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uring the  last 20 years we have witnessed the  extraordinary  impact of biotec 
nology in  the academic research  laboratory  and in industry.  Not only has  it 
provided a stimulus for  the  creation of a  large  number of companies in the new 
biotechnology industry,  but  it  has also been  a catalyst for new approaches  in 
existing industries.  The  result  has  been the development of many, important, 
new methods of diagnosis and  therapy in hum hcare  and, increasingly, new 
approaches to solving problems  in  agriculture.  these  applications  represent 
the tangible  and  often  remarkable  end  products of biotechnology, it  is clear  that 
their develo~ment would not  have  been possible without  the  development of an 

lly remarka~le array of new manufacturing technologies and laborato~y tools. 
lthin  the biotechnologist’s toolkit, animal cell culture has come to play a 

~articularly prominent  role.  In  the  pharmaceutical  industry, cell culture is used to 
produce  a significant pro~ortion of biopharmaceuticals as  well  as monoclonal  anti- 
bodies  for diagnostic use. In  addition,  the use of animal cells  is expanding in a 
wide range of other applications: drug  screening, tissue en~ineering, gene  therapy, 

ology and  traditional  applications such as  virology. 
early  the  practical  application of animal cell culture has to be  underpinned 

la~oratory protocols.  There s i g ~ i ~ c ~ n t  number of cell 
that  are used across the  broad of cell culture a~plications 
and  industrial  laboratori  ently  there are several 
e used to solve a given 

his ~~b l i ca t ion  provides convenient acces 
S s u ~ h ,  the book will be useful to a wide r 

heir  awareness of th 
applied cell culture. 

make it a useful a~junct  to  traini~g programmes  in the cell culture  laboratory. 



The  comprehensive  manual ‘Cell and Tissue Culture:  Laboratory  Procedures’ 
. Griffiths and D.G. Newell, was  first published in 1993, 

with quarterly  additions  and  updates  up to 1998. The  publication  has  been well 
received by the scientific community and has now reached  completion.  Numerous 
requests  have  been received from  a  range of people, saying: ‘When will a  series 
of subset volumes be  produced?’ In response to this  demand we have  decided to 
look  afresh  at  the wealth of material available in the main publication  and  adapt 
from this ‘highlights’,  which  we believe will be of particular value to targeted 
users. The first of these is the  subset  for biotechnologists, which contains  selected 

es  that  provide  essential technical infor~ation for this group of scien- 
of the  contributions  have  been  updated  from  the  original  for  this 

publication. It is certainly  not  our  intention to reproduce all of the  manual  in 
this fashion  but to provide  core  procedures  for  each of the specialist groups  that 
can. be identified as benefiting from  them. We aim to appeal to scientists who  may 
be new to cell culture  and  require  the  practical guidance that ‘Cell and Tissue 
Culture:  Laboratory  Procedures’ has to offer.  There is also the  added benefit of 
the  valuable technical information being available without  the major investment 
in the whole publication.  e believe that  these  subsets will fulfil a  need  and we 
look forward to preparing  further publications along these lines, 



Neither  the  editors,  contributors  nor  John Wiley & Sons Ltd. accept any respon- 
sibility or liability for loss or  damage occasioned to any person  or  property  through 
using the  materials,  instructions,  methods,  or  ideas  contained  herein,  or acting or 
refraining  from acting as  a  result of such use. While the  editors,  contributors  and 
publisher believe that  the  data, recipes, practical  procedures  and  other  informa- 
tion, as set  forth  in this book, are in accord with current  recommendations  and 
practice  at  the t h e  of publication,  they accept no legal responsibility for any 
errors or omissions, and  make no warranty, express or implied, with respect to 
material  contained  herein.  Attention to safety aspects is an  integral  part of all 
laboratory  procedures  and  national legislations impose legal requirements  on  those 
persons planning or carrying out such procedures. It remains  the responsibility of 
the  reader to ensure  that  the  procedures which are followed are carried  out in a 
safe  manner  and  that all necessary safety  instructions  and  national  regulations are 
implemented. 

In view  of ongoing research,  equipment modifications and changes in govern- 
mental  regulations,  the  reader is urged to review and  evaluate  the  information 
provided by the  manufacturer,  for  each  reagent, piece of e~uipment or device, for 
any changes in  the  instructions  or usage and  for  added warnings and  precautions. 





This Page Intentionally Left Blank



The biotechnologist has a  wealth of systems to choose  from before the decision has 
to  be  taken  to establish a cell line for a specific purpose de novo. 
requirements  (and  not least the llectual Property consideratio 
the ‘utility? of esisting material. so, if the cells for esploitati 
tools to  create  the in vitro syst lready exist, then authentic 
starting material are essential. This can  mean o b t a i n ~ g  cell stoc 

such as ECACC, ATCC,  ken 
3.2). The advantage of ba ect 
ed  and ~uality-controlled stocks cannot  be  over 

advantage is that much of the material available from collections is free of 
raints on exploitation. 
e standards for the cryopreservation, storage and  routine quality control of 

cell stocks are widely  recognized (Stacey et al., 1995). Cryopreservation of a well- 
characterized, de~endable, high-viability (achieved by controlled-rate free~ing), 
microbial-contaminent-free cell stock is f~ndamenta~  to  both  the  academic 
researcher as  well  as the  commercial  p lation provides for a 
set of international standards  and  the S to Consider9 are 
seen as the  benchmark in this field ( y aspects are dealt 
with  in more detail in section 1.3 and  Chapter 6. Unfortunately, scientists 
em~arked on a research programme leading to a cell line that might be  esploitable 
at some  later stage do  not necessarily regard such guidelines as relevant to them 
or to  the goals of their work. This is a narrow view and  one  that is potentially 

expensive and has to  be dispelled at all costs. 
further consideration is the safety aspect of handling cell lines, The minimum 

standard  to  be applied in  any  cell culture laboratory is Categor 2 containment. 
sk assessment is made, in most cases the  este  acteri~ation 
wledge on the potential hazard of handling material is 

unk~own. This  is  especially true with respect to  the presence of adventitious 
(e.g.  viruses)  in  cell  lines. There may concern in the hand 
patient material with regard to hepatit status and a balanced view 
on risk has to  be  taken.  The topic is a 
to say that  once minimum standards are set they can  be all-embracing for every 
cell type handled. 

plasma contamination  status of cell  lines. If present, the concentration of mycoplas- 
mas in the culture supernatant  can  be in the region of 106-108 mycoplasmas  ml-l. 
Unlike bacterial and fungal contaminants, they do  not necessarily manifest them- 
selves  in terms of p change andlor turbidity and they can  be present in  low 

f  articular importance in the  routine handling of cell cultures is the 

Cell and Tissue  Culture: ~ a b o r ~ t ~ r y  Procedures in ~ i o t ~ c ~ n o l o ~ y ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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numbers. ~ycoplasmas elicit numerous  deleterious effects and  their  presence is 
incompatible with standard~ed systems. Routinely,  broth  and agar culture  or 

echst DNA stain are the  methods of choice for  detection,  although increasingly 
ymerase chain reaction  (PCR)  methods are becoming available (Doyle & 

olton, 1994). Tests  have to be part of a  regular  routine  and  not  just  seen as ‘one- 
off‘ procedures  at  the  start of a piece of work. Elimination of contamination is 
possible but costly in  time  and  resources,  and is not always successful, so it is better 
to check early  rather  than  later; this re-emphasizes the  importance of authenticated 
cell banks to  return  to in case of contaminatio~. 

Finally, it must be emphasized that no amount of testing can replace  the day- 
to-day vigilance of laboratory  workers  routinely ha~dling cells. Any  alteration  in 
normal growth pattern  or morphology should  not  be  ignored because this may 
well indicate  a  fundamental  problem well in advance of  other  more  formal testing 
parameters. 

Centre  for  Biologics  Evaluation  and 
search (CBER) (1993), ~ u i n t s  to 
nsider in Characteri~ution of Cell Lines 

used to ~ r o d ~ c e  Biulo~icals. US Food  and 
Drugs ~dministration, Bethesda, 

olton  BJ  (1994),  The  quality 
control of cell  lines  and  the  prevention, 
detection  and  cure of contamination,  In: 
Basic Cell Culture: U ~ r a ~ t i c a l   ~ p p r o a c h ,  
pp.  243-271. IRL  Press,  Oxford. 

Stacey  G,  Doyle  A & Ham~leton P  (eds) 
(1998) Safety in ~ i s s ~ e   C ~ l t u r ~ .  Kluwer, 
London. 

Stacey,  GN,  Parodi,  B & Doyle,  AJ  (1995) 
The  European  Tissue  Culture  Society 
(ETCS)  initiative  on  quality  control of  cell 
lines. ~ x p e r i ~ ~ n t s  in Clinical  Cuncer 
~esearch: 4: 210-211. 



nimal cell lines have  been used  extensively for the  production of a variety of ther- 
apeutic and prophylactic protein products including hormones, cytokines, enzymes, 
antibodies and vaccines. They offer the  advantage of reproducibility and  conve- 
nience over  primary cell cultures and  animal  models as well as the 
large-scale production. In addition, animal cells are generally capable of secreting 
functionally active proteins correctly folded and with correct ~ost-translational 
modifications, unlike bacterial or yeast systems. In  the production of recombinant 
proteins, fidelity  in  glycosylation of the  product  can  be  an  important consideration 
in~uencing its secretion, degradation and biological  activity. Comparisons  have 
been  made  between glycosylation of recombinant proteins using insect, bacterial 
and  mammalian expression systems,  which have highlighted differences between 
these and the human glycosylation  profile (James et al., 1995). The  adaptation of 
many  cell lines to growth in serum/protein-~ree media has facilitated not only the 
dow~stream processing of the secreted product  but also minimi~es  the potential 
risk of viral and mycoplasma contaminants, which can  be inadvertently added with 
animal sera or  animal-d~rived proteins such as growth factors. 

Furt~ermore, m a ~ ~ a l i a n  cell lines transfecte~ with a variety of exp~ession 
systems have  been widely  used for  the expression of recombinant  rotei ins of 
commercial  and therapeutic importance, some of which  will be  addressed  here 
(see Table 1.2.1). 

Certain cell lines require licensing agreements for their use  in c 
production, although for research and  development applications this is 
ally  necessary. 
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for large-scale production. However, a disadvantage of this is that cell death  can 
occur at  the  centre of larger aggregates (Litwin, 1991). 

dhfr- cells,  which  lack the enzyme dihydrofolate reductase (D 
Pr an expression system that  can  be c ected with a gene for 
ticular protein product together with the gene  (Urlaub et al., 1986). 
The gene is  amplified  using me which also amplifies the co- 
trans  ene of interest flanking the O cells have  been used 
for the  production of recombinant  protei le-stimulating hormone 

r VIII, interferon-y (IFN- 
mbinant tissue plasminoge 
arathyroid hormone,  anti 

surface antigen, human erythropoietin9 
SV40  small t-antigen, transfo 
oxide dismut~se and Epstein 

nsion cultures can  be  achieved using  F12 medium with 10% foetal bovine 
) and gassing the culture vessels continuously with 5% CO,. The 
e under these conditions is  typically 18  h versus 14 h for monolayer 

cultures. The  growth  requirements of C O dhfr- cells are  hypoxan 
adenine), glycine and  thymidine in addition to  the usual requirement of 
for proline. 

dhfr- cells  is deposited at  the  European 
ACC) and permission can  be ob 

e agreement  through 
rman Fairchild Centr 

ork, NY 10027, The licence  is subject to a one-time  payment. 

f9  cells are a clonal derivative of a pupal ovarian line of the Fall 
~po~optera ~ ~ ~ g i p e ~ ~ a  (Smith et al., 1985). The high susceptibility 
cells to  ba~ulovirus infection, their ability to grow rapidly at 26 
percentage protein secretion makes these cells a favourable system for the  produc- 
tion of recombinant proteins using  genetically  manipulate^ baculov 

as that  based  on A ~ t o g r a p ~ a   c a l ~ ~ o r ~ i c ~  Nuclea 
aculovirus expression systems are shown to exp 

proteins successfully at high  yield  (Luckow & Summers, 1988). 
The spherical morphology of these cells makes  them  more resistant to  mechanical 

damage, which  is an  important consideration in suspension culture. In addition9 the 
ability to grow rapidly confers the  advantage of reduced incubation time, lower 
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maintenance  and  a higher yield of cells per  unit of nutrient. Sf9  cells have  been used 
in the  production of recombinant bovine P-lactoglobulin, antistasin,  P-adrenergic 
receptor  and insecticides. 

The cell line has been  adapted  for growth in  serum-free media using spinner 
flasks and  stirred  tanks  and  cultures can be scaled up readily to produce high 
yields of recombinant  protein  (Jain et al., 1991). In  batch  cultures,  infection of the 
cells  with baculovirus can  be  monitored easily by measuring the  increase  in cell 
volume and  decrease in cell viability. Several days after  infection  the cells  lyse, 
releasing the  recombinant  protein  product.  Product  titre is influenced by the 
oxygen requirement of the insect cells. 

S 

Growth is achieved at 2’7°C in TC-100 medium (Gibco  L) with 10% heat- 
or IPL-42 basal medium (J.R. Scientific, CA) with 2% 
eastolate  and  lactalbumin  hydrolysate  (Difco),  suspensio 

being supplemented with 1-2 g l-1 pluronic F-68 (BASF  Corp., NJ). Sf9  cells can 
also be cultivated in serum-free media such as Excell-400 (J. , Scientific, CA)  and 
SF900. 

There is a licensing agreement  through  Professor Summers University of Texas 
(baculovirus vector system). 

This cell line is derived  from  the  late  embryonic  state of ~ ~ o s o ~ ~ i l a   ~ e l ~ ~ o ~ a s t e ~  
and is used to produce  recombinant  proteins, e.g. human  a,-antitrypsin.  Schneider- 
2 cells are adaptable to large-scale cultivation in stirred  tank  bioreactors  and show 
many of the  properties of Sf9  cells. 

Cells are cultured in 3 medium with 5% FBS at 2’7°C. There is no CO, require- 
ment  for buffering the medium. 

These  African  green monkey kidney cell lines, derived  from  the  CV-1 simian cell 
line, are transformed with  SV40 and are  ~broblast-like in morphology (Gluzman, 
1981). Origin-defective mutants of SV40 encoding wild-type T-antigen were used 
stably to transform monkey kidney cells. The  transformed  COS cells, containing 
T  antigen, are able to support  the  replication of pure  populations of recombinant 
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SV40 to high copy number with deletions  in  the  early  region, SV40 vector  repli- 
cation  reaching  a maximum after  about  2 days. 

COS cells have been used for  the  production of recombinant  proteins, including 
HSV-1 glycoprotein , ricin B chain,  placental  alkaline  phosphatase,  thrombo- 
modulin, CD’7, von Willebrand  factor,  human ~ihydropteridine reductase,  human 
 glucuronidase, interleukin 5 and  human  interferon-&. 

Cells are cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% 
FBS. Cells must not  be allowed to reach confluence, in  order to prevent syncitia 
formation. 

There is a licensing agreement  through  MRC Technology Transfer  Group, 20 Park 
Crescent,  London, UK. 

3 

This is a  continuous cell line  established  from  NIH Swiss mouse embryo  cultures 
(Torado & Green, 1963; Torado et al., 1965). The NIH13T3 cell line is susceptible 
to sarcoma virus focus formation  and  leukaemia virus and is a  valuable cell line 
for DNA transfection  studies.  It has been used for  the expression of recombinant 
proteins, including hepatitis B surface  antigen,  phenylalanine hydroxylase, rat 
growth hormone,  recombinant fibronectins, human class I1 MHC  antigens,  human 
insulin receptor  and insulin-like growth factor.  The cells are used extensively in 
pharmacoto~icology  studies. 

Cells are cultured in DMEM with 10% FBS. The cells are highly contact  inhib- 
ited  and  are sensitive to serum batches. 

This is a widely studied cell line  derived  from  a  human cervix adenocarcinoma 
(Gey et al., 1952). The cells are epithelial-like  in morphology and are susceptible 
to polio virus type 1 and  adenovirus  type 3. HeLa cells are used for  the expression 
of recombinant  proteins, including mouse metallothionein 1 gene,  human  CulZn 
superoxide  dismutase  and  hepatitis B surface  antigen.  They have been widely used 
as an in vitro model system because of the  ease with  which they can be  cultivated 
but  one drawback of this is that  the cell line  has  been  responsible  for widespread 
contamination of other cell lines (Nelson-Rees et al., 1981). 
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Cells are cultured in  Eagle’s MEM  (EBSS)  supplemented with glutamine, non- 
essential amino acids and  10% FBS. 

