critical to the continued development of biosensors.
There a dozens of techniques for activating surfaces so as
to be able to covalently bond proteins while maintaining
their biological activity. These methods have been used
routinely for manufacturing adsorbents for affinity chro-
matography, dip-stick type analytical methods, e.g., im-
munoassays, and immobilized enzymes for commercial
catalysts.

Techniquesthat are used to immobilize biological com-
ponents for use in sensors include entrapment and en-
capsulation covalent binding crosslinking and absorption
these various methods have been developed for proteins
and thereisawide variety of chemical techniquesto carry
out each of these methods.

V. DETECTOR ELEMENTS

The appropriate detector element depends on the type re-
action that is being affected by the enzyme. For example,
for an enzyme that involves an oxidation-reduction mech-
anism, such as glucose oxidase, an electrochemical trans-
ducer would be a natural choice. If a substrate is utilized
that produces a color, then one can use optical techniques
to measure the extent of reaction, and if the enzymatic
reaction results in a change in pH, then one can use a pH
electrode to determine the extent of the reaction.

In addition to electrochemical and optical detectors,
there have been a very wide variety of other kinds of de-
tector systems that have been employed in experimental
biosensors as noted in Fig. 1, including surface wave de-
tectors, which are essentially massdetectors, conductivity,
and thermal transducers. However, because of the need
for reliability, flexibility, and sensitivity, electrochemi-
cal transducers are usually the system of choice because
of the extensive research and manufacturing experience
available.

The basic behavior of the electrochemical detector is
shown in Fig. 9. Here the current response as a function
of voltage applied is displayed. The rather nonlinear re-
sponse is typical of electrochemical systems. Through-
out the most of the range of applied voltages, positive or
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FIGURE 9 Schematic of the circuit components used in elec-
troanalytical methods. The voltage applied to the inert analytical
electrode (usually platinum) is show as E (usually between 0 and
1 volt), and the current measured (usually in microamps to mil-
liamps) is shown as i. The lower graph shows the typical nonlinear
response of current produced as a function of applied voltage. The
magnitude of the current in the diffusion-limited regime is related
to the concentration of the analyte.

negative currents flow through the electrode system, de-
pending upon the magnitude and sign of applied voltage.
In someranges shown as shaded in the upper right, the cur-
rent is rather independent of applied voltage. In these dif-
fusion limited regions, the current islimited by the rate at
which an electroactive species diffuses to the electrode
surface and the magnitude of the current is proportional
to the concentration of these species. These regions are
called amperometric regions. There is one specific point
when no current flows. The voltage under these conditions
is related to the type of analyte reacting at the electrode
and its concentration. Systems operating in this region,
lower shaded region, are called potentiometric systems.
By scanning voltages across the electrode, one can obtain
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both types of information. Usually in order to have repro-
ducible behavior, one of the electrodes is made smaller
than the other one, forcing the smaller electrode (working
electrode) to determine the current voltage behavior.

Animportant differencein the operating characteristics
of the two modes of operating electrochemical electrodes
is that in the amperometric mode, the limiting current is
directly proportional to the concentration of diffusionlim-
ited analyte. Ontheother hand, if the el ectrodeis operated
in the potentiometric region the output isrelated to the ra-
tio of concentrations of oxidized and reduced forms of the
analyte. Thus operating in potentiometric mode resultsin
a system with a dynamic range of several orders of mag-
nitude (on the order of severa hundredfold in concentra-
tion), while the amperometric mode of operation usually
has a dynamic range of tenfold.

Often in these devices one wants to be sure of the
potential at the working electrode, and in these cases a
three-electrode system is used that includes a reference
electrode. By using a reference electrode, one is more
certain of the electrical chemical events that are taking
place at the working electrode. When an electrode is op-
erated in an amperometric mode, the plateau regimes are
known as film limiting current regions. This current de-
pendson therate of delivery of the el ectroactive speciesto
theworking electrode, whichin the case of bare electrodes
depends on the “stirring” in the vicinity of the electrode.
One of the primary breakthroughs that set off the explo-
sioninbiosensorswas L eland Clark’sinvention of placing
adiffusion resistance film, in the form of agas-permeable
membrane, infront of theworking electrode. Thisfilm had
constant properties independent of the flow regime exter-
nal to the sensor; this membrane then also determined
the film thickness of liquid between the electrode and the
membrane. Then the membrane covered electrode calibra-
tion wasvirtually independent of the mixing or turbulence
in the sample environment.

One of the problems with using electrochemical meth-
ods for measuring concentrations is that if the electrode
is presented with a mixture of substances, many which
are electroactive, the measured current will be affected by
the concentrations of all these various components. How-
ever in practice, away to achieve a degree of stability is
to assure that only one electroactive species reaches the
region of the working electrode. This really means, then,
that there must be some separation of the working elec-
trode from the sample environment, which may contain
many different materials. One way to accomplish thisis
by the use of membranesthat are permeableto avery lim-
ited number of compounds. For example, the classical pH
electrode utilizes a glass materia that only alows pro-
tons to have any sufficient penetration or exchange, but
other ions or organic materials virtually do not interact
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and therefore do not affect the potentia of the electrode
inside the glass electrode. Thus the glass pH electrode
is very robust device since it can be utilized in diverse
environments.

One of the limitations of using electrodes as detectors
is that many electroactive substances do not react at the
electrode surface easily, causing variations in response
with time. This problem can be overcome by utilizing
highly reversibly electroactive substances (known as me-
diators) as intermediates between the analyte and elec-
trode. Some common mediators are ferrocene, phenazine
methosulfate, and benzylviologen. Since different organic
materials have different potentials where they react in
the electrode, is necessary to choose a mediator that has
an oxidation/reduction potential that is near the oxida-
tion/reduction potential of the analyte.

Thetypical behavior of apotentiometric based enzyme
sensorsisshown in Fig. 10 adopted from Rechnitz. Inthis
design of a glutamine sensor, an organism was chosen
that was particularly rich in glutamic deaminase. The
reactionis

Glutamine — Glutamic Acid + Ammonia

Rechnitz

180 ™

Potential
(mv)

160

Q Buiter

140 b B Amino acids in builsr

} H l
5 4 3 2

- log Glutamine Conc (M)

FIGURE 10 For ion-specific electrodes that operate in the po-
tentiometer regime, concentration is related logarithmically to po-
tential at the electrode surface. Dr. G. Rechnitz demonstrated the
use of this enhanced response by developing a biosensor consist-
ing of an enzyme layer containing glutamic deaminase interposed
between an ion-selective ammonia electrode and the sample so-
lution. The dynamic range of this type of biosensor is on the order
of 100.
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The extent of reaction, and therefore the glutamine
concentration, was determined by measuring the ammo-
nium content in the sensor. This was achieved with an
ammonia electrode. Also shown is the response of the
sensor in the presence of various potentia interfering
amino acids, which made a very minor contribution to
the sensor response. This example illustrates the superb
selectivity potential of enzymesdueto their high degree of
specificity. Theresponse of the sensor is over three orders
of magnitude of glutamine concentration, showing the
wide dynamic range of potentiometric based transducers.

VI. OPTICALLY BASED BIOSENSORS

The use of optical methods became popularized after the
work of Lubbers and Opitz, who developed technology
that they termed optrodes. These are fiber-optic devices
where there is chemically sensitive materia placed at the
terminal end of a fiber-optic system. Light is transmitted
then along the optical fiber and when it interacts with the
material at the terminal end of the fiber a change in the
characteristicsof thelight occurs, e.g., absorption, fluores-
cence, scattering, polarization. Some of this light energy
is captured and retransmitted back through the same or
alternative fiber to a photodetector device. The changein
optical characteristic can then be related to the concentra-
tion of material at the end of the optical fiber.

The structure of a typica fiber optic waveguide is
shown in Fig. 11. These waveguides have primarily been
developed for communication purposes and have the
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FIGURE 11 Fiber-optic waveguides are useful devices for bio-
sensors based on optical techniques. Two types of illumination
are available from optical fibers. If a fiber is cut, the terminal end
provides a thin beam of light that can be directed into a sample re-
gion for optical determination of sample characteristics, typically
the zone is about 0.1 mm in diameter and 2 mm in depth. If the
cladding on the optically fiber is removed, then a zone of evanes-
cent radiation is produced that illuminates a region up to 1000 A
from the glass surface. In this mode, chemicals that are further
from the surface do not contribute significantly to the detected
optical signal.
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outstanding characteristic that the amount of light lossdue
to absorption and scattering is minuscule for path lengths
on the order of meters. Also, the diameter of the fibers can
be as small as 10 p, although 150 . is more usua. Thus,
these optical waveguides can be used for transmitting opti-
cal signals almost without lost over the distances that one
might need for biosensor monitoring devices. Hundreds
of types of optical fibers are available in many different
sizes and of materials, so that there is a large selection
from which to choose.

There are essentially two modes by which light energy
is dissipated from these waveguides, as shown in Fig. 11.
First, light emanates from distal or cut end of the fiber,
much in the same manner as the beam of light coming
out of a flashlight. The intensity of this light is a func-
tion of distance from the end face and radial position off
the center axis of the fiber. The magnitude of the inten-
sity falls off fairly rapidly with distance away from the
face of the optical fiber. Using this “illumination” zone
for the measurement of analytes is usually referred to as
using the endface configuration. Typically the intensity of
light decreases with distance from the endface so that the
practical optical path length is on the order of five or ten
diameters of the optical fiber. For example, if the fiber is
roughly 200 n in diameter, then the practical path length
of the illuminated zone is on the order of 1 ml.

There is another region of illumination that is of inter-
est for the fabrication of optically based biosensors. If the
cladding is removed from a portion of the optica fiber,
thereisa “light cloud” that hugs the surface, technically
known asthe evanescent radiation. One of the major prop-
erties of the evanescent radiation is that its intensity falls
off much morerapidly with distancethan light coming out
of the endface. For practical applications, the sampling
region for surface evanescent is on the order of a couple
of hundred A. Thus the evanescent mode is the method
of choice for systems designed around measurement of
surface-adsorbed antibodies. But the amount of light en-
ergy that is in the evanescent region is smaller on a unit
area basis than the amount energy that isin the illuminat-
ing region at the distal end of afiber, so that the amount of
surface areathat has to be exposed in order to get enough
sensitivity the evanescent wave devices has to be much
larger. Exposed lengths on the order of centimeters are
required for this type of application.

Optical fiber detectors are usualy utilized as ether
miniature spectrophotometers or fluorimeters, because of
the availability of indicator dyes that can be detected by
absorbance or fluorescence methods. Figure 12 showsthe
absorption spectrum for phenol red, adye commonly used
as pH indicator. By measuring the absorption of solutions
of phenol red at two wavel engths, theisobestic point where
absorption is virtually independent of pH and at 600 mg
wherethe intensity of absorptionisvery pH sensitive, one
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FIGURE 12 Concentrations of chemicals can be measured col-
orimetric ally. This example shows that pH can be estimated by
measuring the absorption of light by a solution of phenol red at
two wavelengths. At 550 nm the extinction coefficient of phenol
red changes dramatically with pH, while at 470 nm the extinction
coefficient is virtually independent of pH. By utilizing the ratio of

absorbance at these two wavelengths, an accurate estimate of pH
can be obtained.

can estimate the pH of asolution or region optically. Thus
in the glutamine biosensor mentioned above, such afiber-
optic pH sensor could be substituted for the potentiometric
ammonia Sensor.

Many different chromophores have been devel oped for
theusein bioassays. These compoundsareeither changing
color as aresult of some change in the environment such
as pH or they may change their fluorescent propertiesasa
result of some chemical environmenta change. Fluores-
cencemethodstend to be more sensitivefor analytical pur-
posesif inthe absence of theanalytelight emissionismin-
imal resulting in adesirable a high signal-to-noise ratio.