This is a mouse  BALBlc myeloma  cell line secreting IgA  (Halpern &k Coffman, 
1972; Lundblad et al., 1972; Oi et al., 1983). The cell line is  used  in transfection 
studies. 

eo S 

Cells are cultured in DME 

The  Vero cell line was derived from  the  kidney of a normal  African  green  monkey 
and is susceptible to a wide range of viruses,  including polio, rubella, arboviruses 
and reoviruses (Simizu 22 Terasima, 1988). The  Vero  monkey  kidney cell line has 
been used for the industrial production of viral vaccines  in preference to primary 
monkey  kidney cells because of availability and the reduced risk of contamina- 
tion by endogenous viruses. Vero cells have  been used for the production of the 
polio (Sabin) vaccine and shown to have identical vaccine characteristics to  the 
primary  monkey  kidney cells (Montagnon et al., 1991).  Being a strictly anchorage- 
dependent cell line with fibroblast morphology,  Vero cells have  been  adapted to 
culture in continuous perfusion systems, enabling high  cell densities to  be attained. 
Cell density at  the time of virus inoculation has been  found to influence the produc- 
tion of poliovirus -antigen, with continuous perfusion producing  the highest  cell 
densities (Van  der  Meer et al., 1993). 

A variant cell line adapted  to grow  in serum-free conditions is also available. 

Originally cultures were established in Earle’s BSS containing 0.5% lactalbumin 
hydrolysate, 0.1 YO yeast extract, 0.1 YO polyvinylpyrrolidone and 2- 
they can  be  maintained successfully in Eagle’s MEM  (EBSS) with 
bovine  serum  and 2.5% FBS or Medium 199 supplemented with 5 
cells are adaptable to batch and  continuous perfusion culture. 

It should  be  noted  that the World  Health  Organization has sponsored the 
creation of a fully characterized cell bank for vaccine manufacture purposes. 
Samples  are available from ECACC and the American  Type Culture Collection 
(ATCC). 
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e myelomas such as NSO (a subclone of NS-1) (Galfre &c 
-Ag14 (a re-clone of Sp21HL-Ag derived  from Sp21HLG 

1978), which do  not express immunoglobulin (Ig),  are  popular fusion partners  for 
Ig-secreting spleen cells to obtain hybrids secreting only the specific antibody 
(hybridoma).  The myeloma cells of  Sp210-Ag14 appear to fuse  preferentially 
with the dividing cells of the  spleen, which, of the l3 cells, are principally the 
Ig-secreting, pla~ue-forming cells. 

Cells are  cultured in R I 1640  with glutamine  and 10% Fl3S. The cells are resis- 
8-azaguanine  and  die in the  presence of HAT medium. 

S 

rictions are dependent  upon cell . NSO in  particular  requires the comple- 
C Technology Transfer  Group, 20 Park 

The  initial  development of monoclonal  antibodies by Kohler  and 
produced by immortal~ation of mouse cell lines secreting specific a 

stein, 1975), has led to  the production of hybrido~as, principally 
t origin, with a wide range of specificities and  important  appli- 

cations  for commercial, diagnostic and  therapeutic  purposes. A number of 
monoclonal  antibodies have been licensed or  are undergoing clinical trials  for 
therapeutic  application, e.g. Campath-l  raised  to  the lymphocyte C 
and used for  the  prevention of graft versus host  disease,  antibodi 
cancer  and  septic shock (PMA, 1988). Although  the majority of monoclonal 
antibodies  produced are of mouse or  rat origin, human  monoclonal  antibodies 
have  been  obtained by immortalization of lymphocytes immuni~ed in vitro and 
include  antibodies to HIV-1  envelope glycoprotein, hepatitis  surface  antigen, 
cytomegalovirus and  rubella. 

Important  considerations to reduce costs and  downstream processing include the 
necessity for high concentrations of antibody  during  production  and high cell con- 

can be  attained using perfusion systems (Wang et al., 1993; Shen 
domas  can  be  produced  either  in sus~ension, e.g. in  roller  bottles, 

stirred  reactors  or airlift reactors,  or immobilized using a suitable  matrix, e.g. hollow 
fibres, microbeads or microcapsules. A11  of these systems are adaptable to large- 
scale production. As with all large-scale production of cell lines, serum~protein-free 
media are  preferable  because  they minimize batch  variation  and  facilitate  antibody 
production (Glassy et al., 1988). An important  factor  in  the growth of cells in 
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reduced  protein media is the  increased susceptibility to cell death  and  hence  the 
increased risk of antibody  degradation by endogenous  proteases. 

S 

Culture  conditions are dependent  upon  the hybridoma but  they can usually be 
I 1640 or ~ M E M  supplemented with 10% FBS. Some cultures may 

need to be started  on mouse macrophage  feeder layers. 

uman diploid cells of cell line MRG" are derived  from  normal  foetal lung tissue 
and  have  a ~broblast morphology (Jacobs et al., 1970). These cells  will  typically 
undergo 60-80 ~ o p u l ~ t i o n  doublings before dying out  after 50t- passages. In 
production,  population  doubling levels up to around 28-30 are generally used, 
although this could proba  e  extended to 40 (Wood & inor, 1990). Towards 
the end of their life span -5 cells  show increased  population  doubling times 
and  the  presence of abn cells  by light microscopy, although  the cells are 
genetically stable  up to senescence (Wood & Minor, 1990). These cells are used 

uction of viral vaccines, including rhinoviruses, Sabin poliovirus, 
strain, mumps, rubella,  rabies, vaccinia and varicella. They show a 

sirnilar virus susceptibility to another  huma iploid cell strain, WI-38 (see below). 
In  comparative  studies with  WI-38, the -5 cell line was found to replicate 
more rapi~ly and was less sensitive to adverse  environmental  factors. 

S 

and 
t media formulations, 

uman diploid cell line WE-38 is derived  from  embryonic lung tissue with fibro- 
blast ~orphology  (Hay~ick & Moorhead, 1961). The cell line  has  a  broad  range 
of virus susceptibility and is used for  the  production of human virus vaccines: 
rhinoviruses, measles, mumps, rubella, polio, rabies  and yellow fever. The cells 
are  anchorage  dependent  but will form  a  multilayered  culture when held for long 
periods at 3'7°C with periodic pH  ad jus t~~n t s .  The cells have  a life span of ~ 0 ~ 1 0  
popul~tion doublings, with a doubling time of 24h. 

S 

Cells are  cultured in Eagle's basal medium with 10% F 
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Human B-lymphoblastoid cell line Namalwa  is derived  from a Burkitt’s lymphoma 
tumour biopsy and  can  be grown for  an indefinitely long period of time (Klein 

iliau et al., 1973). Although  they  contain  Epstein-Barr  (EB)  nuclear 
antigen, Namalwa  cells do  not  release EB virus. The cell line is used for  the 
production of  IFN-cx. Namalwa  cells can  be induced to prod 
Sendai virus to cells pretreated with 2 mNI sodium butyrate 

0) and  can  be primed with Sendai virus in  order to increase  the 

Cells are cultured  in PMI 1640  with 5-15% FBS at 37°C and pH 6.8-7.0, although 
for large-scale production  reduced FBS concentrations are utilized, using a substi- 
tute based on ~ol~e thylene  gly~ol-pretreated bovine serum with a water-soluble 
peptide digest of animal tissue    rim atone RL)  and adding pluronic F-68 to 
increase  the viscosity of the medium (Mi%rahi et al., 1980). Cultures have been 
scaled up  for growth in  large  fermenters (8000 l) (Klein et al., 1979; Finter, 1987; 
 usg grave et al., 1993) and  the cells can  be grown in  submerged  cultures  enabling 
easy scale-up. 

The Namalwa cell line is cited in a US andlor  other  patents  and must not  be used 
to infringe patent claims. 

This is a Syrian hamster cell line derived from  the kidneys of l-day-old hamsters. 
The cells have a fi~roblast-like morphology and  are used for viral replication 
studies, including poliovirus, rabies (Pay et al., 1985), rubella,  foot  and  mouth 
disease virus (Radlett et al., 1985),  VSV, HSV, adenovirus (Ad) 25 and arbovirus. 
Successful cultivation at scales up to 8000 l has been achieved with  maximum  cell 
density attained by m i n ~ u m  air sparging sufficient to satisfy the oxygen demand 
of the cells. 

Eagle’s basal medium supplemented with 2% tryptose  phosphate  broth (TB 
and  other  supplementation, including additional  glutamine, glucose, vitamins, 
lactalbumin hydrol~sate and  pluronic F-68; cells are  also grown in   EM supple- 
mented with 5% tryptose  phosphate  broth  and 5-10% FBS. Airlift  fermen- 

atinger & Scheirer, 19’79) and  stirred vessels are used for large-scale 
production. 
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his  is a Cocker spaniel kidney cell line with epithelial morphology ( 
arby, 1958). It is used for the study of SVEV,  V  V, vaccinia,  Coxs 

infectious canine hepatitis, adenoviruses and reoviruses. 

Cells are cultured in 

e was derived from  the pituitary tumour of a 7-month-01~ female 
(Tashjian et al., 1968) and is used for the study of hormones. 
produces  growth  hormone at a greater  rate  than 
from the same  primary culture, and also produces prolactin. 
an  be used to stimulate hormone  production  and also inhibits 

the  production of prolactin ( ancroft et al., 1969). The cells are e ithelial~like in 
morphology  but  can  be  adapted to grow  in suspension culture us 
under which. conditions the cells continue to produce gro 

Tashjian, 1971). The cells are susceptible to herpes simplex 
nd  vesicular stomatitis ( nd i~na  strain) viruses but  not to  polio~irus type 1. 

ells are cultured in  F10 supplemented with 15% horse serum  and 2.5% F 

agle’s 
The cells are  adaptable  to growth in suspension culture in spinner Basks using 

The 293  cell line is derived from  human  embryonal  kidney  transformed with 
nd has an epithelial morphology  (Graham et al., 1977; 

ells are used for transformation studies an 
nsitive to human adenovirus and adenovirus 

ovirus vectors are being used  increasingly for many 
ation and  gene therapy; 293  cells can  be used to 

isolate transformation-defective host-range mutants of Ad5  and for tit rat in^ 
human adenovir~ses. 

Cells are cultured in  Eagle’s supplemented with 10% horse serum or 
The cells detach at room  temperature  and may take days to reattach. 



Principal  characteristics  and  applications of selected  cell  lines c o ~ ~ o n l y  used  in 
biotechnology 

Cell  line  Characteristics  Applications  Refs 

C H 0  dhfr- Chinese hamster ovary cells; 
epithelial morphology 

Sf9 

Schneider-2 

cos I/ 
cos 7 

NIHI3T3 

HeLa 

J558L 

Vero 

Myeloma 

Hybridoma 

MRC-5 

VVI-38 

Namalwa 
BHK 21 

MDCK 

GH3 

293 

WCRE/ 
WCRIP 

Cells from pupal ovarian tissue 
of Spodopte~a ~~ugipe~da; 
spherical morphology; rapid 
growth; high  level of protein 
expression 
~ ~ o ~ o p ~ i l a  ~ e l ~ ~ o ~ a s t e ~  
cell line 
African green monkey kidney; 
fibroblast morphology 
Mouse embryo, contact 
inhibited; fibroblast 
morphology 
Human cervix carcinoma; 
epithelial morphology 
Mouse myeloma 

Monkey kidney cells; anchorage- 
dependent fibroblast morphology 
Immortal cell lines, e.g. NSO, 
Sp2/O-Ag14 

Stable hybrid lines retaining 
characteristics of immortal 
myeloma and differentiated 
plasma  cell fusion partners 
Human foetal lung; fibroblast 
morphology 
Human foetal lung cells; 
fibroblast morphology; 
1" diploid cells; anchorage 
dependent 
Human tumour cell line 
Syrian hamster kidney 
fibroblast 

Dog cocker spaniel kidney; 
epithelial morphology 

 ist tar-Furth rat pituitary 
tumour 
Transformed primary human 
embryonal kidney cell line 

Mouse NIH-3T3 cells  co- 
transformed with Moloney 
murine leukaemia genome 

Recornbinant protein Urlaub et al. 
production - FSH, (1986) 
factor VIII, IFN-y, HIV1 
-gp120, rtPA, HSV  gB2, 
parathyroid hormone, 
antithrombin 111, M-CSF 
Recombinant proteins 
using baculovirus 
expression systems - 
antistasin, @-adrenergic 
receptor; insecticides 
Recombinant proteins - 
 antitrypsin 
To support the growth of Gluzrnan (1981) 
recombinant SV40  viruses 
IGF-1 production Torado & Green 

(1963); Torado 
et al. (1965) 

Virus studies Gey et al. (1952) 

Recombinant antibody Halpern & 
production - CD4-Ig Coffman  (1972); 

Lundblad et al. 
(1972); Oi et  al. 
(1983) 

Viral vaccines - polio, Simizu & 
haemorr~agic viruses Terasima (1988) 
Used to produce Shulman et al. 
h~bridomas and recombinant ~ 1 9 7 8 ~ :  Galfre & 
antibodies 
Monoclonal antibody 
production 

Virus studies - susceptibility 
similar to WI-38 
Viral vaccines - 
rhinoviruses 

Interferon-~ production 
Viral vaccines - foot and 
mouth disease (FMD), 
enzymes 
Animal viruses - SVEV, 
VSV,  vaccinia, adeno and 
reoviruses, infectious 
canine hepatitis virus, 
Produces growth hormone 
and prolactin 
Isolation of transformation- 
defective host-range 
mutants of Ad5 
Recombinant retroviral 
packaging cell lines used 
for  the development of 
human gene replacement 
therapy. 

Smith et al. (1985) 

hilstein (l 981) 
Kohler & 
Milstein  (1975) 

Jacobs et al. 
(1970) 
Hayflick & 
Moorhead (1961) 
(l 962) 

Pay et al. (1985); 
Radlett et al. 
(1 985) 
Madin & Darby 
(1958) 

Tashjian et al. 
(1 968) 
Graham et al. 
(1977); Harrison 
et al. (1977) 
Danos & 
Mulligan  (1988) 
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Ouse NIH 3T3  cells are co-transformed with oloney  murine  leukaemia  genome 
to give  rise to packaging  cell lines used in the generation of helper- 
binant retroviruses with amphotropic  and ecotropic host ranges 
~ul l igan ,  1988). 

The cell lines were  produced by co-transformation with  two muta 
murine leukaemia virus-derived proviral genomes introd~ced sequ 

3T3  cells and car~ing   complementa~  mutations in the gag-pol or env 
regions. Each  genome contained a deletion of the ?E’ sequence essential for the 
efficient encapsidation of retroviral genomes  into virus particles and additional 
modi~cations  to  the 3’ end of the provirus. This practically eliminates the  poten- 
tial transfer andlor recombination events that could lead to  the  production of 
helper virus  (wild-type replication competent virus) by viral producers derived 
from these cell lines. These properties of the VC 
lines make  them particularly useful for in vivo g 

age analysis and  development of human  g 
E  can  be used to isolate clones that stably produce high titres 

(lo6 cfu m1-l)  of recombinant retroviruses with amphotropic  and ecotropic host 
ranges, respectively. 

S 

Cells are cultured in supplemented with 2 m  glutamine  and  10% 
or calf serum. 

These cell  lines are cited in a US patent  and  must  not  be  used  to infringe 
claims. 

Baker  PN,  Morser  J &L Burke  DC (1980) 
Effects  of  sodium  butyrate on a human 
lymphoblastoid  cell  line (~amalwa) and 
its  interferon  production. Jo~rnul of 
Inte~fe~on  ~eseurch 1 (1): 71-77. 

Bancroft  FC & Tashjian AH Jr (1971) 
Growth in suspension  culture  of  rat  pitu- 
itary  cells  which  produce  growth  hormone 
and  prolactin. ~ ~ ~ e r i m e n t u l  Cell ~eseurch 

ancroft  FC,  Levine  L &L Tashjian AH Jr 
(1969)  Control  of  growth  hormone 
production  by a clonal  strain of rat 
pituitary  cells.  Stimulation  by  hydro- 

64( 1): 125-128. 

cortisone. Journul of Cell ~iology 43: 
432-441. 

&L De  Somer P (1973) 
Mass production of  human  interferon  in 
diploid  cells  stimulated  by  poly-1:C. 
Jo~rnul  of ~ e n e ~ u l  Virology 19: - 

Danos 0 & Mulligan RC (1988) 
efficient  generation of recombin 
viruses  with  amphotropic  and  ecotropic 
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The large-scale culture of animal cells  is  now a recognized approach for the  manu- 
facture of biologicals. The regulatory aspects of such  work are  designed to  ensure 
conformity  and safety of such products and to a large degree dictate the way in 
which cultures are  prepared,  stored  and quality controlled prior to and during the 
course of manufacture  (Center for esearch, 1993). In 
order  to  guarantee  conformity in  cells  used for each  production  run, it is essen- 
tial to establish a ‘seed stock’ comprising ampoules of identical cells prepared 
from  the  same original culture. This seed stock concept or seed lot system  is  by 
no  means new; however, its application in  cell and tissue culture is unfortunately 
not universal. The principles required for the  reparation and handling of cell 
stocks in a manufacturing  environment  are equally relevant in the research labo- 
ratory to  ensure correct identity, conformity  and consistency of cell stocks. Also 
of general importance is the n ssity to minimize the number of passages (and 
thus ~opulation doublings or S) occurring before the  preparation of stocks. 

his  avoids genetic drift and  the loss of differentiated characteristics that may 
ing extended serial subculture. The principles of animal cell banking 
alth ~rganization, 1987) were originally developed for the  preparation 

of stocks of human diploid cells  used  in  vaccine manufacture. 
to realize that  the guidelines established for this work are relevant to all cell 
stocks used for a wide range of purposes, including diagnostic 
research and  commercial production. This section aims to give an overview of the 
general considerations in the  production of master  and working banks of animal 
cells. 

The ability to  create a quality-assured master cell bank ( 
on tag no^ 1989)  with inbuilt consistency and reproducibility guarantees a reserve 
original starting material whatever  problems may  occur  with stocks derived at 

nce thorough quality control of the 
ampoule is  used to  set  up a larger working  cell bank 
quality control is  given  in Table 1.3,1., see also sec 

S derived from the 
his procedure achieves long-term uniformity of stocks, which cannot  be guar- 

anteed by cells derived from  improper  banking  procedures  that cause cells used 
for production to  be  taken progressively further  from  the cells of origin (Figure 
1.3.1). Thus successive banks may  show the effects of cellular aging and, in the 
event of contamination by other  animal cells or microorganis~s,  the original pure 
culture will not  be retrievable. 

Cell  and  Tissue  Culture:  Laboratory  Procedures in ~ io tec~~o logy ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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Quality  control  tests  applied to master  and  working 
cell  banks 
~ u a ~ i t y  control  tests  applied  to  master  cell  banks 

Viability (at 0 and 24 h) 
Sterility  test - absence of bacteria  and  fungi 
Karyology 
DNA  analysis  (e.g.  DNA ~ngerprinting) 
Isoenzyme  analysis 
~ y c o ~ ~ ~ ~ ~ ~  tests (e.g. Hoechst  stain  and  culture) 
Absence of other  adventitious  agents  (e.g.  viruses) 
Stability 
Idiotypic  analysis  (hybridomas) 

Viability 
Sterility 
DNA  analysis (to confirm  consistency  with  the  MCB) 
~ y c o p l a s ~ ~  tests 
Absence of other  adventitious  agents  (e.g.  viruses) 
Stability 
Idiotypic  analysis (hybrido~as) 

uality  control  tests  applied  to  working  cell  banks 

I 

etc. 

ure 1.3.1 Cell  banking  procedure  (QC = quality  control). 
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Usually  limits are set on  the  number of the cells are permitted  to  undergo 
the production  run  and reco ncing  with a further  ampoule  from 
th diploid cells these parameters are ultimately delineated b the 

onset of senescence (i.e. failure to continue replication)9 and a 
chosen  somewhere  short of the point at 
In  the case of one  human diploid cell line, 

e permissible upper 
on  growth  paramet 
the limits are defin 
ermore,  from a regulatory point of * * is more desirable to derive 
f each  product batch from a single 

The size of a cell bank is dependent  upon  the scale of operation,  frequency of 
use and replicative capacity of t line in q~estion. Typically, an 
contain 2 ~ ~ 0  ampoules  and a 1 0 ~ 2 0 ~  ampoules.  Larger ba 
prepared for stable continuous cell  lines and this  is a major  advantage of this type 
of cell line in comparison with finite cell lines of limited replicative capacity. 

The number of cells per  ampoule  should  be  predetermined  and validated for the 
ampoule of cells to  regenerate a representative culture. The time taken 

to e ~ p a n d  from a single ampoule to a larger culture volume will be ~ e ~ e n d e n t  on 
  umber of cells per  ampoule,  but care should be  taken  to avoid c~yopreser~ing c 
at excessively  high densities (i.e. >5 x lo6 cells  ml-l)),  which  may result in low 
numbers of viable  cells on recovery. ~ i q u i d  nitrogen storage refri~erators), even 
sophisticated filling  devices and alarms, are  not  immune  to disaster9 so divi 

S between facilities at  ~ifferent locations is an essential precaution. 

ry point of view, the characterization requirements for the cells 
bulk culture process to  be used. This will  define the n u ~ b e r  

the limits discussed above)  that  the cells  will undergo. An addi- 
requirement is that  the cells should  be passaged beyond  the 

eve1 achieved at the  end of each  production run. This procedure 
establish the stability of cells  well b ~ y o ~ d  the 
, after additional passaging, an  extended cell b 

for characteri~ation procedures to be  repeated. 

hilst the fu~damental principles of cell banking  are readily ap lied to  the prepara- 
tion of all animal cell stocks, the standards applied in the preparation of cell banks 



vary  widely, depending  on  the intended use. anks  prepared for short-term research 
projects may  receive  only  basic  levels of environ~ental controls and record-~eeping. 
Cells intended for involvement in product license applications and~or patent applica- 
tions will need to  be  handled  under conditions of strict and detailed doc~mentation 
designed to enable traceability of all procedures  and reagents. In  order  to ensure 
the  absence of contaminating microorganisms  in  such high-grade cell banks, the air 
quality (in terms of freedom  from airborne particles) may need to be  maintained by 
appropriate ~ l te red  ventilation and regular testing for particles and organisms. 

The major  standards  that  can  be applied to manufacturing processes are  good 
laborator ractice GL, ealth, 1989) and  Good 

actice edicines Control  Agency, 199’7). Good laboratory practice 
ovides international standard that ‘is concerned with the organiza- 

esses and the conditions under which laboratory stud 
monitored,  recorded 

9). Strictly speaking, G 
to safety testing), but application ay be required as part of 
further  procedures  where  the  preparation of the cell products will be  recorded 
and  tested  to this standard. Good  manufacturing practice is to cell banking, 
because it is intended to  ensure  that ‘products are consistently manufactured to 
a quality required by their intended use’ 
not only requires the detailed document 
involve careful environmental  monitoring  (a 
facilities (i.e. one cell line only per  laboratory)  and extensive validation of critical 
banking procedures. The most important validating procedures for cell banks, 
known as ‘integrity tests’, identify the capability of named  operators  at preparing 

without any ampoule  becoming  contaminat 
usually  involves substituting a bacteriological 
ns  in a procedure exactly simulating the 

of cells for cryoprese~tion. The simulated bank is then  incubated at 3’7°C and 
at room  temperature t e contamination by the  appearance of turbidity in 
the  broth  medium.  In acilities it is also important to prove that ~ a ~ f u l  
material cannot persist in the environment  between projects and affect subsequent 
banks. Thus decontamination, cleaning and fumigation procedures m ~ s t  be vali- 
dated for their efficiency  in removal of potentially deleterious agents or materials 
and also, indeed, the previous product. 

All of the  standards of working practice mentioned are  regulate^ by of~cial  
national and international bodies, which means  that in order  to claim com~liance 

tandards, the laboratory must be audited and accredite 
by a nationally authorized body. 

here high-qua lit^ cell banking  procedures are  to  be carried out, a ran e of labo- 
ratory  features  and activities must  be recorded, The  thr  sed 
above  have many of these in comm~n,  and in the case of 
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1. Job descriptions, curriculum vitae and training records for all  scientific staff. 
aintenance of up-to-date records of studies, their nature, test systems used, 

3. Study plans and  standard operating procedures (SOPs) with associated batch 
completion  dates  and  names of study directors. 

records, quality control reports  and certificates of analysis. 
lity organization chart  and site plan. 
ils of servicing and  maintenance of equipment. 
ies for health surveillance and training of staff. 

y directors and a record of the procedure  adopted for their appoint- 

sure  that cell banking  procedures are performed in the prescribed 
way,  with  all reagents traceable to source materials, each with a certificate of 
analysis, a full set of OPs is required that includes specimen record sheets. An 
example of the way i which SOPs can control cell banking  procedures is  given 

quality management of manufacturing production, a  more recent 
* ion of several European quality standards into  what 

is  now  known as 9001. This standard  can  be used for any manufac- 
turing or service activity and is readily applicable to cell banking  and to research 
and  development. This sta is also able to provide the background for cell 
culture in  which GLP and standards can  be applied. 

ed stock principle for the preparation  and quality control of 
is an essential part of cell banking procedures, regardless of t 

use for the cells. The size of each  bank  and the level of qualit control used are 
generally dependent  on individual requirements  and facilities. 
cell line or its products is to be involved  in procedures  under 
regulatory authorities, the cell banking procedures, characterization and quality 

trol  must address specific requirements for procedures  and  documentation. 
ally, the intended use of cells or their product  must  determine  the level of 

quality assurance required, and the person responsible for exploitation of the cells 
or product  must id en ti^ the  appropriate quality standard  and select an agency 
accredited to  that  standard. 
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§tructure  and  Preparation of a  study  plan 
definition of project ~ r i t i n g  and  correction of SOPS 

Decontamination  and Fumigation of tissue  culture  cabinets 
testing  before  start of work and  the cell banking laborato~ 

~onitoring and  maintenance  of  air  quality 

Receipt  of  materials 
Procedure  for  reception of goods 

for cell banking  workers  entering  the cell banking  laboratory 
Control of the 
laboratory  area 
and ~aintenance  Labor~tory cleaning 

Procedures  for  visitors,  engineering staff 
and  maintenance  staff  entering cell banking  laboratory 

Procedure  for  the  entry of goods  into cell banking  laboratories 

Disinfection  and  waste  disposal 

Preparation of cell culture  medium 

Removal of c ~ o p r e s e ~ e d  cells  from  storage 
~esuscitation of cryoprese~ed cells  and  their  first  subculture 
Use of haemocytometer5  for  the  calculation of cell densities Cell  culture 

Cryoprese~ation i 
uality  control 

Storage 

Decon~amination f 

~ i s p a ~ c h  

§ubculture of suspension  cells 
Subculture of adherent  cells 

Rejection of failed cell cultures 

arations of sterile  filtered  D 
Preparation of cryoprotectant  solution 

Preparation of cells  for c ~ o p r e s e ~ a ~ ~ o n  
Cryoprese~ation of cells 

Submission of samples  for  quality  control 
Bacteria  and  fungi  testing 

Isoenzyme  analysis 
DNA  fingerprinting 

Storage of cryoprese~ed cells 

 isi infection and  waste  disposal 

23 

n of tissue  culture  cabi ts and  the cell banking laborato~ 

Removal of cryopreserved  cells  from  storage 

Flow diagram of cell banking  and  associated SOPS. 
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The  conse~uences of usin a cell line whose identity is not  that claimed by the 
provider are clearly  very serious. Failure readily to identify an  occurrence of cell 
line cross-contamination or switching during tissue culture procedures could  com- 
pletely invalidate a body of research or completely  abort a production process. Cell 
line authentication is therefore  an essential requirement for all  cell culture labora- 
tories and  should  be Carrie at both the earliest passages  of cultures and at 
regular intervals thereafter 1988). The  occurrence of cross-contamination is 

d cases have  been wid 
me earlier rep0 
of cultures tested ( 

eferential inclusion of suspect cultures in these rep 
probably represented an overestimation of the proble 
at  the EGAGC in the authentication of cell stocks fro 
ries indicates that cross-contaminati 

eLa  contamination 
ventional cytogenetic analysis i 

it has characteristic cytoge 
than  the  more usual type 
large number of isoenzy re usually required for specific identification. 

ecies of origin. This is  particular^ 

~ummary of the  standard authentication techniques is  given  in 
is  list  is  by no  means exhaustive. 

x 

icroscopic e~amination of the  chromosomal content of a cell line provides a direct 
method of confirming the species of origin and allows the detection of gross 
aberrations in chromosome  number andlor morphology. ~ytogenetic analysis 
is  very  useful for specific identification of  cell lines with unique  chromosome  mark- 
ers  and has proved useful to differentiate cell lines that  were a 
by isoenzyme analysis. In  one study of 47 cell lines reported by 
two cell lines could not  be  differentiat~d by eight separate enzyme tests but were 
readily distin~uished by karyology. However, it should  be  borne in  mind that very 
careful interpretation in the light of considerable experience would be required to 
differentiate cell lines of normal  karyotype  beyond the level of species. In addition, 

Cell and Tissue  Culture: ~aborat#ry Procedures in Biotec~nolo~y, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley Sons Ltd. 
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Comparison  of  key  features of authentication  techniques 

Cytogenetic Isoenzyme DNA ~ngerprintin~ 
analysis analysis profiling 

~eterminatio~ of species J" J 
Rapid identi~cation of a  cell  line 
Detection of cell  line  variation J 
Recognized  by r~~ulatory authorities J 

J 
?b 

J = useful applications. 
? = under  consideration. 

many species have  not  been studied extensively  using  karyology and  therefore  the 
prevalence of chromosome  markers in natural populations, and  hence in  cell lines, 
may be  unknown. Cytogenetic analysis  is time consuming and, to some extent, sub- 
jective. In most  routine  and research laboratories handling a wide range of cell lines, 
full characterization and regular monitoring of identity using the  above technique 
would be impracticable. owever,  developments in flow cyto~etr ic  analysis of 
chromosomes may enable  routine  chromosome analysis  in the future. 

Isoenzyme analysis  is  useful for the speciation of cell lines and for the detection 
of contamination of one cell line with another. The method utilizes the property 
of isoenzymes  having similar substrate specificity but different molecular struc- 
tures. This affects their electrophoretic mobility. Thus  each species will have a 
characteristic mobility pattern of isoenzymes.  While the species of origin of a cell 
line can usually be  determined with  only  two  isoenzyme tests (lactate de 
genase  and glucose-6-phosphate dehydrogenase), specific identification o 
line would require a larger battery of tests ( alton et al., 1983). A system  in  which 
eight isoenzyme  activities were investigated offers a useful co~promis  
et al., 1980). This procedure retained the advantage of rapidg testing 
giving a useful level of specificity for identification purposes. Certain 
acterized in  isoenzyme  analysis  may undergo post-translational modi 
varies with the cell type. This offers additional characteristics for identification 
that  can also act as markers for tissue of origin or developmental stage ( 

wever,  in  analysis of enzyme  systems  with  multi-allelic products, 
sion of some  components may lead to unreliable detection and 

hence mis-identification. In conclusion, the use of a wide range 
for accurate identification of cell lines requires a detailed know1 
zyme  system  in each species to be studied. 

probes such as those of Jeffreys et al. (1985), oligonucle * 

ery simple sequence  repeats (Ali et al., 1986) and  the 
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13 protein I11 gene ( kov et al., 1988) interact with a widely 
loci throughout the 

unique fingerprints in Southern blot analysis of cell line 
is to analyse single  loci bearing variable numbers of tandem  repeats 
, which produce simple DNA profiles (as opposed  to ~nge r~r in t s )  

comprising one  or two bands. The key advantages of this technique in  identifi- 
cation are, firstly, the  apparent simplicity of scoring such  profiles a 
that  methods  based  on the polymerase chain reaction are available 
~effreys et al., 1991). Probes  for single  loci are used under highly speci 
and, consequently, each  one may be useful in o a single species, unlike multi- 
locus ~ngerprinting,  In visualizing  many  loci, NA fingerprinting techni~ues 
enable recognition of changes in a cell line tha ight  go ~nnoticed when using 
single-locus ~ e t h o d s .  NA fingerprinting can therefor 
line variation (Thacker et al., 1988) and cross-contamination (van 
1988), and  can  be used to confirm stability and consistent quality 
from diverse species. Furthermore,  the  development of a library of ~ngerprints 
from original documented material may help in the validation of suspect cell banks 
by comparison against the definitive  version. 

The standard techniques for cell authentication (cyto~enetics and i s o e ~ y m e  
analysis) have  been invaluable to c biologists  wishing to establish cell identity 
and to exclude cross-contamination. wever, the availability of an ever-increasing 
number  and diversity of cell  lines indicates the need for rap 
niques that also enable highly  specific  cell line identi~cation. 

iverse cell lines are involved, current 
as  simplified  isoenzyme procedures  can 

fingerprinting and profiling are  important 
logists’ battery of authentication techni 
rpri~ting in a single test provides speci 
ies, combined with a screen for cross- 
the authentication techniques described 

as comple~entary and  each  one will have  areas in  which it 
owever,  molecular genetic techniques are  proving  extremely 

tive for routine checks on  the consistency of cell cultures. 