Characteristics of Some Fluorophores

Excitation peak Emission peak

Compound wavelength (nm)  wavelength (nm)
Lucifer Yellow 430 540
Fluorescein 492 520
Rhodamine B 550 585
Cy35 581 596
Cy5 649 670
Cy5.5 675 694
Cy7 743 767
Nd-benzoyltrifluoroacetone 800 900

One of the important features of fiber optic technology
isthat optical multiplexers are available to connect many
sensors to the same spectrophotometer or fluorimeter.
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FIGURE 13 Dr. Jerome Schultz adapted the principles of im-
munoassays to make biosensor devices (sometimes called im-
munosensors or affinity sensors). In this example Concanavalin
A serves as the surrogate antibody for glucose and fluorescently
labeled dextran as the analog to the antigen. In the top figure
ConA is immobilized in the interior surface of a hollow dialysis
fiber. In the absence of glucose, most of the dextran binds to the
ConA out of the field of view of the optical fiber. In the presence of
glucose the dextran is displaced from the ConA, moves into the
illuminated zone, and produces a fluorescent signal that is picked
up by the optical fiber. In the lower figure an alternative strategy
(called Fluorescent Energy Transfer or FRET) is used to measure
the competitive binding of dextran and glucose for ConA sites.
Here the ConA is not immobilized by labeled with Rhodamine. In
the absence of glucose the potential fluorescence from dextran
that binds to ConA is quenched due to the close proximity of Rho-
damine. In the presence of glucose, Dextran is displaced from
ConA and its fluorescence is detected by the optical fiber.

Figure 13 shows a biosensor based on fiber optics de-
veloped by Jerome Schultz that illustrates some of the
principles of bioreceptor-based sensors and fiber optics.
The approach is to use a biospecific macromolecule that
has binding selectivity for the analyte of interest. To make
aglucose sensor Concanavalin A (Con A), alectin that has
selective binding sitesfor carbohydrateswas chosen asthe
biorecognition agent. This methodology is similar to that
used in immunoassays: it is based on the competition be-
tween the analyte (glucose) and an analog of the analyte
(Dextran), which has a fluorescent label. A difference be-
tween this approach and immunoassaysisthat the binding
interactionsarereversibleand thereisno needto replenish
the reagents. A hollow-fiber dialysis membraneisused to
form amicroscopic poroustest tube, and the Con A isim-
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mobilized on the interior surface membrane. This ensures
retention of both the Dextran and Con A in the sensor. In
the absence of glucose in the external ¢ medium, most of
the FITC Dextranwill be occupying sitesonthe Con A out
of theview of the light that comes out of the distal end of
theoptical fiber, and thusthereisvery little of fluorescence
that enters back into the optical fiber. On the other hand, if
the responsive end of the optic fiber isplaced inasolution
containing sugar, glucose can diffuse through the wall of
the dialysis tubing and compete for Con A binding sites,
displacing some of the FITC Dextran that then distributes
uniformly throughout the lumen of the hollow fiber,
and the fraction in the middle of the hollow fiber is ex-
cited by the light that comes out of the optical fiber. A
portion of the emitted fluorescence from FITC Dextranis
captured by the same optical fiber producing, transmitted
to aphotomultiplier that producesasignal directly related
to the glucose concentration in the external medium.

A typical calibration curveisshownin Fig. 14. The dy-
namic range of thistype of sensor islessthan potentiomet-
ric methods because the receptor sites become saturated at
high concentrations of analyte. In contrast to immunoas-
says, the sensor response is reversible.

Another important optical techniqueissurface plasmon
resonance, a phenomenon that has been known for along
time but has recently been applied for measuring large
biomolecules. Figure 15 shows the configuration for plas-
mon surface resonance sensors. Basically the principal of
these devices is based on the fact that when a protein is
absorbed on the surface it changes the index of refrac-
tion of that surface. When the surface is illuminated at
various angles, then the angle at which one gets a max-
imum reflection is a function of the amount of material
absorbed at the surface. These devices can haveahigh de-
gree of sensitivity; however, they also may have problems
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FIGURE 14 A typical calibration curve for an affinity sensor
shows a leveling-in response at high analyte levels because all
the analog analyte is displaced from the bioreceptor.
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FIGURE 15 The principle of biosensors based on surface plas-
mon resonance. The angle of total internal reflection is a function
of the refractive index change at the interface between the metal-
ized surface and the sample medium. The lower figure shows that
a large change the angle of maximum reflection occurs between
air and water. And in water a minor but measurable effect is seen
when an antibody is adsorbed on the surface.

in that the selectivity could be low if materials not re-
lated to the analyte can indiscriminately absorb to the
surface.

Another principal that has been evaluated for the con-
struction of optically based sensors is the use of chemi-
luminescence. In these cases an enzyme system specific
for the analyte are coupled to reactions that produce light
through chemiluminescence. In principle, systems of this
type could be very sensitive, first of al dueto the amplifi-
cationfactor of enzymereactions, and secondarily because
fluorescence measurements are among the most sensitive
of optical techniques.

VIl. OTHER DETECTORS

One can also measure a temperature produced by the
chemical reaction if the systems is quite well insolated
and temperature differences are small as 10~ °C can be
detected with sensitivebridgetechniquesandthiscan mea-
sure materials aslow as 10~° molar.

Another type of detection deviceisbased on oscillating
quartz crystals. These types of devices are very similar
to the systems that are used inside of electronic watches.
The limit of detection with these systems where there is
afrequency change based on the amount of material that
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attaches to the surface can be as low as 10~ g. Surface
acoustic wave detectors can be used as well.

VIIl. SENSOR DYNAMICS

The response time of sensors to changes in concentration
of an analyte depends on the response rate of the various
components of asensor. Usually, diffusional processesare
thelimiting factor; theseinclude diffusion of theanalyteto
the surface of the sensor (dependent on external mixing),
diffusion through membranes, and diffusion through the
variousregionsof the sensor structure. Since diffusionlag
timesincrease with the square of distance, it isimperative
to maintain the active layers of the sensor to dimensions
on the order of tenths of amillimeter or less. Enzyme re-
actions can usually be made nonlimiting if necessary by
increasing the amount of enzyme in the system. However,
therate of dissociation of antibody—analyte complexesde-
creases directly with increasing binding affinity. For high
levels of sensitivity, high binding constants are needed.
For example, to measure an analyte at a concentration of
nanomoles, a binding constant of the order of nanomoles
isrequired. The dissociation rate for such antibodiesison
the order of tens of minutes.

Some of the considerations that are important in deter-
mining the structure of sensorsfor usein analytical assays
include the following:

Sengitivity: Senditivity relates to the lowest concentration
that the system can reliably detect. Tablelll showsthat
the concentration level smust be able to measure varies
quite greatly among different biochemicalsthat areim-
portant in thebody. The biochemical sin blood can have
average concentration ranges from milligrams per cu-
bic centimeter to nanograms per cubic centimeter. The
wide range of concentration of different biochemicals
that are present in blood presents atechnical challenge
to the measurement of several analytes simultaneously
in the same detection system.

Dynamic range: In addition to sensitivity of an assay sys-
tem, the range of sensitivity of the device is another
important consideration. The dynamic range is usu-
ally defined as the ratio of highest concentration to the
lowest concentration that a particular technique can re-
liably measure. For many analytical methods based on
biosensors, the dynamic range is rarely more than a
factor of about 10. Thusfor any particular application,
the system needs to be engineered to achieve dynamic
range that coversthe normal variation in concentration
for that analyte. For example, for the measurement of
blood glucose the normal level isabout 100 mg/dl and
the dynamic range shoul d be between 50 and 200 mg/dl
and somewhat higher for diabetics. For systemsthat use
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TABLE Il Approximate Blood Levels of Plasma Con-
stituents

Compound x1073 M Compound x1075M
Sodium 140 Albumin 600
Chloride 105 Urate 250
Bicarbonate 30 Phenylalanine 125
Glucose 5 Immunoglobulin G 90
Urea 4 Ammonia 30
Cholesterol 4 Iron 20
Calcium 25 Bilirubin (Total) 10
Triglycerides 1 Immunoglobulin M 1

(fasting)
Compound x107°M Compound x10712 M
Oestriol (late 600 Aldosterone 180
pregnancy)
Thyroxine binding 500 Insulin 120
globulin
Cortisol 400 Parathyroid hormone 100
Placental lactogen 300 Growth hormone 50
Thyroxine (total) 125 Luteinising hormone 10
Corticosterone 20 Triiodothyronine (free) 10
Triiodothyronine Adrenaocorticotrophin 10
Prolactin 1 Thyroid stimulating 5
hormone
Oestradiol-17 1 Angiotensin |1 4
(women)
Progesterone 1 Oxytocin 1
Arginine vasopressin 1

biological materialssuch asenzymesor antibodies, this
meansthat onehasto select theappropriate protein with
the correct binding characteristics or reactive charac-
teristics for the molecule that isto be measured. Fortu-
nately, with the advent of modern molecular biology,
one can either select or modify the protein to fulfill the
analytical requirements. An equation that depicts the
interaction of an antibody with aligandis
Antibody + Ligand % Antibody — Ligand.

The affinity constant for these antibiodies is the con-
centration at which the protein is half saturated with
the ligand.

Ka= I(f/kr-
Enzymes have akinetic characteristics that show satu-
ration behavior:
vV=VnSE/(Ku + 9.

The parameter for enzymes that characterizes the sen-
sitivity level for sensors based on the uses of en-
zymesisthekinetic parameter known asthe Michadlis-
Menton constant (Ky ). Again enzymes can be found
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in nature or readily genetically modified to have Ky
that vary over 5 orders of magnitude. Table |1 lists
Kwm values for some enzymes that have been used in
biosensors.

Responsetime: The response behavior of sensor-based an-
alytical devicesis affected by anumber of parameters.
With respect to the sensor component, response char-
acteristics are usually determined by a combination of
diffusional and reaction kinetic processes. The usual
configuration for abiosensor includes amembrane that
protects the sensor element. Thus in the Clark glu-
cose sensor shown in Figure 7, the diffusion processes
include the passage of glucose and oxygen from the
external fluid through the dialysis membrane into the
enzyme compartment and the subsequent passage of
oxygen through the silicon rubber membrane into the
electrode compartment.

Theapproximatelagtimeintroduced by diffusionlayers
(either membranes or liquid layers) can be expressed as

Lag time (sec) = 0.2L2/D,

where D isthe diffusivity of solutein the layer (cm?/sec)
and L isthe thickness of layer (cm).

If the biological element isan enzyme, then thekinetics
of thereaction of analytewill be governed by an equation
similar to that given above, and the overall rate of reaction
will be determined by the enzyme concentration in the
preparation (E) and the inherent substrate turnover of the
enzyme characterized by Vp,.

If the biological element is an antibody or a biorecep-
tor, the kinetics will be related to the magnitude of the
affinity constant K,. The affinity constant is essentially
the equilibrium constant for the reversible association and
dissociation of the ligand for the antibody. Kinetic studies
of these reactions has shown that increase in binding con-
stants is directly correlated with a reduction in the inher-
ent dissociation rates of these reactions. The implication
of this behavior is that the response rate of sensors based
on antibodies becomes slower with higher affinities.

An approximate value for the association rate con-
stant (k¢) for ligands with antibodies is 10° M~1 sec™t.
Thus an approximation for thelag time for dissociation of
antibiody-ligand complexesis

Lag time (sec) = 108K,

where K is the ligand-antibody association equilibrium
constant (M~1).

SEE ALSO THE FOLLOWING ARTICLES

BIOENERGETICS e BIOMATERIALS, SYNTHESIS, FABRICA-
TION, AND APPLICATIONS e BIOPOLYMERS e ELECTRO-
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PHORESIS e ENZYME MECHANISMS e IMMUNOLOGY—
AUTOIMMUNITY e |ON TRANSPORT ACROSS BIOLOGICAL
MEMBRANES ¢ MACROMOLECULES, STRUCTURE e MET-
ABOLIC ENGINEERING
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GLOSSARY

Acceptance angle Maximum incident angle for which
an optical fiber will transmit light by total internal
reflection.

Catheter Flexible hollow tube normally employed to
inject liquids into or to drain fluids from body
cavities.

Cladding Outer part of an optical fiber; has a lower re-
fractive index than the core.

Core Inner part of an optical fiber; has a higher refractive
index than the cladding layer.

Critical angle Minimum incidence angle in a medium of
higher refractive index for which light is totally inter-
nally reflected.

Endoscope Optical instrument used for viewing internal
organs.

Fiberoptic endoscope A flexible endoscope that contains
a fiberscope and ancillary channels for medical instru-
ments and for irrigation or suction.

Fiberscope Viewing instrument that incorporates an or-
dered bundle for imaging and a fiber bundle for illumi-
nation.

Laser catheter Catheter that incorporates an optical fiber
for the transmission of a laser beam.

Laser endoscope Endoscope that incorporates an optical
fiber or rod lens system for the transmission of a laser
beam.