Epplen JT (1986) DNA 
fingerprinting  by  oligonucleotide  probes 
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(1983)  Cell  culture  quality  control  by 
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quality  control  for  cell  lines, A~~ZyticaZ 
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The  importance of NA finge~rinting in  the  quality  control of cell lines is increas- 
ingly recognized due  to  the  advantages  that this technique  has 
the  standard  methods of isoenzyme analysis and cytogenics. 
two  widely applicable multilocus fingerprinting methods usin 
us ass art et d., 198’7) and  the  Alec  Jeffreys  probes 33.15 and 33.6 (Jeffreys et al., 
1985a,b). The  Jeffreys  method has the  advantage of a  centralized quality 
S stem  already  established by eneca Cellmark: Diagnostics (~bingdon,  

). The methodology used can  be summarized in  the following stages: 

ation  and fixation of genomic DNA fragments. 

ation,  and  Southern  blot analysis used 
onma et d., 1993) and the  reader 

further  details  (par rly for steps 1-3 above)  and to 
the  p~ocedures supplied with the  Jeffreys multilocus probes). 

aterials  and equip~ent  

P robe /p r~e r  mixture  eneca Cellmarlc Diagnostics, Abingdon, U 
mmended by probe  manufacturer) 

oehringer, ~ a n n h e i m )  

The Jeffreys  probes 33.6 and 33.15 are available for  research  purposes only, in a 
high-~uality form, with primers  added  ready  for labelling with 32P by random 
primer  extension. A reco~mended primer  extension  method of labelling is pro- 
vided by the ~ a n ~ f a c t u r e r ,  which involves a  preparation  time of less than 2 h. 

Cell and Tissue C ~ l ~ ~ r e :  ~ ~ b o r a ~ o r y  P ~ o c ~ d ~ r e s  in ~iotec~nology, edited by A. Doyle and J.B.  Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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aterials  and  equipment 

can  be  labelled by random 
ultiprime  kit  (Amersham ~nternational) according 

to the  manufacturer’s  instructions. 

~nincorporated nucleotides can be r e ~ o v e d  by prepac (Life Technologies 
aisley, Scotland)  or  NIC  harmacia) according to  th 

turer’s  instructions.  The  reaction  mixture is reboiled  and chilled prior 
to  the hybridization  solution. 

tilocus method:  the r~agents  are described in 

ium hydrogen p~osphate, 

re~ybridization and hybridizatio~ solutions 
belled probe, boiled an 

esearch  Instrumentation 
tte with intensi~ing scree 

tation  Ltd) 
and-held  Geiger- uller radiation  monitor 

A variety of hybrid~ation conditions  have  been  described  for dif~erent finger- 
print in^ probes (Jeffreys et al., 1985a,  b; Chen et al., 1990;  assa art et al., 198’7). 
The  method of Church  and  Gilbert (1984)  is particularly useful due  to  the sim- 

ty  of the hybridization solution. 

ehybridize the  Southern  membranes  for  a few hours  or  overnight in a  sealed 
polythene box containing sufficient prehybridization  solution to allow free 



movement of the membranes. Prehybridization can  be carried out  at 55°C (for 
r 62°C (Jeffreys probes) in a shaking water-bath. 

imately lo6 counts min-l  ml-l purified, labelled 
hybridization to proceed at 55°C (for 3) or 62°C (Jeffre 
with  shaking. 

sha~ing. At least one change of wash solution should be 
continued until areas of the membranes wi 

2. e the  prehybrid~ation solution with hybridization * 

3. Carry  out stringency washes at 55°C (for M13) or 62°C (Jeffreys probes) with 

4. individually  in film 

5. Fix the membranes in autoradio~raphy cassettes and place 
sealed cassettes at -80°C (the period of exposure required is 
eveloping top film after 12 h of exposure). 

hs and  store in a dry, dust-free envelope. 

ed nylon membranes  should not be allowed to dry out  and  can  be 
idized, for repeat  p 
and secondly in 0. 

recommended by the ma 
national). 

In  the quality control of cell lines, isoenzyme  analysis and 
have, until recently, been  the  standard accepted techniques. 
specific identification of a cell line, both techniques involve 
consuming investigations. Attempts  to mplify  such in~estigations inevitably limit 
their ability to differentiate cell  lines. A fingerprinting offers a uni 
identify in^ cell  lines and their cross-co nation by a single test. Thi 

alizing the structure of the repetitive CO 
emely variable between ~dividuals. 
ethods  are available but they generally fall into  one 
d multilocus methods. 

identify pol~morphism  at specific genetic loci 
be restricted in their degree of polymorphism 

range of species or strains of a particular animal, 
ds the molecular  probes  are  used at lower * - 

at a number of related loci. In this way 
the potential for differentiating cell lines 

using a single probe test that  can  be useful over a wide species range. 
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sequences  from the phage  are used  very  successfully 
ligonucleotide probe the simple repeats of micro-satel- 

The multilocus method discovered by Alec Jeffreys has  proved useful  in a wide 
range of animal  and plant species and is currently one of the  most widely used 
fin erprinting methods in population studies. This method, using probes 33.6 and 

, is the only fingerprin a formal  international quality 
01 system  is operated gnostics), and offers a unique 

o~portunity for the standardization of cell line quality control procedures in  widely 

are also extensively used. 

istributed laboratories. 

ell cultures used for finger rinting, and care in the preparation 
, are critical features in ach readily inter~reted and  repro- 

ducible results. It is advisable to ensure that culture samples to  be compared  are 
f culture conditions, growth  state  and  method of sampli~g. 
, strict adherence to the established rocedure is important, 

to maintain a reliable fingerprinting system.  Samples of cells or 
controls for long-term quality assurance procedures are best stor 
in liquid nitro~en.  ~nappropriately stored samples may suffer from 

, which, even  when  not particularly marked, will cause smearing of finger- 
rint bands, will increase the  background signal  in each 1 

interpretation very  difficult. The quality of prepared 
analysis of a small  sam 
eight band of genomic 

critical for multilocus fingerprinting 
a hi h level of accu- 

r interference from 
I11 should  be analysed by mini-g 

the absence of visible quantities of ~igh-molecular-weight 
partial digestion. 

are  taken in the preparation of the gel, in electrophoresis and during all sub- 
sequent stages of gel handling to avoid distortion, should  be repaid by straight 
and parallel lanes of equal  molecular weight migration. Uniform migration of 
consecutive gels  is important  to aid comparisons of fingerprints between different 
membranes.  The  use of a standard NA sample  on  each side of the gel,  in addition 

onal samples may  show a shift of all bands, due  to a slight change in the 
migration rate of all DNA fragments. This effect is  usually  easily  recognized if 
the sample was run in parallel with other related samples (i.e.  showing a high 
degree of band sharing). The problem  can also be  overcome by the use of an 
internal  molecular weight control in each lane (e.g. lambda 

to ular weight markers, will  aid interpretation considerably. 



Sigma), which can be detected  after  fingerprint hybridization by rehybridizing with 
labelled  lambda phage 

eproducibility of electrophoresis  and  Southern  blotting is essential  and can be 
maintained by careful  quality  control  t  of  the pH and conductivity of key 
reagents (e.g. electrophoresis  buffer  an SC), The  quality of fingerp~ints will 
be affected by poor  outhern  transfer o A. Therefore,  transfer should a 
be checked by restaining  blotted gels in electrophoresis buffer plus eth 
bromide (0.5  mg  1-l) for 30 min. Inspection of the  restained gel on a UV-t 
luminator should reveal  no signs of residual NA molecular weight markers. 

fingerprints is the use of high-~uality preparations of labelled probe. 
DNA should have a high degree of purity. Separation of labelled probe  from  un- 
incorporated radioactive nucleotides i cularly important to obtain good-quality 
results with a low background signal. y control of the probe’s purity and level 
of incorporation of labelled nucleotide (e.g.  by comparison of total  and  precipitable 
radioactivity in probe  preparations) is vital to ensure  that  probe pre~arations used 
are of an acceptable standard. Ideally, probes should always be used on  the day of 
radiolabelling to avoid degradation. Using probes  produced commercially under 
conditions of quality assurance (e.g. probes 33.6 and 33.15) means that many of the 
problems encountered in producing high-quality labelled probe can be avoided. 

Another very important  contribution to the achievement of clearly in 

S 

In  order to produce finge~rints of uniform intensity,  autoradiography  exposure 
times may have to be varied slightly to compensate  for small variations between 

uthern membranes. The time required to achieve optimal fingerprint 
st predicted by the use of two  X-ray  films. Development of the first  film 

after 12 h  permits a fairly accurate assessment of the  total  exposure  time  required.  In 
addition  the radioactivity on each membrane can be monitored to indicate  exposure 
time. These variables may lead to the  appearance of faint  additional bands in the 
fingerprints from hybridized membranes given longer exposure times. This, along 
with the possibility of minor variations in fragment migration between gels, demon- 
strates  the  importance of comparing related samples on a single membrane. 

NA and  restriction digests normally takes 2-3 days, with 
Southern  blot  procedures  requiring a further  overnight  step (unless vacuum 
blotting  or  electroblotting  techniques are used).  Probe labelling, hybridization and 
setting up autoradiographs  are  completed within 2 days and  autoradiographic 
exposure  should  then  take  between 1 and 5 days, depending  on  the  method used. 
Most incubation times may not  be critical, but once a reliable  procedure has been 
developed, casual deviation from  the  established  procedures should be strictly 
avoided  in  order to provide  reproducible  fingerprint  quality. 

The  technique of DNA  finger~rinting was first established by Jeffreys et al. 
(1985a, b), who discovered mini-satellite  probes with the capability to produce 
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unique  human ints. The alleles identi~ed were  found to be distributed 
among offspri elian fashion. This technique is now  widely  used in 
population studies of various ultilocus ~ngerprinting 
using gene  sequences  from the genome was developed by Vas 

d has been used  in  div  ms and in  cell line authenticatio 
he Jeffreys probes  have  been used  in  cell culture technology to iden- 

tify cross-contamination and gen changes in  cell  lines from  hum 
lden et al., 1988; ~ r m o u r  et al., 

) and these probes  have a1 

1997)  may also be o 
wide v~riety of species. 

Armour JA,  Tael I, Thein §L, Fey MF & 
Jeffreys AJ (1989)  Analysis  of  somatic 
mutations  at  human  minisatellite  loci  in 
tumours  and  cell  lines. G e n o ~ i c . ~  4: 
328-334.. 

confirmi~g cell  line  identity:  DNA  finger- 
printing  and  minisatellite  probe  from  M13 

C 

fingerprints  for  cell 
line  individualisation, A~er icun   ~ournul  
of ~ u ~ u n  Genetics 47:  499-514. 

, Stacey C & Mizusawa H (1993) 
NA  profiling  with  polymorphic  DNA 

markers.  In: Cell  and Tissue Culture: 
~aboratory  ~~ocedures,  pp.  9A:  5.1-5.13, 
Wiley,  Chichester. 

AJ, Wilson V & Thein §L (198%) 
rvariable  minisatellite  regions  in 

Jeffreys  AJ,  Wilson V & Thein  §L  (198513) 
~ndividual specific  NA  fingerprints  of 

uman  DNA. ~ u t u r e  314:  67-73. 

A. ~ u t u r e  316:  76-79. 

Approac~es and A p ~ l ~ c u t i o ~ s ,  Proceedings 
of the  First  International  Conference 
on  DNA  Fin er rinting,  pp.  361-370. 

Tautz  D  (1989)  Hyp~rvariability of simple 

S o ~ a t i c  Cellulur and ~oleculur  Genetics 

van  Helden  PD,  Wiid IJ, ~lbrecht Cl?, 
Theoron E, Thornley AL & Hoal-van 
Helden EC (1988) Cross-conta~ination of 
human  oesophageal squamo~s carcinoma 
cell  lines  detected  by  DNA finger~rinting 
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variable  minisatellites  in  human  and 
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ycoplasma is a  generic  term given to organisms of the  orde 
that can infect cell cultures.  Those  that belong to  the families 
(My~oplas~~a)  and  Acholeplasmataceae ( ~ ~ ~ o l e p l a s ~ ~ )  are of 

The first observation of mycoplasma infection of cell culture 
et al. (1956). The incidence of such infection has since been 
laboratory to laboratory. At present 12% of cell lines recei 
are  infected  but this may be  an uncharacteristically low figur 

creened  for mycoplasma prior to deposition. 
ycoplasmas differ from  other  prokaryotes by their lack of a cell wall. They 

are  unable to produce  even  precursors of bacterial cell  wall poly~ers ,  unlike L- 
forms of bacteria  that  can  do so under  the right environmental  conditions 
size  is another distinguishing feature;  they  are  the smallest self-replicating  p 
otes, with  coccoid forms of only 0.3 pm  diameter  capable of reproductio 
genome size is approxi ately one-sixth that of E s c ~ e r i c ~ i a  coli. 

The  importance of mycoplasma detection in cell cultures  should  not  be  under- 
estimated.  The  concentration of mycoplasmas in the  supernatant can be typically 
in  the region of 106-108 mycoplasmas ml-l. Additionally, mycoplasmas  will 
cytadsor~  to the  host cells. They  do  not necessarily man  t themselves in the 
manner of most bacterial or fungal contaminants, e.g. change or  culture 
turbidity.  It is important  therefore to  adopt an active routine  detection  procedure. 

ycoplasmas have  been shown to elicit various effects, including the follo~ing: 

Induction of chromoso~e aberrations  (Aula 
Induction of mo~hological alterations, inc 
Leach, 1.964) 
Interference in the rate of growth of cells arrity et al., 1980) 
In~uence of nucleic acid (Levine et al., 196 amino acid  tanbr bridge et al., 
1971) meta~olism 

alteration (Wise et al., 1978) and  even cell transform- 

ycoplasma contaminatio~ is  usually caused by any of  five common species. 
organisms and  their  natural hosts are M. ~ y o r ~ i n i s  (pig), M. ~ r ~ i n i n i  (cow), 
M. orale  ma^), A, l a i ~ l a w ~ i  (cow), and M. fer~entans (man). 

Acholeplasma  alone has no  sterol  requirement. 
A  range of assay techniques are available  for the detection of mycoplasma con- 

tamination.  These  include  staining,  culture, DNA probes  and co-cultivation. To 

Cell and  Tissue C ~ l ~ u r e :   ~ ~ b o r a t o r y  Procedures in ~iotechno~ogy, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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remove  the risk of false positives and false negatives, two methods at least should 
be  employed. The CACC recommends the use of enrichment  broth  and agar 

This stain is heat  and light sensitive. The toxic properties of 
are unknown,  and  therefore gloves should  be worn  when handling the  powder or 
solution. 

S 

Use analytical grade ( ~ n a l a r )  reagents and distille 

Carnoy’s  fixative 

or each  reparation: 

acid (glacial), 1 m1 
e fresh as required 

oechst stain stock solution (100 ml) 

oechst 33258 to 100 m1  of water 
-sterilize using a 0.2 p,m filter 
the containe~ in aluminium foil and  store in the dark at 4°C 

oechst stain working solution (50 ml) 

repare fresh each time as necessary by adding 50 p,l  of stock solution to 
of water. 

ountant 

Take 22.2 m1  of citric acid (0.1 ml of disodi~m phosphate (0.2 
and: 



oplasma agar base (80 ml) (Oxoid, 
base to 80 m1  of water, mix and  aut 

as necessary. 

ispense in universal containers in 10 m1 aliquots. eat  to 56°C for 45  min and 
store  at -30°C. 

Yeast extract (10 ml) ( 
Add 7 g to 100 m1  of water, mix and autoclave at 15 psi for 15 min. 
universal containers in 10 m1 aliquots and  store  at 4°C. 

repared  medium must be used  within 10 days. 

r at 15 psi for 15 min. Cool to S0"C and mix with the  other 
hich have  been  warmed to 50°C). 
er 5 cm d i a ~ e t e r  tore  at 4°C  in seale 

roth  media 

ycoplasma broth  base (70 ml) ( 
broth  base to 70 m1  of water, mix and autoclave at 15 psi for 15 min. 

orse serum (Tissue Culture Services, otolph Claydon, ~ u c ~ i n g h a m ,  U 

ispense in universal containers in 20 m1 aliquots, do  not  heat inactivate and store 
at -30°C. 

Yeast extract (Oxoid, 

repare as for agar media. 

ix  constituents, dispense in glass  vials  in 1.8 m1 aliquots and  store  at 40°C. 
may be stored wit~out  deterioration for several weeks. 
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oechst stain stock solution 
oechst  stain working solution  (prepare  fresh as required) 

Fluorescence microscope equipped with epifluorescence (e.g. Zeiss) and 
340-380  nm excitation filter and 430  nm suppression filter 

ethods used for  the  detection of mycoplasma have  the following 
general principles in common. The cells to be tested  should,  before testing, 
complete  at  least two passages in  antibiotic-free  media.  Infection may be hidden 
by the  presence of antibiotics. Cell cultures  tested  from  frozen  ampoules should 
undergo at least two passages because  cryoprotectants may also mask infection. 

1. Using a routine  method of subculture,  harvest  adherent cells,  e.g. trypsin, and 
resuspe~d in  the original culture medium to a concentration of about 5 x lo5 
cells  ml-l. 

2. Test  the suspension lines direct  from  the  culture  at  about 5 x lo5 cells m1-l. 
~ ~ t e :  Experience of working with any particular cell line  should  remove  the 
absolute necessity for  an  accurate cell count.  An  adequate  number of cells 
should be  added to dishes so that a semi-confluent spread of cells on  the cov- 
erslip is obtained at the  time of observation  (at 1 day and 3 days post-incuba- 
tion). Cell overgrowth would make  interpretation difficult. If it is thought  that 
after  3 days' growth the  media would be  exhausted,  the cells should  be resus- 

ed in a mixture of their original medium and  fresh  culture media. 
2-3-m1 test cells to each of two tissue culture dishes containing glass 

at 36 -tl°C in a humidifie~ 5 % C ~ ~ / 9 5  % air atmosphere  for 12-24  h. 
one dish and leave the  remaining dish for a further 48  h. 

ng the cells, examine them  under  an  inverted microscope for  bacte- 

1s by adding approximately  2 m1  of Carnoy's fixative dropwise to 
the dish and  leave  for  3 min at  room  temperature. It is particu- 

larly important  for suspension cultures to add fixative in this way because  it 
ids cells being swept to one  side of the  culture dish. 
ant  the fixative to a waste bottle (avoiding fumes) for  careful disposal, 

add a further  2 m1 aliquot of fixative to  the dish and  leave  for  3 min at  room 

and  fungal  contamination  at x 100 ma~nification. 

mperature. 
ecant  the fixative to a waste bottle. 
llow the coverslip to air-dry.  Invert  the lid of the dish and use forceps to 

rest  the coverslip against the lid for  about 30 min. 
11. Add  2 m1  of Hoechst  stain (wearing gloves) to the coverslip and  leave  for 5 

min at  room  temperature. Shield the coverslip from  direct light at this point. 

13. Add  one  drop of mountant to a labelled slide. Place the coverslip cell-side 

14. Under UV epifluorescence examine  the slide at x 100 magnification  with  oil 

ecant  the  stain to a waste bottle. 

down, on a slide. 

immersion. 
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An alternative to  the described procedure is the use of an indicator cell line onto 
which the test cells are inoculatd. The advantages are: standardization of the 
system; increased surface area of cytoplasm to reveal mycoplasm; and mycoplasma 
screening of serum  and  other cell culture reagents that may be inoculated onto 
the indicator line. ositive and negative controls may be included in each assay. 

ver, it may prove impracticable for many laboratories to grow 
es to use as positive controls. The  disad~antages of using an i 

recommended ind~cator cell line is the  Vero African green m 
line, which has a high cytoplasm/nucleus ratio. The indicator c 

at a conc~ntration of approximately 1 x lo4 cells ml-1 to sterile coverslips  in tissue 
culture dishes 10-24 h before inoculation. The test sample  should 
concentration of approximately 5 x los cells  ml-l to give a semi-con~uent mono- 
layer at  the time of observation (at 1 and 3 days post-inoculation of the sample). 

include the  time  and effort required for preparation. 

lides are  prepare in the same way as those prepared by the direct method. 

1.  sing a sterile swab, harvest adherent cells. esuspend  them in the cu l t~re  
medium to a concentration of about 5 x IOs cells m1-I. 

2. Test the suspensiQn cells direct at  about 5 x los cells  ml-l. 
3. Inoculate agar plate with 0.1 m1  of the test sample. 
4. Inoculate broth with 0.2 m1  of the test sample. 
5. Incubate test plate  under anaerobic conditions (Gaspak, 

) at 36 "1°C for 21 days. 
approximately 7 and 14 days post-inoculation, subculture test broth  onto 

agar plates and incubate anaerobically at 36 "1°C. 

x100 magnification  using an inverted microscope. 
1 days' incubation, agar plates are  examined  under x 

edia ingredients should  be subject to quality control before 
agar or broth preparation. It is especially important  to show that new batches 
of pig and horse serum  can  support  the  growth of a 

species found infecting cell cultures, e.g.  any  two of 
. ~ e ~ ~ e n t ~ ~ s ,  M. a~~in in i ,  ~, hy~~hin is  or A. laidl~wii. T 

(Colindale, London, ) or  the  America 
llection ssas, Virginia' USA) supply type strai 

strains may be used. Stock positive control cultures may be  kept frozen at -70°C 
in  mycoplasma broth. 
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lity control of each  batch of complete  broth  media  should  be  performed 
ore use by adding at least two different strains of positive control myco- 

plasmas. A non-inoculated broth  should  be  incubated as a negative control. 
3. asma agar medium  should  be  shown to  be able to support mycoplasma 

. The test can  be  performed at  the  time of the test sample inoculation. 
on-inoculated plate should also be included as a negative control. 

4. It is  necessary to  be able to disti sh ‘pseudocolonies’ and cell aggregates 
from mycoplasma colonies on agar udocolonies are  caused by crystal forma- 
tion and may  possibly increase i . They  are distinguished from gen~ine 
mycoplasma colonies by using ‘n, which does  not stain pseudocolonies 
but stains mycoplasma coloni ost fungal and bacterial colonies also 

pear colourless. Cell aggre ver, do  not increase in size and thus 
are  more easily distinguished. An indicator of genuine mycoplasma colonies is 
their typical  ‘fried  egg’ app rance on agar. This, however, is not always 
apparent in primary isolates. using a sterile bacteriological loop, cells  may 
be disrupted, leaving the agar surface free of aggregates, but mycoplasma 
colonies, because of the  nature of their growth, will leave a central core 
embedded in the agar. 

Cell debris in a culture often gives a microscopic  image  similar to  that of 
mycoplasma contamination  after the cells are stained with oechst 33258. To 
avoid  possible  ‘false-positive’ results of mycoplasma contamination, samples 
(culture supernatant of a test cell line) should  be filtered aseptically  using a 
membrane filter with 0.8-pm  pore size to remove cell debris. 

Contaminating mycoplasmas in animal cell culture usually  grow up to a concen- 
tration of 10s-108 ml-? Therefore,  although 90%, at most, of mycoplasmas  will be 
trapped  on  the filter (Ohno & Takeuchi, 1990), the mycoplas~as that pass through 
the membrane are detectable by direct Hoechst staining on a slide-glass or by 
staining after propagation in a host cell culture. 

The fluorochrome  dye  Hoechst 33258 binds specifically to NA. Cultures infected 
with  mycoplasma are seen  und fluorescence microsco as fluorescing nuclei 
with e~tranuclea~ mycoplasmal NA (Plate  1.6.la, b) whereas uninfected cell 

contain fluorescing nuclei against a negative backgro~nd (Plate 1.6.1b9 c). 
plasmas may appear as: filamentous forms, some of which  may branch, 

indicating a culture in logarithmic growth: or as  cocci,  which  is  typical of an aged 
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mycoplasma culture. ome slide preparations may contain e~tranuclear fluores- 
cence  produced by d integrating nuclei and these should  not  be  confuse^ with 
mycoplasmas. Normally, fluorescence of this type is not uniform in size an 
large to be m~coplasma.  ~ontaminating fungi or bacteria will also stain U 
techni~ue but will appear much brighter and larger than  m~coplsmas. 

he main advanta es of the staining method  are  that results are obtaine 
eedily and  the, as yet, non-cultiva~le ~ y o r ~ i ~ i s  strains that  ha 

etected in cell cultures can be observed. 
0th positive and negative slides  may be  kept in the 

without dete~ioration. 

American  Type  Culture  Collection,  10801 
oulevard,  Manassas,  Virginia, 

(196'7)  The  cyto- 
plasma in  human 

leucocyte  cultures, Jo~rnal of Cell  Physi- 

H (1964) A mycoplasma 
which  induces  acidity  and  cytopathic  effect 
in  tissue  culture. Jo~rnal of ~enera l  
~icrabiology 34:  285-294. 

010 70: 281-290. 

nucleic  acid  metabolism  in  human  cell 
cultures  infected  with  mycoplasma. Pro- 
ceedings of the ~ a t i a n a l   A c a d e ~ y  of 
Sciences of the USA 60:  583-589. 

MacPherson I C% Russel W (1 966)  Trans- 
formations  in  hamster  cells  mediated by 
mycoplasmas. ~ ~ t ~ y e  210:  1343-1345. 

McGarrity GJ, Phillips D C% Vaidya A (1980) 
Mycoplasmal  infection  of  lymphocyte 
cultures:  Infection.  with M. s a l i v a r i ~ ~ ,  In 

Vitro 16:  346-356. 
National  Collection  of  Type  Cultures, 

Central  Public  Health ~aboratory, 61 

uchi M (1990)  Test  for 

ontrol of  animal  cell 
mycoplasma  contamination. 

(1971) ~ o d i ~ c a t i o n  of  amino  acid  concen- 
trations  induced  by  mycoplasmas  in  cell 
culture  medium, ~ a t ~ y e   ondo don) ~ e w  

Selective  association of  murine T lympho- 
blastoid  cell  surface  alloantigens  with 
mycoplasma  hyorhinis. P r o c e e ~ i ~ ~ s  of the 
~at ional  ~ c a d e ~ y  of Sciences of the   SA 
75: 44794483. 



Five species are  considered to be  responsible  for  more  than 95% of cell culture 
contaminations: M. a r ~ i ~ i n i ?  M. f e r ~ e ~ t a n s ,  orale, M, hyorhinis and A. lai~lawii. 

any different  techniques, such as bacteriological culture, NA staining using 
~uorochrome and immunological or  bio 1 methods,  are available to detect 
mycoplasma contamination  (see  section wever, none  seem to be fully effi- 
cient, so a co~bination of different  methods is often necessary. 

gene  probes  or polymerase chain reaction 
he  past few years. Several  studies using 16s 

seems to be  a very convenient  method 
detection of cell culture  contaminations  (Spaepen, 1992; 

lways wear protective glasses. 
the gel can  be  taken U a bellows-type camera  equipped 

4 system  using 3000 is0 roid 66'7 film. A n  orange filter is 
necessary to obtain a good film image. The time of exposure  required is 0.5-1 S 
with a fully opened  diaphragm. 

polymerase. Store  the polymerase at -20°C (as recom~ended by the 
rer)  and place it  on ice before use. The x10 Taq  buffer is supplied 

with the enz me b  the  manufacturer 

Controls.  Several  controls must be used: distilled water  and uninfected cells 
as negative controls; cells infected with M y c o ~ l a s ~ a  spp.  and/or A. lai~lawii  as 
positive controls 

Cell  and Thsue Culture: Labora~ory Procedures in B~otech~olo~y,  edited by A. Doyle and J.B. Criffiths. 
0 1998 John Wiley & Sons Ltd. 
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.7.2 Specific  primers  for  PCR 
Primer  name  Sequence  Position" 
mollil 
molli2a 
molli2b 

5~-TACGGGAGGA~CAGTA-3' 343-359 
5'-TCAAG~~AAAGTCA~CCT-3' 463-482 
5 ' - T A C C G T C A A T ~ A A ~ ~ - 3 ~  451-471 

aPosition numbers  are relative to  the Escherichia coli 16s rDNA nucleotide sequence. The  forward  primer rnollil 
and  the reverse primer molli2a are used to detect ~ y c ~ ~ Z u s ~ u  species. The  forward  primer mollil and the 
reverse primer  mol~i2b  are used to detect A c h o l e ~ l ~ ~ u  species. Each  set of primers are used separately. 

For analysis of amplified samples 

7.5-7.8  ambr brook et al., 1989):  (x50 stock solutio 
se, 57.1 m1  of glacial acetic acid and 100 m1  of 0.5 

This buffer can  be  stored at room temperature. A x1 solution can be  obtained 
preparing 20 m1 of the x50 stock §elution in 980 m1  of water. 

crylamide and bisacrylamide 
Acrylamide is a potent neurotoxin. Wear gloves and a mask when weigh in^ 
powdered acrylamide and bisacrylamide. For maximum safety and convenience, 
we ~ e c o m ~ e n d  the use of a commercially available ready-made stock solution 
of x2 ac~lamide-bisacrylamide mix ( 

monium persulphate 
(tetra~ethylethylenediamine) 
bromide solution: 10 mg  ml-l stock solution made  up of 100 mg  of 
bromide  and 10 m1  of water 

thidium  bromide is both  an irritant and a mutagen! lease handle carefully 
and do not di§card it into  the  environment. 
x10 loading buffer: 0.25% ~romophenol blue and 50% glycerol in  water 

mpli~cations  are performed in a final  volume of 50 &l. 

repare  the reaction mixture within each tube: 2.5 U of Taq polymerase; 200 
pm01 1-1 of each  dNTP; 1 &mol 1-l  of each  primer (either mollil + molli2a or 
mollil + molli2b). 

2. Add S p1 of  x10 Taq buffer and adjust the final  volume to 40 p1 using water. 
3. Vortex briefly. 
4. Add 50 p1 of mineral oil to each tube. 
5. Place the tubes in  ice. 
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ach tube, transfer directly 10 p1 of controls or cell suspensions to be 
under  the  mineral oil (no  pretreatment of cell suspension is required). 

the  programma~le heating block at 95°C for 5 min. 

S 

35 amplification  cycles.  ach  cycle  consists of three steps: 
uration at 95°C for 1 min, 

ann~aling  at 55°C for l min, 
nsion at 72°C for 2 min. 
a final extension step  at 72°C for 10 min. 

g sample onto  the gel. 
' molecular weight marker (1  kb  ladder 

lacing it in a solution of ethidium 
(0.5 mg ml-l) for 15 min. 

garose gel can be used instead of the acrylamide gel, for which a horizontal 
electrophoresis unit is required. A 1.5% (WIV)  gel  is prepared by adding 

owdered agarose to x1 TAE buffer. The electrophoresis is performed in XI 
buffer of a voltage of 1-5 V cm-l  measure^ as the distance between the 

electrodes). 

false positive reactions needs the use of several precautions 
198~): 

 ti^^! Contamination may  occur  easily and invalidate th 

preparations and products. 

mplified product  area 
erformed in S rooms. All reagents must be  prepared, aliquoted and 



election of mycoplasma by in  e~perimentally  infected 
performed  with  the  primer  set  rnollil + molli2a:  (lane 1) Vero  cells  infected 

with M. a r ~ i ~ i ~ i ;  (lane 2) Vero  cells  infected  with M. ~ e r ~ e ~ t a ~ ~ ;  (Ian 
ted  with M. ~ y o r ~ i ~ i ~ ;  (lane 4) Vero  cells  infected  with M. orale; (lane 

* * e  (lane  11) mo~icute-free Vero  cells;  (lane 13) nega 
tions performed  with  the  primer  set  rnollil + 
1 a i ~ Z ~ ~ i i ;  (lane 7 )  Vero  cells  infected  with 

cells  infected  with M. orale; (lane 9) Vero  cells  infected  with M. ~ e r ~ e ~ t ~ ~ ~ ;  (lane 10) Vero  cells 
infected  with M. ~ y o ~ ~ i ~ ~ ~ :  (lane  12)  rnollicute-free  Vero  cells;  (lane  14) ne~ative control. 

caps that  do  not  require excessive force  to  re 

remix reagents as often as possible 
before  proceeding to the next t 

method  that we have described is able to detect cell cultures c o n t a i n i ~ ~  
contaminating mycoplasma species with great sensitivity (1.10 cfull0 kl) and S 
to be  more sensitive than  the  other techniq~es available. Also, 

ed  from lyophi~i~ed cell cultures, which facilitates 
reover,  sample preparatio~ is  very simple and  does  not  require any 

NA extraction, so the  results  are  obtained in 1 day. 
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owever, several  disadvantages  can be reported. This PCR  method  requires 
two different  PCR systems: mollil + molli2a to detect all the ~ y c o p Z a s ~ a  and 
~ p i ~ o p ~ a s ~ a  spp.  and  mollil + molli2b to detect ~ c ~ o Z e p Z a s ~ a  spp. The  set of 
primers  mollil + molli2a  amplifies  two phylogenetically closely related species - 
C l o s t ~ i ~ i u ~  ~ a ~ o s u ~  and C. i ~ o c u u ~  - but  these species are rarely  found as cell 
culture  contaminants.  Moreover, this method  does  not allow bacterial identifica- 
tion of the  detected species or  antibiotic susceptibility testing. 

Is there a better  PCR techni~ue? Over the past few years  different  authors  have 
based PCR  methods.  Spaepen et aZ. (1992) used a 
t sensitivity, but  the use of a second am 

of DNA carryover  contaminations. va 
ms to  be very suitable to detect 
extraction  stage, which  is  very 

method is available (~tratagene, 
CA).  The  primers used make  it possible rapidly to (45 h)  test  eukaryotic cells 
for my~o~lasma  i~fection but  this m ~ t h o ~  seems to  be less sensitive than  our  PC 
technique. 

Finally, all these  methods are convenient tools for  routine  detection of 
ollicutes cell culture  contaminants  and can be used as  a  substitute for  the clas- 

sical methods. 

Kwok SK & Higuchi  R  (1989)  Avoiding 
false  positives  with  PCR. ~ature ,  London 

Sambrook J, Fritsh EF & Maniatis P (1989) 
~olecular Cloning:  a Laborato~y ~ a n u a l ,  
2nd  edn.  Cold  Spring  Harbor  Laboratory 
Press,  Cold  Spring  Harbor,  NY. 