Light guide Assembly of optical fibers that are bundled
but not ordered; used for illumination.
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Numerical aperture Light-gathering power of an optical
fiber. It is proportional to the sine of the acceptance
angle.

Optical fiber Thin thread of transparent material thro-
ugh which light can be transmitted by total internal
reflection.

Ordered bundle Assembly of optical fibersinwhich the
fibers are ordered in exactly the same way at both ends
of the bundle.

Power fiber Optical fiber that can transmit a laser beam
of high intensity.

Rigid endoscope Sometime called “rigid telescope.”
Imaginginthisdeviceiscarried out by aseriesof lenses
that are placed inside arigid tube.

Total internal reflection Reflection of light at the in-
terface between media of different refractive indices,
when the angle of incidence is larger than a critical
angle.

Videoscope A special endoscope that contains a minia-
ture electronic imaging device (e.g., charge-coupled
device) instead of an ordered imaging fiber bundle.

OPTICAL FIBERS are thin, flexible, and transparent
guides through which light can be transmitted from one
end to another. An ordered bundle of optical fibersforms
a fiberscope and can be used for transmitting images. A
medical endoscope incorporates such a fiberscope. Thin,
flexible endoscopes enabl e physicians to get images from
areas inside the body that were previously inaccessible,
such as inside the bronchial tree or inside blood vessels
or even inside the fetus in the womb. Optical fibers can
be used for medical diagnostics by inserting them (e.g.,
through catheters) inside the body and making physical
or chemical measurements through them. Measurements
such as blood flow, pressure, and gas content or sugar
content in blood can be performed quickly and reliably.
Optical power fibers may be used to transmit high laser
power to areas inside the body. The laser radiation in
turn may be used to cut tissues, coagulate bleeding ves-
sels, remove tumors, clean occluded arteries, and destroy
cancer cells. Compound laser endoscopes may include
severa channels: fiberoptic ones for image transmission,
diagnostics, and laser power transmission, and ancillary
channels for injection of liquids or aspiration of debris.
Laser endoscopes are thin and flexible and used in myriad
applications.

I. INTRODUCTION

Light can be transmitted through a cylinder of trans-
parent material by a series of internal reflections. This

Optical Fiber Techniques for Medical Applications

phenomenon was probably known by ancient glass blow-
ers, but the earliest demonstration of the effect was
given by J. Tyndall in England in 1870. Thin rods
that are used for light transmission are called optical
fibers. Such fibers appear in nature. For example, tis-
sues of plant seedlings can guide light to coordinate their
physiology.

An ordered bundle of glassor plastic fibers may be used
for the transmission of images. Some of the earliest pa
pers and patents describing optical fibers, in the period
1925-1930, involved the use of such bundlesin medicine.
Only in the early 1950s, with the devel opment of optical
fibers that consisted of inner core and outer cladding, did
the flexibl e fiberoptic bundle become a powerful practical
tool. At first the medical instruments, endoscopes, incor-
porating fiberoptic bundles, enabled physicians to obtain
images from organs inside the body.

During the 1970s and 1980s there has been rapid
progressinthe devel opment of glass fiberswith extremely
low optical transmission losses. Themain challengeinthe
use of these fibersisin communication systems. Light sig-
nals emitted from semiconductor lasers can be transmit-
ted through very long optical fibersand can be detected by
semiconductor detectors. Thelaser light can be modul ated
in such away that it may carry with it voice communica-
tion, radio and tel evision broadcasting, and computer data.
Thus, optical fibers will be the major building blocks in
future communication networks.

There has been increasing recognition of the enor-
mous possibilities for utilizing the low-loss optical fibers
in medical applications. Ultrathin endoscopes with im-
proved optical properties have been developed and uti-
lized for endoscopic imaging. Optical fibers have been
used as diagnostic tools. Laser power has been transmit-
ted through optical fibers and used for ablation of tissue
or for therapeutic applications inside the body. The diag-
nostic fibers and the “power” fibers can be incorporated
in compound laser endoscopes. The unique capabilities of
this system may be enhanced by computer control. This
will actually make it a robotic system that will interpret
the imaging and the diagnosis data, and will control the
therapeutic or the surgical laser operation inside the body.
We review here some of the physical principles involved
and some of the revolutionary uses of optical fibers in
medicine.

Il. OPTICAL FIBERS

In this section we describe the physical principles of light
guiding in optical fibers and in bundles of fibers. We dis-
cuss the materials and methods of fabrication of various
fibers and bundles.
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FIGURE 1 Reflection and refraction at the interface between two
media of refractive indices n; and n, (n1 > ny). (a) Incident angle
61 < 6c. (b) Incident angle 61 =6,. (c) Incident angle 6, > 6.; total
internal reflection.

A. Properties of Optical Fibers
1. Total Internal Reflection

Consider two transparent media of refractive indices n;
and n,, where ny > n, (Fig. 1). A ray of light propagates
at an angle 61 with respect to the normal to the inter-
face between the media. At theinterface, part of the beam
will be reflected back to medium 1, and part will be re-
fracted into medium 2. The reflection is specular (the an-
gle of reflection is equal to the angle of incidence 6,).
The refraction obeys Snell’s law as shown in Fig. 1(a),
so that ny Sinf; =n, siné,. If the angle 6, is increased,
one may reach some angle 61 = 6y, for which 6, = 90°.
Here 0y is called the critical angle, and for this angle we
writeny Sin 61 =ny Sin 90° = n,. For every angle of in-
cidence 61 > ., there is no refracted beam. Were there
such abeam, its angle 6, would be given by the equation:
Sin 0, =(n18iN071)/ny > (ny1 Sin61c)/n, = 1. Since this of
course isimpossible, there is only areflected beam. This
phenomenon, shown in Fig. 1(c), is caled total inter-
na reflection. If medium 1 is glass with n; =1.5 and
medium 2 is air with n, =1, the critical angle is given
by sin 61 =1/1.5. Inthiscase, 1. =42°. If medium 2 is
soda-limeglasswith ny = 1.52 and medium 1isflint glass
withnq = 1.67, then 6, = 65°. It should be mentioned that
in practice the total internal reflection is very efficient. In
this process more than 0.99999 of the incident energy is
reflected, compared to about 0.95 for good metal mirrors.

2. Optical Fibers

Consider arod of transparent material of refractive index
ny inar (ng=1). Two rays of light incident on one end
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FIGURE 2 Trajectory of a ray in a cylindrical rod. (a) A rod of
refractive index ny in air (ng=1). (b) A rod whose core has a
refractive index n; and cladding index n, (nz < ny).

face of the rod are shown in Fig. 2(a). Ray Il will be
refracted inside the rod and refracted back in air. Ray |,
on the other hand, will be totaly internally reflected
inside the rod and will emerge from the second face of
the rod. This will also happen when the rod is very thin
and flexible, and in this case the rod is called an optical
fiber. A fiber consisting of a transparent material in air
is called an unclad fiber. Light will propagate inside the
rod (or fiber) by a series of internal reflections, even if
the rod is not in air, as long as ny < nj. In particular, a
compound rod may consist of the inner part of index
ny, caled core, and the outer part of index ny, caled
cladding. If this rod is thin, the optical fiber formed is
caled a clad fiber. The cross section of the rod (or the
fiber) is shown in Fig. 2(b), with the trgjectory of an
incident ray of light. Assume that the angle of incidence
in air is ag and that inside the core the beam is refracted
at an angle o7, as shown. We can write noSin ag=
nysinay =ni costy =n1(1— sin?6,)Y2, whereng=1is
the refractive index in air. The angle 6; can assume sev
eral values, but itsmaximum valuefor total internal reflec-
tionisthecritical value 6y, givenby ni sinf;c = —n,. We
can caculate agmx, the value of ag corresponding
to this value of 6:ngSiNaoma =n1(1— sin? Hi)Y2 =
(n? —n3)Y2. This value of ng SiNaomax IS defined as the
numerical  aperture  NA: NA =no SN aomax = (13 —
n3)Y2.(2A)Y2, where A = (n1 —n2)/n1. Rays of light
impinging on the surface at any angle ag < agmax Will
be transmitted through the rod (or the optical fiber). All
these rays form a cone of angle agmax. FoOr angles of
incidence o > aomax, the ray will be refracted into the
cladding and then into the air. The cone of light rays that
could be transmitted by the fiber is a measure for the
light-gathering capability of the fiber. The angle of the
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cone agmax IS called the acceptance angle. If n; =1.62
andnp, = 1.52, then NA = 0.56. If thefiber isinair,ng=1
and agmax = 34°, but if it isimmersed in water, ng=1.3
and then agmax = 25°. The acceptance angle of the fiber
in water istherefore smaller than in air.

Inthecase of astraight fiber, aray incident at an angle«
will be transmitted by the fiber and emerge with the same
angle «. For an incident cone of rays, the light emerging
fromthefiber will a so beaconewith the sameapex angle.
In general, thisisalso true for a bent fiber.

3. Transmission in Optical Fibers

A beam of light of intensity |o impinges on a transpar-
ent material of thickness L (cm). The beam is trans-
mitted through the material and emerges with inten-
sity 1. In many cases the ratio between 1y and | is
given by the Beer-Lambert law, | =1g exp(—§L), where
8 (cm™1) is the absorption coefficient. Physically, af-
ter traveling L =1/6 cm, the intensity |y is reduced to
lo/e~1p/3, and after traveling L =2/§ cm it is reduced
to lo/ € = 1o/10. In the engineering literature, the trans-
mission loss A is given in decibels (dB), as defined by
A (dB) =10 log,g (lo/1). As an example, if only 10% of
the light is transmitted, then | =1¢/10 and the transmis-
sionlossis A =10 log,;, 10=10 dB. If thelight intensity
isreduced to | after traveling adistance L in the material,
thetransmissionlossesarestated in A/L dB/m (or dB/km).
If the intensity is reduced from I to 19/10 after traveling
in afiber of length 10 meters, then the transmission loss
is10 dB/10 meters= 1 dB/meter.

A beam of light of wavelength A and of intensity | may
propagate in a clad optical fiber, as shown in Fig. 3. The

cladding core

//\ /v\\

AN

™
1

FIGURE 3 The transmission of light in a clad fiber.
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total transmission through real fibers depends on many
factors, and several of them are listed here:

1. Losses in the coupling of light from a light source
into the fiber.

2. Reflection losses at each end of the fiber. This
is called the Fresnel Reflection and is proportiona to
[(n1 — no)/(n1 4 no))?.

3. Absorption in the pure material of the core. This
absorption depends on A.

4. Absorption by impurities.

5. Scattering from the inherent inhomogeneous struc-
ture of the core (Rayleigh scattering); scattering from
small inhomogeneity of refractive index in the core, and
in the interface between core and cladding.

6. If the fiber is bent, some of the light leaks out from
the cladding.

In order to ensure high transmission through the fiber,
one has to reduce the losses. In unclad fibers the outer
surface of the fiber is exposed to mechanical or chemical
damage, which givesriseto scattering. Thereforethe fiber
has to be a clad fiber. The cladding material should be
well matched to the core one, and the interface should be
of high quality. The core should be very pure, in order to
reduce absorption, be free of defects, and homogeneous,
to reduce scattering. The ray trajectory shown in Fig. 3
is schematic. Some of the optical power is transmitted
through the cladding. Therefore the cladding layer should
also be highly transparent. In medical applications, low
losses are very important when trying to transmit high
optical power through optical fibers. High lossesmay give
rise to excessive heating and to melting of the power-
carrying fiber.

B. Material and Methods of Fabrication
of Optical Fibers

1. Optical Fibers Made of Silica Glass

Optica fibers are usualy made of glass, and most often
this is an oxide glass based on silica (SO;,) and some
additives. A rod of glass (called preform) is heated un-
til soft, and then a fiber is drawn from its end. This fiber
consists only of a core. The preform itself may consist
of two glasses, of different indices of refraction, such as
shown schematically in Fig. 2(b). In this case a core/clad
fiber is fabricated by drawing. In both cases the outer di-
ameter of the fiber is less than 0.1 mm, in order to ob-
tain flexibility. Fibersin use today are generally core/clad
fibers.