Spaepen  M,  Angulo  AF,  Marynen  P & 
Cassiman JJ (1992)  Detection.  of  bacterial 
and mycoplas~a contamination in cell 
cultures  by  polymerase  chain  reaction. 
~~~~ ~ic~obiology Letters 99:  89-94. 

339:  237-238. 

Teyssou  R,  Poutiers F, Saillard  C,  Grau 0, 
Laigret F, Bove  JM & Bebear  C  (1993) 
Detection of ~ollicutes  conta~ination in 
cell  cultures  by 16s rDNA a~plification. 
~olecular and  Cellular  Probes 7: 209-216. 

van  ICuppev~ld  FJM, ~ohansson ICE, 
Galama  JMD,  Kissing J, 
der  Logt  JTM & Matchers WJG (1994) 
Detection of  mycoplasma conta~nation 
in  cell  cultures  by  a  mycoplasma  group- 
specific  PCR. Ap~lied and ~ n v i r o n ~ e ~ t a l  
~ ~ c r o b ~ o l o g y  60: 149-152. 



For any reasonable  quality  control  programme involving cell lines it is absolutely 
necessary to include  routine  culture  tests  for  bacteria  and fungi. 
presence of such contaminants will be obvious even to  the novice. This is espe- 
cially true when the  cultures are  set  up in the  absence of all antibiotics - a  practice 
that is strongly recommended.  However, while overt microbial contamination may 
be  more common, many  Organisms  will  grow  slowly in  the usual cell cultures, 
sometimes  obscured by animal cell debris,  and  remain  unnoticed.  The  steps 
outlined below will reveal all of the most usual bacterial  or  fungal organisms that 
might be  expected to thrive  in  conventional cell culture systems. 

ore  ~iological Laboratory) 
o brain  heart infusion agar (Difco) 
o blood agar  base  (Difco) 
broth  base  (Difco) 

utrient  broth  base  (Difco) 
cto yeast extract  (Difco) 
ference microbial cultures  for positive controls 

otplates  and  stirring  apparatus 
GasPak  Anaerobic System (~alt imore Biological Laboratory) 

To examine cell cultures  or suspect media  for  bacterial  or fungal contaminants, 
proceed  as follows: 

1. Using an  inverted microscope, equipped with phase  contrast optics if possible, 
examine cell culture vessels individually. Scrutiny should be especially rigorous 
in cases in which large-scale production is involved, Check each  culture first 
using  low power. The supplie listed provide  the specific media  required  but 
other  suitable  vendors exist. atches of media  should  be  tested  for  optimal 
growth promotion  before use in cell culture  quality  control. 

2. After moving the  cultures to a  suitable  isolated  area,  remove  aliquots of fluid 
from  cultures  that are suspect and  retain  these  for  further exami~ation. 
Alternatively,  autoclave  and discard all such cultures. 

Cell and Tissue Culture: Laboratory Frocedures in Bio~echnology~ edited by A. Doyle and J.B.  Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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e wet mounts using drops of the test fluids and  observe  under hig 
e smears, heat-fix and stain by any con~entional method (e.g. 

then e~amine under oil immersi 
ur et al. (1979) and Fresh~ey (19 for ~hotomicrogra~hs of repre- 

sentati~e contaminants  and  further details. 

icro§copic examination is  only  sufficient for detection of gross contaminations 
even  some of these cannot  be readily detected by simple observation. 

refore, an extensive series of culture tests is also required to provide r e a s o ~ a b l ~  
a~surance  that a cell line stock or m e d i ~ ~  is free of fungi and bacteria. 

mix the contents of about 5% of the  ampoules  from  each freeze-lot 
using narrow-~idth pipettes. Ali~uots from cultures to be tested should 

generally include some of the  monolayer or cell sus~ension.  It is  commonly 

ted. Include positive and negative controls com~rising a suitable 
range of bacteria and fungi that might nticipated. A recomme~ded g r o ~ ~ i n g  

' of ~seudomonas  ae~u~inosa,  ~OCOCGUS saliv~rius,  ~SGhe~iG~iU coli, 
ides  distasonis, ~eniGillium m, ~ s ~ e ~ ~ i l l u s   n i ~ e ~  and ~ a n d i d a  

3. ve as suggested for 14-21 days before concluding that  the test is negative. 
mi~ation is indicated if colonies appear  on solid media or if any of the 

edia become turbid. 

egirnen  for  detecting  bacterial  or  fungal  contarnination  in  cell  cultures 
Test m e d i u ~  Temperature  Aerobic ~bservation 

("C) state  time  (days) 

esh, de~brinated 

Thio~lycollate broth 
Try~ticase soy  broth 

in  heart  infusion  broth 
ouraud  broth 

wrth  rabbit  blood (5%) 

YM broth 
Nutrient  broth  with  2%  yeast 

37 
37 
37, 26 
37, 26 
37, 26 
37, 26 
37, 26 
37, 26 

Aerobic 
Anaerobic 
Aerobic 
Aerobic 
Aerobic 
Aerobic 
Aerobic 
Aerobic 

14 
14 
14 
14 
14 
21 
21 
21 

For further details, see Cow et al. (1979). 
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hile this procedure will permit detection of most  common 
organisms that grow in cell cultures, it has  been  noted  tha at least one, very 
fastidious, bacterial strain initially escaped observation. This 
different cultures from a single  clinical la 
and  expansion  under  a  government  con 
but  could  be detected after 3 weeks’ 
antibiotics and  had  no fluid  changes. Samples so developed 
sheep  blood agar plates and New York City broth  (ATC 
organism  could be  observed during a subsequent 6-wee 

epartment  at  the ATCC deter~ined  
conditions for this microorganism,  and  tentati 
~ ~ c t e r i ~ ~ .  Antibiotic sensitivity tests revealed ba 
but  no bactericidal antibiotics have yet been found. 

cultures for contami~ant microorganisms. 
described here with procedures include 
cent or nucleic  acid probes for mycoplasma and viru 
that clean cell cultures are available for experimentation. 

This incident emphasizes the critical ’ 

Cour  I, Maxwell G & Hay RJ (1979)  Tests  for  Freshney RI (1987)  Culture 
bacterial  and  fungal conta~inants in  cell - A ~ a n ~ a l  ufZ3as 
cultures as applied at the  ATCC,  Tissue  Alan R Liss,  New 
Culture Assuciation ~ a n u ~ l 5 :  1157-1160. 



In  the  event of cell cultures becoming contaminated with bacteria, fungi or 
mycoplasmas, the  best  course of action is to discard the  culture, check cell culture 
reagents  for  contamination,  thoroughly disinfect all safety  cabinets  and work 
surfaces  and  resuscitate  a  fresh  culture  from previously frozen  stock.  In  the case 
of contamination with a  spore-forming organism, and  where such facilities exist, 
room fumigation may also  be advisable, 

owever, in the case of irreplaceable  stocks this course of action may not  be 
possible and  antibiotic  treatment may be necessary to eliminate  the  contamination. 

Antibiotic of choice (see  Tables 1.9.1-1.9.3) 
Appropriate cell culture growth medium 

1. Culture cells in the  presence of the  chosen  antibiotic  for 10-14 days. Each 
passage should be  performed  at  the highest dilution of cells at which growth 
occurs. If the  contaminant is  still detectable  after  this  time,  it is unlikely that 
the  antibiotic used will prove successful, and  another  antibiotic  should  be  tried. 

ring the  course of antibiotic  treatment  and also 5-7 days after  treatment in 
e case of bacteria  and fungi, and 25-30 days after  treatment  for mycoplasma- 

contaminated lines, re-test  the  culture by an  appropriate  method, 
routine  testing  should, however, occur after this period. This is particularly 
important in the case of mycoplasmas, where low levels of infection may persist 
after  antibiotic  treatment. 

The antibiotic of choice used to eliminate any conta~inant is dependent  upon  the 
sensitivity of the organism in question. If facilities are available to identify  the 
organism and  perform  antibiotic sensitivity assays, an  appropriate  antibiotic may 
be chosen for  elimination  and used at minimum concentration. 

In  the case of bacteria  and fungi a  Gram  stain would  give an  indication of which 
antibiotic to use (see  Tables 1.9.1 and 1.9.2). 

Cell  and  Tissue  Culture:  Laboratory  Procedures  in ~~otechnology, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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Antibiotics  active  against  bacteria 
Antibiotica Working  Gram-positive  Gram-negative 

concentration  bacteria  bacteria 

" 

(mg 1-9 
Ampicillin 
Cephalothin 
Gentamicin 
Kanamycin 
Neomycin 
Penicillin V 
Polymyxin B 
Streptomyci~ 
Tetracycline 

100 
100 
50 

100 
50 

100 
50 

100 
10 

J 
J 

J 
J 
J 
J 
J 

J 
J 
J 

aAvailable from Sigma. 

Antibiotics  active  against  fungi 
Amphotericin B (Sigma) 
Ketaconazole  (Sigma) 
Nystatin  (Sigma) 

2.5 mg  l-1 
10 mg 1-1 
50 mg 1-3 

.3 Antibiotics  active  against  mycoplasmas 
Ciprofloxacin  (Bayer) 
MICA"  (ICN-Flow) 

20 mg  l-1 
0.5 "g  l-1 

WFtA = Mycoplasma  Removal Agent. 

Unlike  bacterial  or  fungal  contamination, mycoplasma infection is not always 
detectable  in  a cell culture by the usual microscopic methods. 

Various  antibiotics  have  been  investigated  for  their ability to eradicate 
mycoplasma from cell lines. Historically the  antibiotics of choice were  either 
minocycline or tiamulin. However, many cell culture mycoplasmas are now resis- 
tant  to these antibiotics. Today  the most effective are  the  quinalone  antibiotics 
ciprofloxacin (Mowles, 1988) and M A (see  Table 1.9.3). 

It is extremely  important  that  after  antibiotic  treatment the cells are maintained 
in antibiotic-free media. Lack of evidence of mycoplasma infection  does  not neces- 
sarily indicate  that  the  culture is free of such infection, because the level of 
infection may be below the limit of detection.  For this reason  it is suggested that 
antibiotic-free growth be  continued to allow any residual  infection to reach levels 
that  are  detectable.  If,  after this period,  no mycoplasmas are detected,  the  line 
may be  considered to  be mycoplasma-free. 
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t is  the  most  convenient  method of 

that vary in their  degree of success. These include 
an Diggelen et at,, 1977), growth of cells  in rabbit 

and the  use of nucleic  acid  analogues  arcus us 

arcus M, Lavi U, Nattenberg A, Rottem S 
a r k o ~ t z  D (~980) Selective  killing of 

mycoplasm~  from  contaminated  mam- 
malian  cells  in  cell  cultures. ~ u t ~ r e  
( ~ o n ~ o n )  285: 659-699. 

Mowles JM (1988) The  use of Cipro~o~acin 
for  the e ~ ~ n a t i o n  of  mycoplasmas  from 
naturally  infected  cell  lines. Cyto- 
techno~ogy 1: 355-358. 

Nair  CN (1985) Elimination of  mycoplasma 

contaminants  from  cell  cultures  with 
animal  serum. ~ r o c e e ~ i ~ g s  of the  Society 
for ~xperi~ental  ~iology and ~edicine  
179:  254-258. 

Van  Diggelen OP, Shin S & Phillips  DM 
(1977)  Reduction  in  cellular  tumour- 
genicity  after  mycoplasma  infection  and 
eli~ination of myco~lasma  from  infected 
cultures  by  passage  in  nude  mice. Cancer 
~ e s e u r c ~  37: 268~2687. 
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To measure  performance, to achieve reproducibility or  to  make comparative 
studies, a means of quantifying the cell population is needed. Classically, direct 
counts of cell numbers using a microscopic counting chamber  (haemocytometer), 
usually  in conjunction with a vital stain (e.g. Trypan blue) to distinguish  viable 
and non-viable cells,  is used. However, all  vital stains are subjective and  cannot 
give absolute values, and cell numbers  take  no  account of differences in  cell 
sizelmass. The method is simple, quick and cheap, and requires only a small frac- 
tion of the  total cells from a cell suspension. 

Automation of cell counting (total cells)  is  possible  with electronic counters, 
especially for non-clumping single suspension cells. A method  that is  widely used 
for total cell numbers is counting cell  nuclei after dissolving the cytoplasm. This 
is ~articularly useful for large clumps of cells, where cells are inaccessible  (e.g. in 
matrices) or where cells are difficult to trypsinize off substrates (e.g. microcarriers). 
If determination of viability  is the prime consideration, then  the  most accurate 
method is to count the cells that  have  the ability to divide by the mitotic index 
method. 

If cell  mass, rather  than  number, is the  important factor then a cell constituent 
has to  be  measured. The options are dry weight (large numbers required for accu- 
racy), protein (probably the best parameter), DNA, protein nitrogen or lipids 
(Freshney, 1994). 

It may not  be possible to perform a direct cell count, e.g. during a monolayer 
culture or for cells  immobilized  in matrices, so an indirect measurement  has to 

xamples are glucose or oxygen consumption rates, which can  be 
converted to cell numbers  from  rede et ermined standard curves. Other metabo- 
lites include lactic and pyruvic  acid and  carbon dioxide. Again  there  are 
reservations about  such  methods  because these metabolic rates are  not constant 
throughout the growth cycle of a specific  cell and may also be influenced by 
changes in the culture that  are  the subject of the investigation. However, they do 
provide a good indication of the viable cell  mass  in a culture, if not  an absolute 
value, and are widely used to give growth yields or specific utilization rates. The 
advantage is, of course, that  the  method is non-destructive. A useful parameter 
being  increasingly  used  is lactate  dehydrogenase activity released into  the  medium. 
This is released by dying/dead cells and  therefore gives a quantitative measure- 
ment of the non-viable population, This method  can  be modified to measure viable 
cell  mass by a reverse titration procedure, i.e. by controlled lysis  of the cells and 
measuring the increase in  enzyme  activity. 

These biochemical measurements are best used over a time-course in culture 
so that successive readings will  show a definite trend in the culture dynamics,  e.g. 
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stationary, growing or dying. The  rule is not to rely on  one  method  alone,  but to 
combine two or  more,  Mention should be made of the use of radioisotopes to 
measure  rates of synthesis (e.g. protein, DNA and synthesis) (Freshney, 

owever, these are usually kept  for specific si ns rather  than  general 
use. 

There  are many  specific methods available that  are  suitable  for  a  certain  set of 
conditions  or  for  a  particular  experimental aim (Patterson, 1979; Griffiths, 1985). 
These  include  radiochromium labelling (radiochromium binds to viable protein 
and is released  on cell damage/death), cellular ATP,  intracellular volume (by ratios 
of ra~iochemicals), specific stains (e.g. MTT (3-(4,5-~imethylthiaz01-2-y1)-2,5- 
diphen~ltetrazolium bromide),  triphenyltetrazolium  chloride,  neutral  red),  redox 
potential,  turbidity,  calorimetry (Griffiths, 1985) and biomass monitors. 

In conclusion, there is no  ideal  method  and  the  nature of the study often  deter- 
mines the  parameter to be measured. It is best not to rely on  one  method  alone 
because a  combination of several  methods will  give a  far  more  accurate  picture 
(e.g. cell counts  for  numbers  and cell protein  for mass will show growth even if 
no division  is occ~rring). Also account must be  taken of the fact that all viability 
determinations will stress  the cell (e.g. dilution, mixing, time  factor, t ~ p s i n ~ a t i o n ,  

owever, because most determinations are  to show relative changes, or 
specific metabolic activities, the inaccuracies should  be re~embered rather  than 
be a  concern, so that  the  results  are  not  over-interpreted.  On  the basis that  the 
standard  methods such as haemocyto~eter counting, plating efficiency, electronic 
counting,  etc. are well documented  in all cell culture  text  books (e.g. ~ u l t u r e  of 
A ~ i ~ a l  Cells: a ~ a ~ u a l  of Basic ~ e c ~ ~ i ~ u e ~  (Freshney, 1994),  as  well  as the Cell 
a~~  issue ~ ~ l t u ~ e :  L a ~ o ~ a t o ~ y  ~ r o c e ~ u r e s  manual  (Doyle et al., 1993), only the 
more specific techniques have been  selected  for  this  chapter. 
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n  order to ensure  that cell cultures have reached  the  optimum level o 
before  routine  subculture  or freezing, it  is helpful to obtain  an  accurate cell count 
and a measure of the  percentage viability of the cell population. 

The most common routine  method  for cell counting  that is efficient and ac- 
curate is  with the use of a haemocytometer.  There  are  several ty 

hich the  Improved  Neubauer has proved most popular. 
thick, flat counting  chamber coverslip rests  on  the  counting  chamber  at a 

nce of 0.1 mm above  the  base of the slide. The  base of the slide has rulings 
accurately  engraved  on  it, comprisin 1-mm squares,  some of  which are  further 

d  into  smaller  squares. 
en cell suspensions are allowed to fill the  chamber,  they can be  observed 
a microscope and  the cells counted  in a chosen number of ruled  squares, 
these  counts,  the cell count  per millilitre of suspension can be  calculated. 
oma cells and  others  that grow in suspension may be  counted  dire 

tached will need to be  removed  from  the tissue culture 
ecause accuracy of counting  requires a minimum of appr 
may be necessary to resuspend  the cells in a smaller volume of 

medium. 
To ensure  that a cell culture is  growing e~ponentially it is useful to know the 

percentage viability and  percentage of dead cells and  hence  the  stage of growth 
his can be  estimated by their  appearance  under  the microscope, 

because live healthy cells are usually round,  refractile  and relatively small in 
comparison to dead cells, which can  appear  larger,  crenated  and non"refracti1e 
when in sus~ension.  The use of viability stains such as Trypan  blue  ensures a more 
quantitative analysis of the  condition of the  culture.  Trypan  blue is a stain  that 
will only enter across the  membranes of dead/non-viable cells. 

hen a cell suspension is diluted with Trypan  blue, viable cells stay sm 
and  refractile, Non-viable cells become swollen, larger  and  dark blue. 
total  count of cells per millilitre and  percentage of viable cells can  be  determined. 
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Channels 

Depth 0.1 mm 

l 1  

/ \ 

Improved 
Neubauer 

Hawksley 
London 

Coverslip 

‘ Depth of clearance 0.1 mm 

Improved  Neubauer  ~aemocytometer  with  coverslip. 

of Trypan blue in 100 m1  of physiological saline; pass through a 0.22-pm 
to remove any debris 

ae~ocytometer with  coverslip - improved  Neubauer British Standard for 
emocytometer  Counting  Chambers, BS 748:1963 (Figure 2.2.1) 
nd-held counter 

lcroscope - low power, x40 to x100 magni~cation 

Trypan blue is harmful if ingested or inhaled. It is irritating to  the eyes, harmful 
by skin contact and  has  been  found to cause cancer in laboratory animals. 
~ppropriate  precautions should  be  taken  when handling Trypan blue and the use 
of an extraction hood  and gloves  is  advised. 

1. Thoroughly clean the haemocytometer  and coverslip and wipe both with 70% 
h01 before use. 
sten  the  edges of the coverslip or  breathe  on  the  chamber  to provide mois- 

ture before placing the coverslip centrally over the counting area and across 
the grooves. 

3. Gently move the coverslip  back and  forth  over  the  chamber until Newton’s 
rings (rainbow-like interference patterns)  appear, indicating that  the coverslip 
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le 2.2.1 Examples  of  suitable  dilutions 
Cells  Trypan  blue  Dilution 
0.1 m1 0.1 m1 2-fold 
0.1 m1 0.3 m1 “fold 
0.1 m1 0.9 ml 10-fold 

4. 

5. 
6. 

7. 
8. 

is  in the correct position to allow accurate counting, i.e. the  depth of the 
counting chamber is  now  0.1  mm. 

ix the cell suspension gently and  add an aliquot to  the Trypan blue solution 
(see Table 2.2.1). The dilution will depend  on the cell concentration and may 
need  to  be adjusted to achieve the a ~ ~ r o p r i a t e  range of cells to  be  counted 

raw a sample  into a Pasteur pipette  after mixing thoroughly  and 
ipette  to rest at  the junction between the counting chamber 
aw the cell suspension in to fill the  chamber. No pressure 

is required because the fluid  will be  drawn  into  the  chamber by capillarity. 
halves of the chamber  should  be filled to allow for counting in duplicate. 
Using a light  microscope at low power, focus on  the counting chamber. 
Count  the  number of cells (stained and unstained separately) in l-mm2  areas 
(see Figure 2.2.2) until at least 200 unstained cells have  been counted. As a 
rule, the cells  in the left-hand and top grid markings  should  be inc~uded in 
a square,  and those in the right-hand and  bottom  markings  excluded (see Figure 
2.2.3). 
Count  the viable and non-viable cells  in both halves of the chamber. 
Calculations: 

Total  number of viable cells 
Total  dead cell count = A x 
Total cell count = viable cell cou 

% Viability = Viable cell count 
Total cell count 

x 100% 

where A = volume of cells, = dilution factor in Trypan blue (Table 2.2.1), 
C = mean  number of unstained cells  (i.e. unstained count divided by the  number 
of areas counted, = mean  number of dead/stained cells and lo4 is the conver- 
sion factor for 0.1 mm3 to ml. 