In the past the preform itself was prepared by melt-
ing, and the glass components were not very pure; also,
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there were defects in the materials and at the interface.
Nowadays, exceptionally pure materias are prepared by
deposition in a vacuum system, and specia efforts are
taken to reduce the number of defects. In the case of
optical communications, the fibers are coated with aplas-
tic primary coating asthey arebeing drawn, inorder to pro-
tect them from moisture or scratches, among other things.
Good-quality optical fibers have transmission losses on
the order of 1 dB/km. Such quaity isnormally not needed
for medical applications.

In optics, wavelength A is normally specified in nano-
meters (Lnm=10"°m), or in micrometers (1um=
10-% m). The optical spectrum is broadly divided into
three spectral regions: ultraviolet (UV) for A <400 nm,
visible (VIS) A =400-700 nm, and infrared (IR) for
A>700 nm. The UV region a wavelengths A <250
nm is sometimes called “deep UV.” The infrared spec-
trum may be further divided to near infrared (NIR) A =
0.7-3.0 um and middle infrared (MIR) A =3.0-30 um.
Optical fibers that are based on some mixture of SiOy,
B,03, and N&,O, are called silicafibers and they transmit
well in the UV, visible, and NIR regions of the optical
spectra.

2. Special Optical Fibers

Standard silica fibers transmit only in the visible and do
not transmit in the deep UV or inthe middleinfrared. Nor
could these glass fibers transmit visible or NIR beams
of high intensity. For the transmission of deep UV, one
could use pure silica as the core material. Doped silica
(of lower index of refraction) serves as a cladding layer.
These fibers (sometime called “quartz” fibers) also serve
as power fibers for the transmission of laser power. For
transmission in the middle infrared, one may use nonox-
ide glasses such as chalcogenides (e.g., As, S3) or fluo-
rides (e.g., ZrF;—BaF,-LaF3). Crystals of silver halides
or thallium halide can be extruded through dies. The re-
sulting fibers were found to be transparent in the middle
infrared. An alternative is to use hollow plastic or glass
tubes, coated on the inside with thin metallic coatings.
The hollow tubes are transparent in the mid IR and can
deliver high laser power. These are not actually fibers, but
they arethin and fairly flexible and are sometimesreferred
to as hollow fibers.

Optical fibers made of plastic materials have been
used in the past for the visible range. For example, poly-
methylmethacrylate (PMMA) could be drawn to form
unclad fibers. Alternatively, polystyrene may serve as a
core in these fibers, and PMMA as cladding. Such fibers
are flexible and less expensive to fabricate, but their
properties are still inferior to those of glass. In particular,
plastic fibers are relatively thick (1 mm), they transmit
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well only in the spectral range A > 450 nm, and their laser
power handling is limited.

lll. LASERS FOR FIBEROPTIC
MEDICAL SYSTEMS

A. Medical Lasers

There are many regular light sources that are used in
medicine, such as incandescent lamps (e.g., halogen),
high-pressure lamps (e.g., X€), and light-emitting diodes
(i.e., LEDs). Thelight emitted from these sources consists
of many wavelengths; it isemitted from arelatively broad
area, and is spread in many directions. Laser light has
characteristics that make it especially useful in medicine.
These are;

* Monochromatic—Ilaser light consists of anarrow band
of wavelengths (i.e., “‘one wavelength”).

¢ Collimated beam—the laser light isemitted in a
parallel beam.

 High intensity—practically al the laser energy is
concentrated in a narrow pencil.

» Coherent—the laser emission is “ordered” both in
space and in time.

The coherence helps to focus the beam to a very small
point (of the order of the wavelength of light). The en-
ergy density (energy divided by area) at the focal spot is
extremely high. Such energy density cannot be obtained
with standard (noncoherent) light sources.

All lasers are based on some active medium in which
“optical amplification” occurs. Thismedium can beasolid
crystal (e.g., Nd:YAG or Er:YAG crystals), aliquid (e.g.,
dyeinasolution), gas(e.g., Ar, CO,, or HeNe), or asemi-
conductor (e.g., GaAs). The medium has to be excited
(pumped) in order to start the lasing process, and elec-
tric current often provides excitation. Also, in order to get
laser emission thelaser should contain two mirrors, which
reflect thelight back and forth through the | asing medium.
One of these mirrorsis partially transparent, and the laser
beam emerges from this mirror.

There are many lasers that emit light in the UV, visi-
ble, and IR. Some lasers emit continuoudly light of wave-
length A, and the total power emitted is measured in
watts. These are called CW (continuous wave) lasers.
Other lasers emit short bursts of light, in which case the
lasers are called pulsed lasers. Some of the lasers used in
medicine emit long pulses, measured in msec (10~ sec),
others emit shorter pulses, measured in psec (107 sec)
or nsec(10~? sec), and some emit very short pulses, mea-
sured in psec (10~12 sec) or fsec (10~1° sec). The energy
emitted from these lasers can be specified by the pulse
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TABLE la Continuous Wave Lasers
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Laser Wavelength (pm) Laser medium Max power (W)
Arion 0.488 and 0.514 Gas 20
Dye 0.4-1.0 Liquid 2
HeNe 0.628 Gas 0.05
GaAs/GaAlAs 0.7-15 Semiconductor >100
Nd:YAG 1.06 Solid >100
CO, 10.6 Gas >100
TABLE Ib Pulsed Laser
Max Max
Wavelength Laser Pulse repetition average
L aser (pm) medium duration rate power
Excimer 0.193, 0.249, Gas 5-30 nsec 50-150 Hz wow
0.308, 0.351
Dye 0.4-1.0 Liquid 0.01-100 psec 1000 5
Nd:YAG 1.06 Solid 0.01-100 psec 1-100 >100
Ho:YAG 21 Solid 1-100 psec 20 2
Er:-YAG 294 Solid 5-200 psec 10 20
CO, 10.6 Gas 0.01-100 psec 1000 >100

length (seconds), number of pulses per second (pps), en-
ergy per pulse (joules), and average power (watts). Some
of theimportant lasers, which have been used in medicine,
are given in Tables laand Ib. The typical values refer to
lasers that are used for medical applications.

B. The Use of Various Lasers in Medicine

As alaser beam impinges on biological tissue, its energy
is attenuated in the tissue, due to scattering and to ab-
sorption. In the absorption process, the energy is trans-
formed to another form of energy—often to heat. The
Beer—Lambert law gives the attenuation due to absorp-
tion in general. For every tissue and every wavelength A
there is an absorption coefficient &, and one could then
write I; =1, (0) exp(—xay,), for atissue thickness x. For
wavelength A, and for Le =4.6/a, (cm), |, (Le) =1, (0)
exp[—a, (4.6/8,)] =0.011; (0), so that 99% of the light
is absorbed after traveling Lo =4.6/a, cmintissue. L is
the extinction length.

Absorption of laser light in tissues and in biological
fluids depends on the characteristic absorption of water,
hemoglobin, melanin, keratin, and protein. Soft tissues
contain a very high percentage of water. Water does not
absorb in the visible, but the absorption is high in the
deep UV and the middle IR (A > 2.8 um). For the CO,
laser (A =10.6 um), the extinction length L is less than
0.1 mm. Thesameistrue for the CO laser (A =5 um) and
for Er:YAG (A =2.94 um). Red pigment in hemoglobin
absorbs blue-green light, and therefore the extinction

length of argon or krypton laser light in blood is also
small. Ontheother hand, Nd:YAG (A = 1.06 um) or GaAs
(A =0.8 um) laser light isnot absorbed well by tissue, and
the extinction length L is a few millimeters. In the UV,
excimer laser light (A <300 nm) is highly absorbed by
both hard tissues and soft tissues, and L issmall.
Inthevisibleorintheinfrared, theabsorbed laser energy
is often converted into heat. For low laser incidence (in-
cident energy per unit ared), tissue is moderately heated.
This may give rise to therapeutic heating (such as laser
induced thermal therapy) or to the coagulation of blood.
For highincidence, the tissue vaporizes. In most casesit is
water that boilsaway. In practicethelaser beam isfocused
on acertain area, and the vapori zation removestissuefrom
thisarea. Theabsorption of highintensity laser pulsesmay
give rise to mechanical effects, such as the generation of
shock waves. These may be used for the removal of hard
tissues, such as gallbladder or urinary stones. The com-
mon medical lasers are bulky and heavy. The output laser
beam is often delivered to a desired spot via an articulat-
ing arm. This is a system of mirrors, attached to a distal
hand piece, which includes a focusing lens. This articu-
lating arm enabl es the user to focus the beam and to move
it from place to place. By moving the beam the physician
can ablate tissue or perform an incision or an excision
(e.g., laser surgery). Tissues outside the area of the focal
spot are also affected. They heat up to atemperature that
is dependent on the thermal diffusivity and the extinction
length of the tissue. The heating effect may cause damage
to surrounding tissue. The damage is lower if one uses
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lasers for which the extinction length is small and if one
uses short pulses, rather than a CW beam. Theinteraction
described above is basically photothermal. The interac-
tion between excimer lasers (A < 300 nm) and tissue may
be different. It involves the absorption of UV light, and
there are claims that ablation of tissue is possibly due to
photochemical processes that do not generate heat. The
excimer laser has important surgical applications. It has
been used in cosmetic surgery for resurfacing of the skin,
such asfor theremoval of wrinkles, and in ophthalmology
for corneal reshaping (i.e., for the correction of vision).

There are several nonthermal effects which should also
be mentioned. The interaction of tissues with low level
laser light (e.g., blue light or UV light) may give rise
to luminescence. This luminescence can be used for tis-
sue diagnosis, for example, for distinguishing between
healthy and diseased tissues. Ar lasers or some new semi-
conductor lasers, which emit in the blue, can be used for
these applications. Another important application is pho-
tochemotherapy. Chemicals are introduced into the body
and are “triggered” by light of some specific wavelength
and then sel ectively interact with tissue. Such photochem-
ical effects may be used for cancer treatment, to be dis-
cussed in Section V11, or for the treatment of age-related
degenerate macula (ADM) and other diseases.

Medica laser systems have dramatically improved
during the last few years. Semiconductor lasers cover
a broader range from the blue (e.g., GaN lasers) to the
mid-IR (i.e., quantum cascade lasers). Solid-state lasers
pumped by semiconductor lasers are now more compact
and more powerful. There are gas lasers (e.g., CO,) that
are very compact and easy to use. All these new lasersare
now more reliable and more efficient, most of them are
lightweight, easy to operate, and relatively inexpensive.
Many of the new lasers have already made their debut in
theclinical setting.

C. Lasers and Fibers

Laser beamsin thevisibleand NIR (A =0.3-3.0 um) are
transmitted by silica-glass fibers and have been used for
transmitting the radiation of Ar, dye, Nd:YAG, and GaAs
lasers. Excimer laser radiation at A =250-300 nm can
be transmitted only through pure silica fibers, which are
not very useful at shorter wavelengths. Better fibers are
needed for this spectral range. Er:YAG laser radiation can
be transmitted through sapphire fibers. There has been a
major effort to find suitable fibers for the transmission of
the radiation of mid-infrared lasers, and especialy that
of a CO, laser (A =10.6 um). At the moment, the best
fibers are hollow fibers or polycrystalline fibers made of
halide crystals (e.g., AgCIBr). The transmission of high
laser power through fibersis discussed in Section VI1I.
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IV. FIBEROPTIC ENDOSCOPES

The name endoscope is based on two Greek words: endon
(within) and skopein (view). It is used to describe optical
instruments that facilitate visual inspection and photogra-
phy of internal organs. Endoscopes may be inserted into
the body through natural openings (ear, throat, rectum,
etc.) or through a small incision in the skin. The simplest
endoscopeisan opentube, and it hasbeen usedinmedicine
for thousands of years. The development of modern en-
doscopes started about a hundred years ago with the addi-
tion of artificia illumination (i.e., incandescent lamp) and
lenses to the open tube (NITZE 1894). Rigid endoscopes
built in a similar manner are till in use. The nature of
endoscopy changed dramatically in the early 1950s when
optical-fiber bundleswereintroduced. These areused both
for illumination and for imaging.

A. Light Guides for lllumination
1. Light Sources

In endoscopy light is transmitted through an optical fiber,
in order to illuminate an internal organ. The light sources
that are suitable for this purpose should deliver enough
energy through the fiber to facilitate viewing or photog-
raphy. In general, high-intensity light sources are needed,
such as tungsten lamps, mercury or xenon high-pressure
arc lamps, or quartz iodine lamps. In most of these cases,
the light has to be focused on a fiber (or a fiber bundle),
by means of alens or a reflector. Special provisions are
often required to dissipate the excessive heat generated by
the light sources. Some of the lasers that were mentioned
earlier are suitable for special endoscopic illumination.

2. Light Guides (Nonordered Bundles)

The light from a regular high-intensity (noncoherent)
source cannot be focused to a spot whose size is equal
to the size of athin optical fiber. Therefore, a bundle of
fibers is normally used for illumination. This assembly
consists of numerous clad fibers of acertain length, which
are bundled together but not ordered. In order to increase
the light collection efficiency, the fibers are designed to
have arelatively high numerical aperture (NA 0.65-0.72).
The diameter of each individual fiber is20-50 um, soitis
flexible. The ends of the fibers are cemented with epoxy
resin or fused. The remaining lengths are | eft free, so that
the whole bundle can be bent. A thin plastic sleeve is hor-
mally used to protect the fibers and often a metal tube
protects the ends of the bundle. It is also important that
the NA of the collecting fibersmatch the NA of the optical
element that focuses light from the light source onto the
light guide.
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COHERENT BUNDLE
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BY BUNDLE

PICTURE PROJECTED
ON BUNDLE

FIGURE 4 Image transmission through a coherent (aligned)
bundle.

B. Ordered Bundles for Image Transmission

Optical fibers can be accurately aligned in abundle, such
that theorder of thefibersat oneendisidentical totheorder
in the other end. Such an ordered optical-fiber assembly
issometimes called a coherent bundle (not to be confused
with the coherent nature of laser light). If a picture is
projected and imaged on one end of such a bundle, each
individual fiber transmits the light impinging on it, and
the ordered array will transmit the picture to the other
end. Thisis shown schematically in Fig. 4.

Theindividual fibers used in abundle are clad fibers. If
unclad fiberswere used, light would leak from afiber toits
nearest neighbors (crosstalk), and the quality of theimage
would deteriorate. Theoptical fibersinabundle (or at least
on each end) are closely packed, as shown schematically
inFig. 5. We define d as diameter of the cladding and ¢ as
the diameter of the core.

An ordered bundle has to faithfully transmit the image
of an illuminated object. In order to get a bright image,
as required for photography, each individua fiber should
haveahigh NA. Oneshouldjudiciously choosethe materi-
alsneeded for fabricating coreand cladding. Thethickness
of the cladding layer of each individual fiber (d —c¢)/2
should be of the order of 1.5-2.5 um, to ensure guiding

core cladding

FIGURE 5 Close packing of clad optical fibers in a bundle, with
c the diameter of the core and d the diameter of the cladding.
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with little loss and to minimize crosstalk. On the other
hand, in order to get high spatial resolution one hasto de-
crease the diameter ¢ of the fiber coreto 5-10 um. Inthis
case, the ratio between the areas of the coresto that of the
bundleis not high, and the light transmission through the
bundle is reduced. The fibers should therefore have low
lossin order to obtain a good picture.

C. Fabrication of Fiberoptic Bundles

An ordered bundleisfabricated by winding a clad optical
fiber on a precision machine and continuously winding
many layers, one on top of another. All the fibers are then
cut, at one point, glued together at each end, and polished.
Tens of thousands of fibers, each of diameter of tens of
micrometers, can be bundled in this way. Alternatively,
one starts with an assembly of carefully aligned lengths
of clad fibers. The assembly is heated in a furnace, and a
compound fiber isdrawn—much like thedrawing of asin-
glefiber. Theresulting fiber is called amultifiber and may
contain fibers of diameter of about 5 ym. If the number of
fibersinamultifiberissmall (e.g., 100), itisquiteflexible.
A few multifibers can then be aligned to form a flexible
ordered bundle of very high spatial resolution. If the num-
ber of fibersis higher than 1000, the multifiber isrigid. It
isthen often called an image conduit and is used for image
transmission in an ultrathin rigid endoscope (d < 2 mm).

Finally, a flexible multifiber may be fabricated by a
leaching process. In this case, aspecial clad fiber isfabri-
cated with two cladding layers. The inner cladding layer
is made of an acid-resistant glass and has a lower refrac-
tive index than the core. The outer cladding layer is made
of glassthat is soluble in acid. The multifiber is made in
the same way described above. It is then cut to a desired
length and a plastic material is applied to protect the two
ends. The multifiber isthen immersed in an acid bath, and
the outer cladding layer of the individual fibersis|eached
out and are separated from each other. A flexible ordered
(aligned) bundle may thus consist of tens of thousands of
fibers, each of diameter 10-50 um.

D. Fiberscopes and Endoscopes

With the availability of fiberoptic bundles, oneis able to
design and fabricate a viewing instrument called a fiber-
scope. The structure of arigid or a flexible fiberscope is
shown schematically in Fig. 6.

Light from a lamp (or alaser) is focused onto the in-
put end of aflexible light guide. The light is transmitted
through this nonordered bundle and illuminates an object.
An abjective lensforms an image of the object on the dis-
tal end face of an ordered bundle. Theimageistransmitted
through thebundleto the proximal end and viewed through



Optical Fiber Techniques for Medical Applications

LIGHT COHERENT
GUIDEl \BUNDLE

OBJECTIVE
LENS

LIGHT GUIDE
LENS

LIGHT
SOURCE

FIGURE 6 Schematic diagram of a fiberscope.

an eyepiece. The devel opment of modern digital electron-
icshaslet to thedevel opment of miniatureimaging devices
called charge-couple devices (CCDs). These are used in
digital (still) cameras or in video cameras. CCDs offer
imaging on a TV monitor as well as easy data transmis-
sionand storage. A standard camera (incorporating photo-
graphic film) or aCCDs could be attached to the proximal
end of the imaging bundle, for imaging applications.

Flexible endoscopesincorporate fiberscopesthat enable
the physician to view and examine organs and tissues in-
side the body. In addition, an endoscope may include an-
cillary channels through which the physician can perform
other tasks. A schematic cross section of an endoscopeis
shown in Fig. 7. One open channel serves for inserting
biopsy forceps, snares, and other instruments. Another
channel may serve for insufflation with air or for injec-
tion of transparent liquids to clear the blood away and to
improve visuaization. A separate channel may also serve
for aspiration or suction of liquids. Many endoscopeshave
some means for flexing the distal tip to facilitate better
viewing.

The quality of fiberoptic endoscopes has markedly in-
creased during the last few years. Several ultrathin en-
doscopes (see Section 1V.E.2) have been tried clinically

COHERENT BUNDLE

LIGHT GUIDE LIGHT GUIDE

FLEXIBLE
SLEEVE

IRRIGATION
(OR GAS)

INSTRUMENT CHANNEL

(OR SUCTION)
CHANNEL

FIGURE 7 Schematic cross section of an endoscope.
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TABLE Il Typical Data on Commercially
Available Flexible Endoscopes

Length 300-2500 mm
Outer diameter 0.5-15mm
Instrumental channel diameter 0.5-3mm
Flexible up/down 180°/60°
Depth of focus 5-100 mm
Field of view 50°-100°

in cardiology or ENT. There have also been attempts to
develop disposable endoscopes. Rigid disposable endo-
scopes may incorporate asmall number of glassor plastic
lenses, and the flexibl e disposabl e endoscopes may incor-
porate plastic fibers. One of the limitations of standard en-
doscopesisthat theimageisatwo-dimensional one. There
are attempts to develop rigid endoscopes that incorporate
two miniature imaging devices or fiberoptic endoscopes
that incorporate two bundles of ordered bundles. Such en-
doscopes could be used for three-dimensional (3D) imag-
ing (Table I1). Research is being carried out in new areas
such asdevel oping specialized computer programsfor im-
age processing.

Some of the CCDs mentioned above are a few mil-
limeters in diameter. Such a CCD could be placed at the
distal end of an endoscope and used for imaging, instead
of the ordered bundle of optical fibers. A light guide is
till used in these endoscopes for illumination. Such en-
doscopescan provideimaging at avideo ratefrominternal
organsand they are called videoscopes. It is estimated that
roughly 50% of the flexible endoscopes used today are
videoscopes. These endoscopes are till relatively thick
and they are mostly used in gastroscopy and colonoscopy.

E. Clinical Applications of Endoscopes

There are many types of endoscopes. Some of the en-
doscopes are flexible and others are rigid. Some are in-
serted through natural orifices, and some areinserted viaa
rigid tubethrough anincisionintheskin (percutaneously).
All these endoscopes are similar, from the basic science
point of view. But, many of the mechanical and optical de-
tails vary according to the specific application. Fiberop-
tic endoscopes have been used in a variety of medical
applications.

1. Standard Endoscopes

Standard fiberoptic endoscopes make use of an imaging
bundle and one or several illumination bundles. Imaging
through these endoscopes with white light illumination
or with laser light can be used for early detection of dis-
eases such as cancer. All these endoscopes incorporate an
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ancillary channel through which surgical instruments can
be inserted and used for endoscopic therapy or surgery or
for the removal of tissues, such asabiopsy or the removal
of tumors.

Some endoscopes are listed in aphabetical order:

Arthroscope—for the joints

Bronchoscope—for the bronchi

Colonoscope—for the colon

Colposcope—for the cervix and the vagina

Cystoscope—for the urinary bladder

Gastroscope—for the stomach, esophagus, and the
bile duct

Hysteroscope—for the uterine cavity

L aparoscope—for the abdominal cavity

Laryngoscope—for the larynx

Otoscope—for the ear

Sinuscope—for the nose

Thoracoscope—for the thorax.

Some of the applications of these endoscopes are listed
below:

The first fiberoptic endoscopes—the Gastr oscopes—
were developed for viewing the upper part of the gastroin-
testinal tract. Colonoscopes are used for examining the
colon and may be utilized for the early detection of carci-
noma of the large bowel. Benign polyps may be detected
and removed. For this purpose a special metallic snareis
inserted through the instrument channel, passed over the
polyp, and a high-frequency current used to heat the wire
and remove the polyp (electroresection). Bronchoscopes
are thinner, as they are used to visualize the thin bronchi.
Bronchoscopes have al so been used for removal of foreign
bodies, and for the surgical removal of tumors. L aparo-
scopes of diameter 5-10 mm are inserted into the body
through anincision in the navel. They have been used for
the removal of the gallbladder.

2. Thin and Ultrathin Endoscopes

Recently there has been progress in developing endo-
scopes of very small diameter. Flexible endoscopes of di-
ameter of about 0.5-2 mm may incorporate up to 10,000
fibers, each of diameter of afew micrometers. Thelength
of the endoscope is about 1 m, and the resolving power
is high enough to see a thin polypropylene suture inside a
blood vessel. Some of these thin endoscopes are intended
for cardiology and they are then called angioscopes. Such
angi oscopes have been inserted through blood vesselsinto
the heart and used for examining heart valves. They have
also been inserted into the coronary arteries and used
for viewing atherosclerotic plague. Thin, fiberoptic endo-
scopes have been used in fetoscopy—imaging of the fetus
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FIGURE 8 A picture of an ultrathin endoscope.

inside thewomb during pregnancy. These endoscopes can
beinserted through asmall incision in the abdominal wall
or through the uterine entry. They may provide important
diagnosisin the early stages of pregnancy, where the reso-
[ution of ultrasound is insufficient. Ultrathin endoscopes,
of diameters smaller than 1 mm, can be used for imag-
ing of other body parts. For example, rigid endoscopes
have been inserted into teeth and used for imaging of root
canals.

A picture of an Olympus ultrathin endoscope of diamter
less than 1.0 mm is given in Fig. 8. Such endoscopes
have been successfully used during balloon angioplasty
procedures (PTCA, as explained in Section VI1.E on car-
diology). Figure 9 shows the results of standard angiog-
raphy (upper three images) and of fiberoptic endoscopy
(three lower images), carried out during the same proce-
dure. The angiograms and the endoscopic images were
obtained before the procedure (Fig. 9A) and after the pro-
cedure (Fig. 9B & C). The angiograms can only show the
shadow of an opaque fluid inside an artery. On the other
hand, the endoscopic images can show the actual plague
blocking the blood vessel, and its removal.