The counting chamber  and coverslip should  be scrupulously clean and  without 
scratches. The clarity of the rulings on  the chamber is vital and metallized glass 
improves  both clarity and visibility. 

Errors  can  be  caused during sampling, dilution, mixing and filling the chamber 
and by inaccurate counting. 



1 mm 

~ a g n i ~ e d  view of the  cell  counting  chamber  grid.  The  central  l-mm  square 
area  is  divided  into  25  smaller  squares,  each  1/25 mm2, These  are  enclosed by triple  ruled 
lines and are  further  subdivided  into 16 squares,  each 11400 mm2, to ensure  accurate 
counting of very  small  cells,  e.g.  erythrocytes. 

The following can  cause inaccuracy of  the  haemocytometer  tho^ by affecti~g 
the volume of the  chamber: 

verflovving the  chamber  and allowing sample to run  into  the cha~nels/moat 
tely filling the  chamber 
les or  debris in the  chamber 

There is an  inherent  error in the  method  due to random ~istribution of the cells 
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0.25 mm 

iagram  indicating  which  cells  are to be  counted: 0, count; 
grid, 

in the  chamber. The error is reduced by increa§in~ the  number of cells to be 
counted and  duplicatin 

It is  essential to exami~e the  cells within 5 min of immersin~ them in Trypan blue. 



Assay (Mosmann, 1983)  is a sensitive, quantitative  and  reliable colori- 
ay that  measures viability, proliferation  and  activation of cells. The assay 

is based on  the capacity of mitochondrial  dehydrogenase enzymes in living cells 
to convert  the yellow water-soluble  substrate 3-(4,5-dimethylthiaz01-2-y1)-2,5~ 
diphenyl tetrazolium  bromide (MW) into  a  dark  blue  formazan  product  that is 
insoluble  in  water. The amount of formazan  produced is 
the cell number in a  range of cell lines (Mosmann, 1983; 
1986; Crailer et al., 1988; Al-Rubeai & Spier, 1989). The  are  consistent 
with those  obtained  from  [3Hlthymidine  uptake assays. 
useful in the  detection of cells that  are  not dividing but  are still active. It can, 
therefore,  be used to distinguish between  proliferation  and cell activation  (Gerlier 
& Thomasset, 1986). The  technique  permits  the processing of a  large  number of 
samples with a high degree of precision using a multi~ell  sca~ning spectropho" 
tometer (micro"EL1SA reader). 

Cloves  and eyelface protection  should  be worn throughout  the  procedure  because 
TT is a  mutagenic  and toxic agent.  eference  should  be  made to hazard  codes 

and i~structions for  protection. 

ock solution of 5 mg ml-l (Sigma, St Louis) in phosphate- 
), pH 7.5, and filter through  a 022-p filter to sterilize  and 

remove the small amount of insoluble  residue, 
To 100 cell suspension or cell monolayer in  each  microtitre well, add 

Incubate  in  a humidi~ed incubator  at 3'7°C for 3 h. 
Add 100 p1 0.04 HCl in propan-2-01 to each well and mix thoroughly to 
dissolve insoluble blue  formazan crystals. 

10 p1 of (5 mg  ml-1). 
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ead  plate  on  a  micro-ELISA  reader using a  test wavelength of 57'0 nm and 
reference wavelength of  630  mm. 

Plates  should  be  read within 5 min of adding acidified  propan-2-01. 
The MTI' assay  can also be used to quantify cell activation by determining  the 

maximal  velocity (V) of the  reaction  (Gerlier & Thomasset, 1986). Alternatively9 
in order to compare two states of activation of a given cell, the  MTT  formazan 
produced by the  same  number of viable cells can  be  measured. 

A  linear  relationship  between cell number  and M formazan exists up to IO5 
cells per well for  a 2.5-h incubation with MTT (see  Figure 2.3.1). For  experiments 
involving the use of high  cell density or  for  obtaining  absolute cell number  it is 
necessary that  a  standard curve be  constructed by making a  series of cell-doubling 
dilutions with  100 ~1 well-l,  using medium from  the  same  culture. 

epare  a  solution of MT" in PBS at  a  concentration of 1 mg  m1-I. Add 1 m1 
"IT' solution to 0.5 m1  of immobilized matrices (e.g. beads). 

2. Incubate  at 3'7'C for 3  h to allow TT  to diffuse throughout  the matrices and 

3. Sonicate  for  15 S,  using a sonic probe to release  formazan  products  from  the 

4. Centrifuge  at 180 g for  2 min. 

react with the cells. 

matrix. 

0.5 I 

0 1 2 3 4 5 6  
Time (h) 

Relationship  between ~ybridoma viable  cell  number  and  amount  of  formazan 
as  affected  by  incubation  time. ~eproduced from  A1-Rubeai (1977) by per~ission of  John 
Wiley & Sons Ltd. 
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ea~ure optical ab ance at 570 nm. It may be ~onveni~nt  to dilute  suspen- 
slon 10 times with prior to reading. 

e ~ T T  assay  for  cell 
& Griffiths JB (eds) 

~ ~ ~ ~ u l i u n  Cell  Culture: ~ssential Tech- 

in  homogeneous  and  heterogeneous 
cultures. In: Spier RE, ~ r i f ~ t h s  J, 
Stephenne J and  Crooy P (eds) Advances 
in A n i ~ ~ l  Cell ~ i o l o ~ y  and ~echnolo~y for 

io~rocesses~ pp.  143-155. 

rave SG, Lambe CA, 
NH & Spier RE (1990) 

hods for the  estimation of the  number 
and  quality of animal  cells i~mobiliz~d in 

carbohydrate  gels. ~ ~ z y ~ e  and ~ i c r o ~ i u l  
~ e c ~ n o l o ~ y  12:  459-463. 

Gerlier D & Thomasset N (1986) Use of 
MTT colorimetric  assay  to  measure  cell 
activation. ~ournul of ~mmunolo~ical 
~ e t h o ~ ~ s  94: 57-63. 
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l i m i t i ~ ~  dilution  microcultures. ~ournal of 
~ m ~ u n o l o ~ i ~ a l  s et hods 107:  111-117. 
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for  cellular  growth  and  survival:  applica- 
tion to ~roliferation and  cytotoxicity 
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Neutral  red (3-amino-7"dimethyl-2"methylphena~ine hydrochloride) is a water- 
soluble, weakly basic, supravital dye that accumulates in lysosomes of viable cells. 
The  neutral  red (N ) assay  is an in vitro cell viability test  that was developed  and 
extensively studied  for in vitro cytotoxicity deter~inatio 

arlier in vitro tissue culture  studies using the 
assessments of viral cytopathogenicity (Finter, 1969) a 

ullbacher et al., 1984). The N assay  is based on 
the lysosomes of viable cells after  their  incubation with test  agents. Cellular uptake 
of dye is accomplished by passive transport across the plasma membrane. 
Accumulation of N within lysosomes occurs either  from  the binding of N 
fixed acidic charges, such as those of polysaccharides, within the lysosomal matrix, 
or  from  the  trapping of the  protonated  form of NR within the acid milieu of the 
lysosomes. In damaged or  dead cells NR is no  longer  retained  in  the  cyto lasrnic 
vacuoles and  the plasma membrane  does  not  act as a barrier to retain  the N 
the cells (~ulychev et al., 1978). 

assay, individual wells  of a 96-well tissue culture  microtitre 
plate  are inoculated with medium containing cells, to achieve semi-con~uence  at  the 
time of addition of test agents. This seeding density allows for  the  target cells to com- 
plete  an  additional replication cycle. As such, the  NR assay has the  potential to mea- 
sure cytotoxic, cytostatic and proliferative effects of the  test agents. After 1-3 days of 
incubation,  depending  on  the growth kinetics of the specific  cell type, the medium 
is replaced with an  unamended  (control) medium or with a medium amended with 
varied concentrations of the  test agents. The cells are exposed for 24 h, or longer if 
the  target cells are required to metabolize the  parent  test  agents to cytotoxic inter- 
mediates. Alternatively, a hepatic S9 microsomal fraction  from Arochlor-induced 
rats can be  added as the bioactivating system. Follo~ing exposure to  the test  agent, 
the medium is replaced with medium contain~g NR  and  the  plate is returned to the 
incubator to allow for  uptake of the dye. The cells are  then rapidly washed  with a mild 
fixative. Dead cells or  those with damage to the plasma or lysosomal membranes 
cannot  retain  the  dye  after this washing-fixation procedure.  The NR is then  extracted 
from  the  intact, viable cells,  i.e. those surviving the exposure to the  test agents, and 
quantitated  spectrophotometrically using a scanning-well ( ~ ~ I ~ A - t y p e )  spectro- 
photometer. ~uantitation of the  extracted dye spectrophotometrically has been  cor- 
related with the  number of viable cells, both by direct cell counts  and by protein 
determination of cell populations  (Boronfreund & Puerner, 1985). 
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assay  was designed specifically to meet  the  needs of industrial,  pharma- 
nvironmental  and  other testing laboratories  concerned with acute 

toxicity testing. The  numerous  advantages of the NR assay, such as its 
speed, economy and sensitivity, are apparent.  Good  reproducibility of 
toxicity data among different  laboratories  has  been  demonstrated. 

Selection of cell type 

uman and animal (mammalian or fish)  cells derived  from various organs of origin 
have been used both as early passage cultures  and as immortalized cell lines. 
Anchora~e-dependent cells  grown as monolayers readily allow for a number of 
media changes. Because the  number of lysosomes per cell differs between tissue 
types,  the  absolute  amount of NR recovered  from a given cell population will 
vary. Control  and  experimental cells must therefore always be of the  same  type. 
Growth  rate  should  be  considered in determining  the  exposure time to a given 
xenobiotic,  particularly if a replication cycle  is expected to be affected. Other 
experiments might preferentially  deal with confluent cultures. 

For  studies involving metabolism-mediated effects of xenobiotics, cells that 
are known to contain  the  requisite mi~ed-function oxygenases should be  selected. 
As  an  alternative,  an S9 hepatic microsomal fraction  (see  Supplementary  pro- 
cedure:  bioactivation) can be included in  the  test medium ( 

uerner, 198’7). Serum  concentrations should be  kept as low as tolerated  (or 
eliminated as in a defined medium) to prevent binding of the  test  agent to serum 
co~ponents.  

S 

ed (4 mg ml-l stock solution):  dilute 1:lOO into  medium,  incubate 
at 3’7°C and  centrifuge  before use 
0.5% formaldehyde: mix 6.5 m1  of 3’7% formaldehyde with 50 m1  of 

10% CaC1, and 445 m1 of distilled water 
1% Acetic acid/50% ethanol: mix 4.75 m1  of acetic acid  with 250 m1  of 95% 
ethanol  and 245 m1  of distilled water 

Eight~channel pipette 
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Note: Inclusion of serum is  usually required to facilitate  adherence to  the plastic 
surface. 

1. 
2, 

3. 

4, 

5. 

6. 

7. 

8. 

9. 

10. 

Resuspend cells of actively growing culture by standard  procedure. 
Count cells and accurately allocate  appropriate  number  suspended in medium, 
calculated to reach  about 60-70% confluence at time of addition of test  agent. 
Cell number will vary depending  on cell size and growth rate;  approximate 
ranges are  9 x lo3 to 4 x lo4 cells per well. 
Seed 0.2 m1 containing  desired  number of cells to each well of 96-well plates 
and  incubate  at 37°C for 24 h,  or  longer, to achieve desired density. 
Remove medium and  add  fresh medium containing  graded  dilutions of test 
agent.  Incubate  for  desired  length of time. At least eight wells should serve 
as controls  and  contain medium without xenobiotics. 
At this point  broad toxicity ranges can be  determined  in preliminary experi- 

es with an  inverted microscope to determine  the highest 
, which  is about 90% cell survival, and  those concen- 

trations  leading to total cell destruction. An appropr 
agent  can  then be selected  for  a  subsequent 

rero, 1984). Examine  at  least 4-8  wells per CO 

ep serum  concentration  as low as possible during this step  (or use defined 
dium without  serum)  in  order to prevent  or  reduce  adsorption of xeno- 

biotic to serum  components. 
After  incubation  for  the  desired  time  interval,  remove medium wi 
and  incubate cells with fresh medium containing 40 pg ml-l 
aqueous stock solution of 4 mg  ml-l, shielded  from light by foi 
for  several weeks.) This medium should  be  prepared  earlier  and  incubated  at 
37°C overnight to allow for  precipitation of small dye crystals. ~entrifuge 
medium for  10 min at 1500 g before use and  add 0.2 m1  of decanted  super- 
nate  to  each well. The first two wells on  each  plate should receive medium 
without NR and  serve as blanks  for  spectrophotometric analysis. 
Continue  incubation  for  3  h to allow for  incorporation of vital dye into 

emove medium by inverting  the  plate  and wash  cells. Although washes  with 
p~osphate-buff~red saline (PBS) are acceptable,  a  rapid  rinse with a  mixture 
of 1 YO calcium chloride  and 0.5% formaldehyde is preferred because it is more 
efficient in removing extraneous  dye crystals and simultaneously promoting 
cell adhesion. 
Extract dye into  supernate with 0.2 m1  of a  solution of 1% acetic acid/5O% 
ethanol.  After  10 rnin at  room  temperature  and  rapid  agitation  for  a few 
seconds on  a  microtitre  plate  shaker, scan the  plate with an  ELISA-type  spec- 
trophotometer  equipped with a 540-nm filter. 
Compare  absorbance of dye  extracts  from  control cells with those of experi- 
mentals, by determining  the  arithmetic  mean  for  each  set of concentrations 
of test  agent.  Calculate  the  percentage cell population viability: 

Mean  absorbance of experimental cells 
Mean  absorbance of control cells 

% Viability = 
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11. Use individual data  points  for  each  experimental  concentration  (presented as 
the  arithmetic  mean  standard  error of the  mean) to construct  concentration- 
response toxicity curves. Such curves are used to calculate mi~point toxicities 
or NRs0 values, as  determined by linear regression analysis. Use this value for 
compa~son and ran~ing against other chemicals, or  for  relative sensitivity 
determination of different cell types. 

quipment previously stated  for  the NR assay 
Coomassie blue  (Bio-Rad  Laboratories,  Richmond, CA) 

A  procedure  for  total  protein  determination  can  be  added,  after  completion of 
the NR assay,  using the  same 96-well microtitre  plate  (Babich & Borenfreund, 
1987). 

l. After  completion of the NR assay, wash cells with  PBS and  then with distilled 
water. 

2. Lyse  cells. Add 50 p1 of  0.1 M NaOH  to each well and  incubate  plate  at 37°C 
for 2 h or,  preferably,  for 24 h. 

3. Add 200 p1 of a 1:6 dilution of Coomassie blue to each well and  keep  at  room 
temperature  for 30  min. 

easure  absorbance with the scanning spectrophotometer, using a 405-nm 
(reference) filter and a 630-nm (absorbance)  filter,  and  calculate  as A 630-405. 

5. Use bovine serum albumin dilutions of 20-200 pg  protein well-l as  standards. 

All  materials  and  equipment  as previously stated  for NR assay 
Hepatic S9 microsomal fraction  from  Arochlor-induced  rats (commercially 
available,  should  be  obtained with an analysis of  S9 protein  content;  alterna- 
tively,  S9 hepatic  fractions  can  be  prepared). 
Ultra  freezer (-70°C) or liquid nitrogen to  store S9 microsomal fractions. 

To exert a cytotoxic effect,  some Chemicals require  bioactivation by hepatic micro- 
somal e ~ y ~ e s ,  usually provided as a liver homo~enate (S9) prepared  from 

rochl~r-ind~ced rats  (Borenfreund & Puerner, 1987; Babich et al., 1988). 

patic S9 microsomal fraction with 50 sodium ~hosphate 
l0  mg S9 protein  and  store in l-m1 a l i ~ u ~ t s  at -70°C 

, 1.0 m1 of S9 co-factor mixt 
hate, 0.1 m1 of 100 mM 
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Cl, 0.1 m1  of 20 mM CaGl,, 0.3 m1  of 50 mM sodium phosphate  buffer 
0.1 m1  of 40 mM NADP (kept  frozen  until  needed)  and 0.2 m1  of 

10 rng  mk"  S9 protein. 
3. Dilute S9 co-factor of mixture 1 : lO  into medium containing  different  concen- 

trations of test agents; dilute  controls 1:lO into medium without  test agents. 
4, Add 0.2-m1 aliquots of S9 co-factor/toxicant-amended medium to individual wells 

of a 96-well microtitre  plate  already  seeded with cells and  incubated  for 24 h. 
assay  as described previously. 

Medium  without  phenol  red 
Standardized  radiation  source 
Lid of 96-well plate  covered with  black tape 

The NR assay can be used for  studies  on the effect of U7ir radiation  on  different 
cell types and  the  inhibition  or  enhancement of such effects by different  xeno- 

abich & ~orenfreund, 1992). 

1. Remove medium in which  cells have  been  seeded to  the 96-well plates, 
2. Add medium without  phenol  red.  This medium could contain various xeno- 

3. Expose to desired wavelength for p rede te~ ined  time  intervals. Shield control 
11s from  radiation by covering wells with taped lid. 
place experimental medium with normal medium for  desired  time  or again 

biotics. 

add a xenobiotic to  be studied.  Incubate  at 37°C. 
5. Add  NR medium for 3 h for assay  as described. 

The  NR assay  was developed initially to serve  as a potential  alternative to the 
Drake rabbit  ocular  irritancy  test  (Borenfreund & Puerner, 1985). In  addition to 
providing i n f o ~ a t i o n  on ocular  irritancy,  the assay  was a good predictor of in 
vitro skin irritancy  and  acute toxicity. The NR assay has been used to evaluate 
the  relative  potencies of a spectrum of test  agents, including inorganic  metals, 
organometals,  environmental  pollutants,  pharmaceuticals including cancer 
chemotherapeutics  and  over-the-counter drugs, surfactants,  industrial chemicals, 
natural toxins, complex mixtures  and  biomaterials.  Furthermore, this assay has 
been  applied to investigations of metabolism-mediated cytotoxici~; structure- 
activity re la t~ons~ps  (SARs) for  series of related chemicals; phototo~city; temper- 
a t ~ r e - t o ~ ~ i t ~   i n t e ~ a ~ t i ~ n s ;   s y n e r ~ s t i c  and a n ~ a ~ o ~ ~ t i c   i ~ t e r a c t i o ~ s  between 

nts; growth promo rs  and s t ~ u l ~ t o r s ;  an 
, 1990,  1991; B et al., 1993, 199 
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The ~easurement  of lactate  dehydrogenate  (LDH: EC. 1.1.1.27)  in culture super- 
natants gives a quantitative value for the loss of cell  viability: 

LDH 
pyruvate + NAD + H+ e NAD+ + lactate 

The activity of LDH can  be  measured as the reduction of pyruvate to  lactate 
(Vassault, 1983). The reduction is coupled to  the oxidation of NA 
which  is  followed spectrophotometrically at 340  nm. The equilibrium is far  on  the 
side of NAD+ and lactate. Because NADH has a high absorbance at 340 nm 
compared with NAD+, the reaction is measured as the  rate of decrease in 
absorbence at 340  nm. 

Although colorimetric assays based  on the reduction of tetrazolium salts have 
been used, they have  been largely superseded  because of non-specific side reac- 
tions in  such  assay  systems. 

is, 81.3 mm01  1-l; NaCl, 203.3  mm01  l-l; pH 7.2):  dissolve 4.92 g of 
5.95 g of NaCl in 400 m1  of water  and adjust to  pH 7.2 at 30°C  with 
ke  up  to a final  volume of 500 m1 with water 
solution (p-NAD , 0.17 mg ml-l):  dissolve 3.4. mg of NA 

Pyruvate solution (9.76 mmol l-l):  dissolve  0.107 g of monosodium  pyruvate in 
90 m1 of buffer. Make  up to a final  volume of 100 m1 with buffer 

must  be  free of inhibitors. Discard if the powder has become yellow. 

Stability of solutions 

ble at 04°C provided  that bacterial contamination  does  not occur. 
solution is kept  at 04°C and  must  be  prepared fresh daily. The pyru- 

vate solution should  be dispensed into 1.5-m1 aliquots and  stored  at -20°C. After 
thawing, each aliquot should  be discarded. The pyruvate solution is stable for 
2  months. 
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Narrow-bandwidth  spectrophotometer,  fitted with a  thermostatted  cuvette 
holder  capable of temperature  control within rtO.l"C and  a  chart-recorder 

S 

Incubation  temperature: 30.0"C 
Wavelength: 340  nm 
Final  reaction volume: 1.07 m1 
Light path: 1.0  cm 

ead absorba~ce at  room  temperature against air. 

1. Centrifuge  the  sample of medium (3000 g ,  4"C, 5 min) and  take  the  super- 
natant.  Maintain the supernatant at 

2. Succ~ssively  pipette  into  the  cuvette 0. olution  and 0.07 m1 
of su~ernatant. Mix thoroughly. 

ecord  the bac~ground change in absorbance  on  the  chart-recorder  until  a 
stable  reading has been achieved. 

4. Initiate  the  reaction  absorbance change by the  addition of 0.167 m1  of pyru- 
vate  solution. Mix thoroughly. 

5. Continue monitor in^ the  reaction  absorbance change with the  chart-recorder. 
A lag phase of up to 30 S may occur. The  reaction  should  be  monitored  for 
5-10 min or until  a  linear  absorbance  change of 20.2 occurs. 

1, For the  background  absorbance  change,  choose  a  period where the  decrease 
in  absorbance (A) is linear with time  and  calculate M per  minute. 

epeat  Step l for  the  reaction  absorbance change. 
3. Calculate as  follows: 

VT units ml-1 
6.22 x d x Vs 

where 1 unit = 1 pm01 N~~~ consumed m i d ;  