V. FIBEROPTIC MEDICAL DIAGNOSTICS

Thereisaneed toimprove some of the diagnostic medical
techniques. At present, blood samples are sent to aremote
laboratory for analysis. This laboratory may be far from
the patient and the physician and there are bound to be
delaysor even unintentional errorsintheclinical chemical
results. There is a concentrated effort to use miniaturized
electronic devices as sensors that could perform chemical
analysis inside the body, in real time. Fiberoptics offers
an alternative method for performing medical diagnostics
inside the body of apatient. In principle, this method may
prove to be sensitive, reliable, and cost effective.
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FIGURE 9 Image obtained before and after a balloon angioplasty (PTCA) procedure. (A) Top: The angiogram shows
a shadow of the blocked artery. The black arrow points to the blockage. (B) Bottom: The endoscopic image shows
the actual blockage. (B) & (C) Top: The angiograms show that blockage was removed and blood flow was resumed.
(B) & (C) Bottom: The endoscopic images at the bottom also show that the blockage was removed.

A. Diagnostic Systems

A typical fiberoptic sensor system that could be used for
medical diagnosticsisshownschematically inFig. 10. The
laser beam is coupled into the proximal end of an optical
fiber and is transmitted to the distal end, which is located
inasampling region. Light istransmitted back through the
same fiber (or a different fiber) and is then reflected into
an optical instrument for optical analysis. The fiberoptic
sensors fall into two categories: direct and indirect, as
shown in Fig. 11. When using direct sensors, the distal
end of the fiber is bare, and it is simply inserted into the
sampling region. Indirect sensorsincorporate atransducer
at thedistal end (sometimescalled an optode, inanalogy to
the electrical electrode). The laser light interacts with the
transducer, which then interacts with the sample. Each of
these categories may be further divided into two: physical
sensors and chemical ones. Physical sensors respond to
some physical change in the sample such as temperature
or pressure, whilethe chemical sensorsrespondto changes
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FIGURE 10 A fiberoptic sensor for medical diagnostics.
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FIGURE 11 Fiberoptic sensors. (a) A direct sensor. (b) An indi-
rect physical sensor. (c) An indirect chemical sensor.

that are chemical in nature, such as pH. We will discuss
each category separately andillustratetheir operation with
afew examples.

B. Direct Sensors
1. Physical Sensors

Blood velocity may be measured by using a fiberoptic
technique called laser Doppler velocimetry (LDV). A
glass fiber is inserted through a catheter (plastic tube)
into a blood vessel. A He-Ne laser beam is sent through
the fiber, directly into the blood. The light scattered back
from the flowing erythrocytes (blood cells) is collected
by the same fiber and transmitted back. This scattered
light is shifted in frequency (with respect to the regular
frequency of the He-Ne) because of the Doppler effect.
The frequency shift is proportional to the velocity. Using
the LDV technique, instantaneous arterial blood velocity
measurements are performed. Blood-velocity profiles at
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an arterial stenosis (narrowing) are also studied with the
same technique.

Blood flow may al so bemeasured by adyedilutiontech-
nique. Asan example, sodium fluorescein may beinjected
into the blood. This dye has ayellow-green luminescence
when excited by bluelight. An optical fiber isinserted into
an artery, and the same fiber transmits both the excitation
light and the emitted luminescence. Thedyedilutioninthe
blood can be deduced from the decrease in luminescence
with time. This in turn may be used to calculate blood
flow.

There are other physical effects that can be directly
measured with optical fibers. For example, light scattering
from tissues can be easily measured. The scattering from
diseased tissues may be significantly different from that
from healthy tissue.

2. Chemical Sensors

Oxygeninblood iscarried by the red blood cells. Oxygen
saturation is the ratio (in percentage) between the oxy-
gen content in a blood sample and the maximum carrying
capacity. In arteriesthe blood is normally more than 90%
saturated, and intheveinsonly about 75%. Thereisalarge
difference between hemoglobinand oxyhemoglobininab-
sorption of light at A = 660 nm. On the other hand, thereis
little difference at A = 805 nm. Light at A = 660 nm, emit-
ted from a semiconductor source (or incandescent lamp),
is sent through one optical fiber. The light scattered back
fromblood istransmitted through asecond fiber, anditsin-
tensity | ego ismeasured. Two other fibersare used for mon-
itoring theintensity lggs for calibration. Theratio lego/ I gos
is used to determine the oxygen saturation in blood. Mea-
surements have been routinely performed through a thin
catheter of diameter 2 mm.

C. Indirect Sensors
1. Physical Sensors

In this case, atransducer (optode) is attached to the distal
tip of an optical fiber catheter, in order to perform physical
measurements. Two measurements are of special impor-
tance: temperature and pressure.

There are several schemes for measuring temperature.
One scheme is based on the change in luminescence of
a phosphor with temperature. The phosphor powder is
attached to the distal end of a plastic clad silica fiber. A
pulse of UV light is sent through the fiber and excites the
phosphor. The visible luminescence is returned through
the same fiber, and its decay time is measured. The decay
time is dependent on temperature, and its measurement
is trandated into a temperature reading. The accuracy is
better than 0.1°C near room temperature.
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Pressure may be measured via mechanical transduc-
ers attached to the optical fiber. For example, a reflective
surface may be attached to the distal end of a fiber by
flexible bellows [Fig. 11(b)]. Light sent through the fiber
is reflected back through the same fiber. The light output
depends on the shape of the reflective surface, which in
turn depends on pressure. Both temperature and pressure
have been measured in vivo inside blood vessels.

2. Chemical Sensors

In this case, the miniature transducers, which are attached
to the end of the optical fiber, are sensitive to chemi-
cal changes in the sample of interest (e.g., blood). The
basic design of an indirect chemical sensor is shown in
Fig. 11(c). A special reagent is trapped inside a porous
polymer or sol-gdl layer. Light is sent through one fiber,
and reflected light or luminescence from the reagent is
transmitted back. The reagent is alowed to interact with
blood, for example, through diffusion. This, in turn, is
manifested as a change in luminescence (or change in
reflected light). Sensors for measuring pH are based on
a dye indicator. Some dyes luminesce under UV excita-
tion, and the luminescence intensity is determined by the
pH of the sample. For other dyes the absorption spectra
are determined by the pH. In practice, fiberoptic sensors
have been used for measuring pH of blood in the physio-
logical/pathological range (pH = 6.8-7.7) with accuracy
better than 0.01 pH units.

A different sensor, of similar construction, is used for
monitoring the partial pressure of oxygen pO, inblood. In
this case, one may again use adye that fluoresces. In some
dyes the fluorescence emission decreases with increasein
pO- (quenching). The fluorescenceintensity isthereforea
direct measure of pO,. Similar sensorshaveal so been used
for measuring the partial pressure of CO,, pCO,, in blood.

Thefeasibility of using optical fibersashbiomedical sen-
sors has been established. Some technical problems (e.g.,
response time, calibration, and shelf life) need further at-
tention. Some of the sensors described in Section V have
already been introduced into clinical use. A new family of
indirect chemical sensorsincorporates biomolecules such
as enzymes or antibodies. These sensors can monitor the
body’slevel sof glucose or penicillinand may soon be used
to measure metabolic substances, toxins, and microorgan-
isms in the body.

VI. INTEGRATED FIBEROPTIC SYSTEMS

A. Power Fibers for Medical Systems

Therapeutic applications of lasers, and in particular surgi-
cal applications, call for using relatively high laser power.
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Typically, an averagelaser power of 10-100 W isrequired.
With the advent of low-loss fibers it is possible to trans-
mit such power levels through thin optical fibers. Power
fibers may replace the cumbersome articulating arms for
delivering the beam from the laser to the operating site.
These power fibers may also be inserted inside the hu-
man body through natural orifices, through catheters, or
through flexible or rigid endoscopes. Laser beams sent
through the fibers may then be used for a variety of med-
ical applications: coagulation, therapeutic heating, tissue
welding, ablation, incision, among others.

The three lasers that have been commonly used in the
past for laser surgery are the CO,, the Nd:YAG, and the
Arionlasers. These are also the lasersthat weretried first
with fiberoptic delivery systems. The Ar laser radiation
(A =514 nm) isinthevisible spectral range, anditsradia-
tionisreadily transmitted by puresilicaglass (i.e., quartz)
fibers. The same is true for the Nd:YAG laser, whose ra-
diation isin the NIR (A = 1.06 m). Fibers of diameters
0.1-0.2 mm and of lengths 1-2 m have often been used.
The power levels continuously transmitted through the
fibers have been up to 10 W for the Ar ion laser, and up
to 60 W for the Nd: YAG laser. The CO, laser radiation is
inthe mid-IR (A =10.6 um), and it can be transmitted by
hollow fibersor by polycrystalline halide fibers (e.g., ones
made of silver halide). In both cases, fibers of diameter of
about 1 mmand length of about 1 m have been used. Power
levels of tens of watts have been continuously transmitted
through these fibers.

As for other lasers that are used now for medica
applications, the GaAs type laser radiation or the Ho:
YAG laser radiation can also be sent through silica
glass fibers. The transmission of the excimer laser radi-
ation is more difficult, first because of the short wave-
length and second because of the need to transmit very
short pulses of high peak power. Specially manufactured
quartz fibers are normally used. For the transmission
of Er:YAG laser radiation, one can use fibers made of
sapphire.

There are still many hurdles. Some of the problems
involvedin using optical fibersfor power transmission are
asfollows.

1. Damage to the ends of the fibers. The power density
(W/cm?) at each end of the fiber is very high. It may
easily reach values of 10* W/cm?. Any defect on the
fiber end may increase the absorption of laser beam
on the end face. With these high power densities, the
end face will be damaged.

2. Bending. With most fibers today, one cannot bend the
fibers beyond a certain value. Bending increases the
loss, and again, the fiber may be damaged at the
bend.
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3. Divergence. The light emitted from fibersis not
collimated, asisaregular laser beam. It ishighly
divergent, and the NA determines the divergence.
When transmitting the beam through the fiber, the
distal end of the fiber has to be kept clean, and it must
not touch thetissue. If thisend is held 2-3 mm away
from the tissue, the power density at the tissue may be
too low for incision.

4. Dry field. Blood will coagulate under laser radiation.
In order to prevent coagulation during fiberoptic laser
surgery, one has to replace the blood near the distal
end of the fiber by saline solution or by transparent
blood substitute, or push the blood back using
pressurized CO, gas.

The power handling capabilities of optical fibers has
increased as a result of improvementsin the properties of
the fibers and better handling of the fiber end faces. Many
of the problems associated with coupling of high-power
laser beams into fibers have been solved. Asaresult, spe-
cial fibers have been added to medical |asers as standard
items for power transmission.

B. Laser Catheters

A catheter is a flexible plastic tube that can be inserted
into various areas in the body. An optical fiber can be
easily threaded into such a catheter, and laser energy de-
livered through the fiber can beused for diagnosis, therapy,
or surgery. Many of the new devices are multichannel
catheters in which an optical “power” fiber isinserted in
one of the channels. Cooling liquid may also be injected
into this channel. Laser power sent through such a fiber
could be used either for tissue removal (i.e., surgery) or
for therapeutic heating, for instance, laser-induced laser
therapy (LITT). Other channels are used for a diagnosis
fiber, for irrigation of tissue with saline solution, or for
introducing drugs. A metal guide wire is often inserted
in one of the channels to facilitate easy insertion of the
catheter into the body. Recent progress in such catheters
has led to their surgical and therapeutic usein cardiology,
gynecology, orthopedics, and other medical disciplines.
Several examples are discussed bel ow.

C. Laser Endoscopes

With the devel opment of new flexible fiberscopes of very
high optical quality and the concurrent development of
optical fibers for laser power transmission, the road was
clear for developing novel endoscopes. The endoscope
would consist of several channels. One channel would in-
cludeacompletefiberscope, consi sting of animaging bun-
dle and illumination light guides. Another channel would
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include optical fibers for diagnostic purposes, and the
distal end of these fibers might even include transducers
(optodes). A third channel would include a power fiber,
for laser power delivery. A fourth channel could be used
for injecting liquids such asdrugs, dyes, or saline solution.
This (or another) channel could be used for pumping out
liquids or for the aspiration of gases.

Some of these systems incorporate novel devices
such as miniature ultrasound devices that provide three-
dimensional (3D) imaging. Thisis particularly useful in
cardiology for 3D imaging inside blood vessels. Laser en-
doscopes havereached the stagewherethey arebeing used
clinicaly in several medical disciplines such as otolaryn-
gology, gynecology, gastroenterology, and brain surgery.
Some examples are mentioned in Section V1.

D. Robotic Systems

Incorporating complex computer controls, which make
it a robotic system, could enhance the effectiveness and
safety of surgical endoscopic systems. In a simple ver-
sion of the system, the thin articulated arms of arobot are
equipped with surgical tools. These are inserted into the
body through a small incision. The physician does not di-
rectly operate the surgical instruments. Instead, the physi-
cian operates joysticks at the robot’s computer control,
which islocated near the patient. These joysticks, inturn,
control the placing and the operation of the surgical instru-
ments using the sophisticated electronics and software of
the system. A thin endoscopeisalso inserted into the body.
This endoscope could be a flexible or rigid fiberoptic en-
doscope, withtwo imaging bundles, or it could incorporate
two tiny CCDs. In both cases, it would be possible to gen-
erate a 3D image of the treated site, which is important
for the control of the surgical tools inside the body. The
accuracy of the operation of such arobotic system can, in
principle, be very high. In the future, the articulated arms
of therobot could be replaced by optical fibers, which will
provide both diagnosis and therapy (or surgery), and the
whole system will be endoscopic.

Vil. LASER-FIBEROPTIC SYSTEMS AND
THEIR CLINICAL APPLICATIONS

An increasing number of physicians are using integrated
laser—fiberoptic systems, such as laser catheters or laser
endoscopes, in a clinical setting. A few examples illus-
trate the use of laser catheters and endoscopes for clinical
applications. The sections on cardiology and on cancer
diagnosis and therapy illustrate the enormous potential of
|aser—fiberoptic techniques.

Optical Fiber Techniques for Medical Applications

A. Gastroenterology

One of the first uses of the fiberoptic laser endoscope was
in treating bleeding ulcers. The laser light could photo-
coagulate blood and therefore cause hemostasis (cessa-
tion of bleeding). Among the three important lasers (CO,,
Nd:YAG, and Ar), some physicians prefer the Nd:YAG
laser because it penetrates deep into tissue and its ef-
fectsare not localized at the surface. Others have used the
Ar ion laser for controlling gastric hemorrhage (bleed-
ing). In both cases, the laser beam is sent through thin
silica “power” fibers. These procedures have been per-
formed on patients with bleeding ulcers in the stomach,
the esophagus, or the colon, and the results have been very
good.

B. Urology

An Nd:YAG laser beam, sent through the power fiber of
a laser endoscope, is used for destroying small tumors
in the urinary bladder. In other cases, larger tumors are
electroresected (using the endoscopic snare described ear-
lier), and Nd:YAG radiation is then used for coagulation.
Adgain, the deep penetration of Nd:YAG in tissue may be
advantageous.

Laser catheters based on dye lasers and Nd: YAG lasers
have been used for laser lithotripsy, the shattering of stones
inside the body. In this case, the catheter is inserted into
the body and the distal tip of the power fiber isbrought in
contact with the stone. Dye laser, Ho: YAG, or frequency-
doubled Nd:YAG laser pulses sent through these quartz
fibers are absorbed in the stone surface and generate hot
plasma. The resulting shock waves rapidly shatter the
stone. Thisprocedureis particularly useful in caseswhere
other methods such as shock wave lithotripsy cannot be
applied. Laser lithotripsy has been successfully applied
on patients for the removal of urinary stones or biliary
stones. (Comment: an identical procedure has been used
in otolaryngology for salivary gland calculi.)

With aging, the prostate of the human male enlarges
and presses on the bladder or the urethra. This condition,
called benign prostatic hyperplasia, results in poor urine
flow and large residua urine volume. The prostate can
be resected surgically using a cauterizing tool inserted
through the urethra. This transurethral resection of the
prostate (TURP) isavery common surgical procedure, but
has many undesirable side effects. Alternatively, a laser
catheter could be inserted through the urethra, and placed
inside the prostate. A visible laser beam sent through the
power fiber can then be used to ablate the prostate, in a
procedure called visual laser prostatectomy (VLAP). Al-
ternatively, laser-induced laser therapy can be used for the
treatment of the prostate gland. A beam of Nd: YAG laser
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or diodelaser could penetrate deep into the gland, causing
coagulation and shrinkage. These minimally invasive pro-
ceduresare still under investigation, in an attempt to better
control the thermal effects.

C. Gynecology

A hysteroscope is inserted into the uterus and carbon
dioxide gas or a transparent fluid is injected through
the endoscope to expand the cavity. This alows the
physician to clearly see the interna structure. The sur-
geon can then use mechanical tools or a laser beam sent
through a power fiber to treat polyps, scar tissue, or other
abnormalities.

L aparoscopes are often used to view the uterus, fallop-
ian tubes, and ovaries. Abnormalities, such astube block-
age or adhesions, can be corrected, again using mechan-
ical tools or fiberoptic laser surgery. Alternatively, thin
fiberoptic endoscopes can be inserted into the falopian
tubes, through the cervix and the uterus. These can be used
to view directly tube blockages that may lead to infertil-
ity. Fiberoptic laser surgery could be used in the future to
remove the blockages.

D. Fetal Diaghosis and Therapy

Small diameter fiberoptic fetoscopes can be inserted into
the bodies of pregnant women for direct visualization of
thefetus. They are useful in cases of complications, where
ultrasound imaging cannot provide sufficient information.
Power fibers inserted through these endoscopes can be
usedfor laser surgery onthefetus. For example,in 10-15%
of identical twins one fetus is passing blood to the other
fetus over abnormal blood vessels in the placenta. This
condition is caled twin-to-twin Transfusion syndrome
(TTTS) and inthis case, the mortality rate of the fetusesis
very high. Nd:YAG laser radiation sent through a power
fiber isused to destroy the connecting blood vessels, under
direct endoscopic imaging. The success of these prelimi-
nary experimentswill pave the road for other applications
of surgical fetoscopy.

E. Cardiovascular and Heart Surgery

In the cardiovascular system amajor roleis played by the
coronary arteries, which supply blood to the heart muscle,
and amyocardia infarction may result if acoronary artery
becomesoccluded. A common problemwiththearteriesis
a build up of atheroscleratic plaque on the interior walls.
The plaque, which contains fatty material and calcium,
starts blocking the coronary arteries, and the blood flow
through them is reduced. This results in angina pectoris,
acondition that afflicts millions of people.
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1. Laser Angioplasty Using Laser Catheters

A common technique for cardiovascular diagnosis is an
X-ray study of the arteries called angiography. A thin
catheter is inserted through an incision in the groin (or
the arm) and is pushed through the arterial system until it
reaches the coronary arteries. Then an X-ray-opaque lig-
uid isinjected through the catheter, and the shadow of this
liquid is examined by X-ray imaging. A blockage in the
blood flow can thus be examined. If the coronary artery is
only partially blocked, the situation can sometimes beim-
proved by using amethod called balloon angioplasty. The
more exact name for this method is percutaneous transl u-
minal coronary angioplasty (PTCA). This method makes
use of aspecia catheter that includes atiny balloon at its
end. Thetip of the catheter isinserted through the partialy
congtricted artery, the balloon isinflated under high pres-
sure (10 atm), and the blockage is reduced. Unfortunately,
PTCA can be successfully used on only a limited num-
ber of patients. In many cases, if the arteries are blocked,
one has to resort to a surgical procedure called coronary
artery bypass grafting (CABG). A vein is removed from
the vicinity of the blocked artery or from some other part
of the body (e.g., the leg) and is implanted in parallel to
the blocked artery. This operation requires an open-heart
procedure, which is traumatic, risky, and expensive.

With thedevelopment of optical fibersthat could deliver
high laser energy, during cardiac catheterization, when
substantial blockage of the coronary arteries is observed,
an optica fiber could be inserted through the catheter. A
laser beam sent through the fiber could then be used to va-
porize the plague and open a clear channel through which
blood flow can then resume. This procedureiscalled laser
angioplasty or vascular recanalization, and a schematic
cardiovascular laser catheter and its operation isshownin
Fig. 12.

Laser angioplasty of the coronary arteries has been suc-
cessfully accomplished with laser catheters based on the
excimer laser and on pure silica power fibers. Excimer
lasers, emittinginthe UV (A < 200 nm), were selected, be-
cause they ablate tissue without causing thermal damage.
The tip of the catheter is guided using X-ray fluoroscopy,
and the excimer laser is used to vaporize plague with little
thermal damage. Thousands of patients have been treated
by this method. Laser catheters based on other lasers and
fibers have also been tried. One of the problems not yet
fully solved is that of monitoring and control of the laser
beam during the procedure. Some of the laser catheters
use fiberoptic sensor techniques to distinguish between
plaque and normal arterial wall and to prevent perforation
of the arteries. Progress in the use of laser catheters for
laser angioplasty of the coronary arteries has been slower
than hoped, due to the complexity of the procedure.
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FIGURE 12 Laser catheter for recanalization of arteries. (a) A
laser catheter inside an artery blocked by plague. (b) A balloon
is inflated, and CO, gas (of saline solution) pushes the blood

away. Laser beam vaporizes the plaque. (c) Artery recanalized,
and blood flow resumed.

2. Transmyocardial Revascularization

Restriction of blood flow to themyocardium causesangina
pectoris, and aso puts the patient in danger of a heart
attack. Blood supply for the heart muscle in reptilesis not
based on coronary arteries. Instead, there is a perfusion
of blood through the heart walls into the muscles. Physi-
cians have tried for many years to imitate this situation
in the human heart. The idea was to drill holes through
the myocardium, so that oxygenated blood from the heart
chambers will seep into the heart muscle. The proce-
dure is caled transmyocardial revascularization (TMR).
Drilling holes using mechanical tools did not succeed.
In early experiments in the 1970s high-energy CO, laser
pulses were tried. The goa was to try to help patients
who could not undergo heart bypass surgery or angio-
plasty. Extensive studies began in the 1990s, using both
CO; lasers and then Ho:YAG lasers. In these experi-
ments the chest cavity was opened to allow access to the
heart, and high-energy laser pulses were used to cut holes
through the outer side of themyocardiumwall. Theresults
of the experiments are till controversial, but there have
been reports that the chest pains were relieved in many
patients.

The“direct” TMR procedure mentioned aboveisanin-
vasive procedure, involving open-heart surgery. Instead, a
minimally invasive procedure, the fiberoptic TMR, can be
used. Inthis procedure alaser catheter isinserted through
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an artery in the leg and guided into the left ventricle. The
distal tip of the fiber is brought in contact with the inner
side of the myocardium. Short laser pulses are used to
drill channels, roughly halfway through the myocardium
wall. Clinical investigations, using various lasers, are in
progress in several medical centers.

3. Closed Chest Endoscopic Surgery
on a Beating Heart

Cardiac surgeons would like to replace the open-heart
CABG surgery with a closed chest, minimaly inva-
sive, bypass operation. Recent advancements have been
achieved with the help of the robotic surgery, using asys-
tem similar to the one described in Section VI.D. This
computer controlled robotic system providesthe exquisite
accuracy needed for the bypass coronary surgery. The ar-
ticulated arms of the robot, equipped with surgical tools,
are used to perform the whole endoscopic CABG opera-
tion on a beating heart, without arresting the operation of
the heart and without placing the patient on a heart-lung
machine. The same robotic system has been used for the
replacement of the mitral valve in patients. Early clinical
experiments have demonstrated thefeasibility of using the
robotic assisted system in cardiology and heart surgery.

F. Cancer Diagnoses and Photochemotherapy

It has been known sincethe 1940sthat certain compounds,
called porphyrins, are preferentially concentrated in ma-
lignant tumors, with respect to healthy tissue. Porphyrin
fluoresces under UV excitation, and therefore by illumi-
nating tissue, one may distinguish malignant tumorsfrom
benign tissue. In the 1960s, a compound called hemato-
porphyrin derivative (HPD) was found to have even bet-
ter properties than porphyrin. HPD and other compounds
are now used for cancer diagnosis and therapy. This
method is based on three interesting properties of these
compounds:

1. Selectiveretention: In practice, HPD may be injected
into a patient, and after afew days this dye
concentrates only in cancer tissue.

2. Diagnosis: If atissue areais now illuminated with a
suitable UV source, malignant tissue will emit a
characteristic red light. The fluorescence of HPD is
mostly in the red part of the spectrum, with two
prominent emission peaks at 630 and 690 nm. This
fluorescence can be excited by UV or by blue light,
but excitation at around 400 nm givesrise to the
highest fluorescence. The fluorescence efficiency
(emitted red power divided by excitation UV power)
isfairly low, and therefore lasers are required for
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excitation. A krypton laser emitting about 0.25 W at
413 nm is suitable for this application. In order to see
this red emission one has to attach to an imaging
system an opticd filter that transmits at 630 nm and
blocks the exciting light at 413 nm.

3. Photodynamic therapy: It was found that the use of
HPD with lasers could serve not only for diagnosis of
cancer but also for therapeutic purposes. If rather than
illuminating atumor with UV light, one usesred light
(A =630 nm) of sufficient energy, the results are
strikingly different. Red light penetrates deeply into
the tissue. HPD absorbs this red light, a series of
photochemical reactions occur, and the end result is
the release of some photoproduct (probably singlet
oxygen), which kills the host malignant tissue. The
method itself is called photodynamic therapy (PDT).
Thisis actually photochemotherapy, because it
involves the administration of adrug and the use of
optical radiation for triggering the process that cures
the disease. Roughly 10-50 mW/cm? of red light is
needed for this photochemotherapy.

The diagnostic method mentioned in (1) can be readily
adapted in endoscopy. A special endoscope could incor-
porate a quartz fiber for UV illumination and ared trans-
mitting filter in front of theimaging fiberscope. With such
an endoscope, tumors inside the body could be irradiated
by krypton laser light (or even by a Xe lamp with a UV
transmitting filter), and using the red image formed, one
could locate malignant tumors. Thismay be used for early
detection of lung cancer, when the malignant tumors are
too small to be detected by chest X-ray or by computed
tomography.

Photodynamic therapy, mentioned in (2), is also adapt-
ablefor usein conjunctionwith fiberoptic systems. A high-
intensity red light can betransmitted through aquartz fiber,
and delivered directly insidethetumor. Thislight may then
selectively destroy cancer cells. In the past, a Nd:YAG
laser pumped or Ar laser pumped dye laser, emitting at
A =630 nm, was used for this purpose. There has aso
been progress with the development of miniature semi-
conductor lasers, which emit continuously several watts
at 630 nm.

The endoscopic diagnosis and treatment of cancer has
been reported in the esophagus, lungs, larynx, prostate,
and cervix. Other photosensitive drugs are being tested,
including benzoporphyrin derivative and phthal ocyanines.

Laser endoscopic photochemotherapy has been pro-
posed for noncancer applications, such as the treatment
of age-related degenerate macula. Another example is
photodynamic laser angioplasty, which would be used
to treat coronary artery disease. Other examples are the
treatment of rheumatoid arthritis, in orthopedics, and the
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treatment of the endometrium, in gynecology. Different
photosensitive drugs, such as aminolevulinic acid (ALA)
and lutetium texaphyrin, have been aso tried for these
applications.

VIIl. NOVEL FIBEROPTIC MEDICAL
SYSTEMS

During the last 5 years there has been rapid advancement
in the field of biomedical optics. The basic and preclini-
cal research was described in Sections |-VII. Thereis a
plethora of novel methods and medical systems and many
of these are now being tried clinically. In this section we
discuss afew of these new developments.

A. Time Resolved Phenomena

Thereisgreat interest in the early detection of breast can-
cer. The problem is to detect tumors of a size of a few
millimetersin tissue of total thickness40-100 mm, and to
try to distinguish between malignant and benign tumors.
The traditional methods such as X-ray mammography or
ultrasound imaging do not always provide the necessary
resolution, and they cannot distinguish between the types
of tumors. Magnetic resonance imaging is a very power-
ful method but it is cumbersome and expensive. If there
is a small cancerous tumor inside the breast, the optical
absorption in it is higher, due to higher density of blood
vessels, and the optical scattering is also higher, due to
changes in the refractive index. Optical techniques could
provideaway of distinguishing between two tissues. Such
techniques would be useful, not only for breast cancer but
for many other applications. One of these optical methods
is schematically described here.

Let usconsider an NIR laser that emitsvery short pulses
(of the order of a few femtoseconds) in a narrow beam.
The beam impinges on one side of the breast and it en-
counters scattering and absorption. Photonsthat are trans-
mitted are detected on the other side of the breast by a
fast optical detector. There are three types of photons: (i)
ballistic photons which pass through the tissue in straight
lines, without scattering, (ii) “snake” photons which pass
through the tissue in a zigzag path, with little scattering,
and (iii) diffuse photons, which suffer multiple scattering.
Theballistic photonswill arrive at the detector much faster
than the other photons. One may thereforeplaceavery fast
shutter in front of the detector; use the shutter to let only
the ballistic photons through, and then turn the shutter off
(i.e., optical gating). If the narrow beam is scanned across
the breast, there will be a noticeable difference if it is
transmitted through atumor (which has higher absorption
and scattering coefficients) or through healthy tissue. This
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transillumination technique may therefore give riseto an
image of a tumor. This time resolved imaging technique
is somewhat similar to X-ray imaging, but it may provide
higher resolution and it does not suffer from the health
hazards of X-rays.

Instead of scanning the beam across the breast one may
use two bundles of optical fibers. In each of them the
individual fibers at the proximal end are tightly arranged.
At the distal endsthe fibers are spread, and they surround
thebreast. A very short pulse emitted from adiodelaser or
adye laser isfocused on one of the fibersin the proximal
end of one of the bundles. The optical energy transmitted
through the breast is collected by the distal ends of the
second fiber bundle and transmitted to the proximal end.
The energy collected at each of these fibers is measured,
oneby one, using afast optical detector. The focused laser
beam is moved to a different fiber in the first bundle, and
the process is repeated. From the analysis of the results
one may obtain the image of atumor in the breast.

Thisand similar imaging techniques have been tried for
imaging of breast cancer and brain cancer. Early results of
this technique are very promising. There are many tech-
nical hurdlesthat have to be overcome before this method
could be used routingly. It isexpected that the spatial reso-
[ution will be of the order of 1 mm, adequate for the early
detection of breast cancer.

B. Optical Coherent Tomography

Ultrasound imaging is based on bouncing ultrasound
waves off tissue and determining the delay time of waves
reflected from internal structuresin thetissue. Thiscan be
trandlated to 2D imageswith aresolution of afew hundred
microns. Optical coherence tomography (OCT) is based
on the bouncing of light waves from tissue, and measur-
ing how long it takes for the backscattered light from mi-
crostructuresin tissuesto return. Because of the very short
delay times involved, conventional electronics cannot be
used, and one has to apply other techniques. In its sim-
plest form, an OCT system is similar to a Michaelson
interferometer, which includes an NIR laser source with
arelatively broad band of wavelengths. One beam from
the interferometer focuses on a tissue sample, whereas
a second beam provides a reference. The reflected light
from some depth in the sample interferes with the refer-
ence signal, only if the depth isidentical to the length of
thereference arm. Thereference arm is scanned and ade-
tector records the interference patterns between the two
beams, which are actually generated by reflections from
different depthsin the tissue. The analysis of the interfer-
ence patterns of the two beams can be used to obtain 2D
images of the tissue, at a depth of afew millimeters, with
aresolution of afew micrometers.
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The first application of OCT was in ophthalmology,
where fine structures in the eye (i.e.,, macular hole in
the retina) have been observed. The system was then
adapted for endoscopic applications. The interferometer
was equipped with optical fibers, and one of them wasin-
serted into athin endoscope. By attaching arotating prism
to the distal tip of the fiber, or by scanning the fiber, one
may obtain a cross sectional image. Endoscopic OCT has
been tried clinically to study the gastrointestinal tract and
the esophagus. It is being tried as well for intravascular
imaging, in cardiology, to study plaqueinsidethe arteries.
Endoscopic OCT offers physicians the ability to view mi-
croscopic structuresinside the body inreal time (even at a
video rate) and with very high resolution. Thisisaform of
“optical biopsy” which provides images of tissue in situ,
with no need to remove tissue specimensfor examination.

IX. OUTLOOK

During the past decade there has been rapid progress in
the development of optical fibers and fiberoptic systems.
Foremost wasthe devel opment of silica-based glassfibers,
which have extremely low transmission losses. These
fibers are the major building blocks of future commu-
nication systems. Other optical fibers were developed for
special applications, such asfiberswith good transmission
in the mid-IR or in the deep-UV parts of the spectrum.
Among these we may also include power fibers that are
capable of transmitting laser beams of high intensities.
With the development of the various optical fibers, there
has been an increasing recognition of the enormous pos-
sihilitiesfor utilizing them in medical applications. Three
major uses of fiber—optical endoscopy, diagnostics, and
power transmission—have been reviewed here.

In the past, endoscopes were rigid, and their uses were
limited. A drastic change occurred when fiberscopes (es-
pecially the flexible ones) were included in endoscopes.
Rigid endoscopes are still widely used in many applica-
tions because they do provide an excellent image, it is
easier to steam sterilize them, and they are cheaper. As
mentioned earlier, there are videoscopes based on CCDs
that are also used in endoscopy. These are till bulky and
expensive, but progressis being made to reduce their size
and cost.

An endoscopist could get a clear image of an interna
organ, and perform surgical operations such as biopsy or
the removal of the gallbladder, by inserting medical in-
struments through ancillary channels. A computer, such
as the one used in robot-assisted surgery, could control
the surgical instruments. The first operations carried out
with a laser-plus-robot system were the minimally inva-
sive coronary bypass operations (with rigid telescope).
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Robot-assi sted endoscopi c operationshaveal so been used
in gynecology, for the reconnection of fallopian tubes, and
in general surgery, for the laparoscopic removal of gall-
bladders (rigid).

Thin fiberscopes of diameter 2-3 mm have been in-
serted into blood vessels and used to visualize atheroscle-
rotic plaque within the coronary arteries, or to view the
inner parts of a fetus inside the womb. There has been
further progress in the development of ultrathin flexible
fiberscopes whose outer diameter islessthan 1 mm. With
further development, such fiberoptic endoscopes will un-
doubtedly have a growing role in medicine.

Optical fibers can be used for diagnosis by inserting
them into the body and making physical and chemical
measurements through them. As direct sensors, the fibers
serve simply as light guides for transmitting laser light
into the body and back. Such direct sensors have been
used for measuring blood flow or for the early detection
of cancer. In a different mode of operation, tiny trans-
ducers (optodes) are attached to the fibersto form indirect
sensors. With these optodes, physical measurements, such
as blood pressure and temperature, or chemical measure-
ments, such as pH or pO,, can be carried out. Currently,
blood samples are extracted from a patient and sent to the
laboratory for chemical analysis. Fiberoptic techniques
may bring the laboratory closer to the patient. They may
also enablefast and repetitive chemical analysisto be per-
formed at the patient’sbedside or during an operation. The
use of optical fibers as sensors may simplify some of the
diagnostic techniques and make them more reliable and
less costly.

Recently there has also been progress in the devel-
opment of power fibers, which could transmit relatively
high laser power. Pure silica fibers have been used for the
transmission of Nd:YAG, GaAs, Ar-ion, and excimer | aser
beams, and hollow or crystalline IR fibers for the deliv-
ery of CO, laser beam. Power fibers would undoubtedly
replace articulating arms in surgical laser systems. Such
fibers, insidelaser catheters, may beinserted into the body
and used to perform surgical operations, without necessi-
tating alarge incision. The enormous advantages of using
fiberoptic delivery systems for surgical operations inside
thebody areobvious. Inserting thefibersinsidethebody is
aminimally invasive surgical procedure and the need for a
major surgical operation may beeliminated in many cases.

Finally, one may consider acompound laser endoscope
(Fig. 13) that would contain several channels. One would
be a fiberscope that enables the physician to see what
he/she is doing. A second channel would be a fiberoptic
sensor, for diagnostic purposes. A third channel would be
occupied by a power fiber for transmitting high-intensity
laser beams. Other channels would be used for injection

333

DIAGNOSTICS FIBER
s w., /POWER FIBER

ANCILLARY

CHANNEL \®

LIGHT GUIDE

FIBERSCOPE

FIGURE 13 A compound endoscope, which includes a fiber-
scope, a fiberoptic diagnostic system, a power fiber, and an ancil-
lary channel for irrigation or suction.

of liquids or drugs, for inserting pressurized gases, or for
sucking out debris. Similar endoscopes may be used in a
multitude of applications. In the future, laser endoscope
systems may be inexpensive and simple to use, and they
may even be used in small clinics.

No doubt fiberoptic techniques will replace more tradi-
tional procedures in the coming years.
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