~~~~~A~ is calculated  in  Step 2, AA,,,, is calculated  in  Step 1, Vr is the  total 
volume of the assay mixture  (ml), Vs is the volume of su~ernatant (ml)  and 
d is the  path  length (cm). 



process productivity has led to  the development of high- 
lture systems,  with the resulting isolation of cells inlon 

structures where they are  dif~cult  to access directly. Thus  met 
culture viability that  require sampling of cells  (review: Cook 
are  not suitable for use in such  systems.  n-invasive metaboli 

cose uptake)  can  be used to monitor  changes in culture viab 
rpretation of such data is com~romised because ~ptake/production  rates can 

alter as a result of the cell  switching carbon source, variation of metabolic  rates 
ase of the culture, as  well as ~uctuation in viable  cell numbers. 
release of intracell~lar enzymes can  be  use to monitor  changes 

in culture viability. The most  commonly  used  enzyme i cell culture studies 
he  assumptions  are  made  that intracellular enzymes are 

only released after  damage to  the cell membrane  and  that all  activity  is r 
released from dama~ed cells. Thus the higher the  rate of release of enzyme a 

reater  the extent of cell damage/death, i.e.  loss of culture viability,  in that 
period. 

The advantage of such  methods  over  measurement of metabolite levels  is that 
the  measured  parameter varies in response to changes in culture viability and  not 
cell metabolism. 

The minimum  activity detected in our laboratory for medium containing heat- 
l-l,  which  is equivalent to 
er,  the m i n ~ u m  activity d 

upon  the  batch of serum used and  whether it has been heat-inactivated. Lower 
minimum values should  be  expected  from serum-free and low-protein media. 

S 

The release of activity can  be related to  the  total number of dead  and lysed 
by conventional dye exclusion methods. This relationship 

the growth and  death kinetics within the culture system to  be evaluated. 
er,  there  are various phenomena  that could complicate this evaluation 

can vary considerably, ranging from  the loss of a few per 
ife of 12  h,  depending  upon the cell type. 

It is assumed  that the release of LDH occurs rapidly after  damage to  the cell 
owever, this assumption is not necessarily correct. The release of 
omplete in cells that  are considered dead by dye exclusion methods. 

~lternatively, complete release may occur only upon cell  lysis. This point is further 
complicated  because  dye exclusion methods do  not  measure lysed  cells. 

arc et ale, 1991; Legrand et al., 1992; ~ a g n e r  et ala, 1992). 
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The specific release  rate of LDH will be  modulated by culture  conditions  that 
affect the  intracellular LDH content.  These  include  parameters such as  p 
dissolved oxygen concentration, medium composition and age of the  culture. 
Although  the LDH content  per cell is affected by such parameters, good agree- 
ment  between LDH release  and cell death  has  been  reported  for  a variety of 
bioreactor configurations and  stress  conditions  (Marc et al., 1992; Legrand et al., 
1992; ~ a g n e r  et al., 1992). 

In conclusion, as  the kinetics of LDH release  are affected by both cell type  and 
cultural  conditions,  the  relationship  between cell death  and LDH release  should 
be determined  for  each new  cell line  or  set of culture  conditions. 

The  above  commentary  and methodology may have given the impression that  the 
only use in cell culture  for  measurements of L H activity is in  the  monitoring of 
changes in culture viability. An  alternative  application is in the  comparison of cell 
viability between  different regions within entrapped cell culture systems, where it 
may not  be possible to determine via ell numbers directly. 

The assumption behind  the use of as a  marker  for loss of culture viability 
is that  the enzyme is only release  damage of intact (i.e. viable) cells. 
Therefore, if a  mixture of viable and  non-viable cells is lysed, the  greater  the 

of viable cells, the  more LDH activity will be  recovered. 
r et al. (1990) report  the use of this approach to compare  the  distribution 
iability within a fixed-bed porous-sphere  bioreactor.  The most accurate 

method of estimating cell numbers within glass spheres is  by doing a nuclei count, 
which  obviously precludes  estimating  the  number of viable cells. Samples were 
taken  from  different positions within the  bed,  and  the cells within the  spheres 
were lysed on  incubation  in  buffer  containing Triton-~-lOO; the LD 
the lysate was determined  as described above. ~ormal i~a t ion  of the enzyme 
activity on  protein  concentration of the lysate and cell density in the  bead  (esti- 
mated  from  the nuclei count) allowed comparison of cell viability between 
different  parts of the  bed. 
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Cells are  subjected to a standard  pretreatment to ensure  that  they  are in expo- 
nential  phase  for  experiments.  Pretreat cells for 48 h  prior to any ~ x p e r i ~ e n t  by 

-cm2 flasks and  feeding with fresh medium 24 h  before use. 
concentration  for  each cell line; examples are 1 x IO6 cel 

cells and 2.5 x 106 cells per 

Cell  and  Tissue  Culture:  Laboratory Frocedures in ~ ~ o t e c ~ ~ o l o ~ y ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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1. Using  %well multichannel pipettes, plate the cell suspensions (carefully 
into 96-well  tissue culture dishes (e.g. Costar or 

2. Incubate at 37°C in a humidified 95% air/5% C 
of growth  medium  per well should  be 100 pl. 

3. After  an  appro  rowth period (e.g. 4-6 days, depen~ing on cell line, for 
serum  batch test dpoint (as below). For toxicity tests, incu- 
bate cells  in  100 p1 of h prior to addition of test substance (at 

p1 of medium). Incubation with  toxic 
substanc~ prior to en~point  measurement is usually for 6 days. ure- 

of ue exclusion, trypsini~e cells  with  0.5% trypsi and 
Yo 

rypan blue is harmful if ingested or inhaled. It is irritating to the eyes,  is 
y skin contact and  has  been  found to cause cancer 

animals. Appropriate preca~tions should  be  taken when handlin 
and the use of an extraction hood  and gloves  is  advised if ha 
blue in powder form. 

or direct cell counting, pool eight replicate ells and carry out counts using 
haemocytometer  and  Coulter counter. 

The materials and e~uipment  are  the same as those used for the  above 
assays. 

ix 1.0 m1 of cell suspension with  0.2 m1  of Trypan blue solution (0.4%, 
tween 5 and 15 min later,  count  the ~oloure 

(‘viable’)  cells  using a haemocytometer, 
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assays are read  at 5 say, for which the 
S 405 nm) on a Tite ate  reader using a 
as reference wave1 
ant  to remove any bubbles  from  the wells before a~sorbance readings. 

ydrolyses in  solution  during 
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S. 

2. 

3. 

4. 
5. 

Centrifuge  a 1230 dilution of 0. YO neutral  red  (Difco)  solution in culture 
medium (final concentrati 50 pg ml-l) at S500 g for SO min before use to 

ove insoluble crystals. 
owing removal of med lk”) before  adding 

neutral  red  solution  (above). 
After 3 h of incubation (in a humidified incubator  in 5% C ~ ~ / ~ ~ % O  air  at 37” 
remove  neutral  red  and rinse wells  with  50 p1 of formo~calcium mixture. 
Add 200 p1 well-l of acetic  acid/ethanol  mixture. 

570 nm. 
ix plates well by gentle  tapping,  before  reading  on  the ELI 

S. 

2. 
3. 

After  removal of m e d i u ~ ,  rinse 96-well plates with 100 p1 well-l of and 
* ‘th 100 p1 of 0.25% (g 100 ml-l) aqueous crystal violet for 10 min. 

outsides of the  lates with a er  to help avoid water  stains, 
lates  four  times  in ta~water. 

00 p1 well-l  of 33% ~lacial 
ntents of each well before 

570  nm. 

is believed to be ~utagenic.  

e  end of the growth or toxicity test  period,  add 20 p1 well-l  of 5 m 

ate  the  mixture  for  incubator in 5% C 

g (with care  not to remove f o r ~ a ~ a n  

rm colour  before  reading  at 570  nm. 

0 p1 of 50% TCA ( 
, and  then  incubate 

inse wells  five times with tapwater, flick to remove l iqu i~  and  then allow to 

% in 1% acetic acid) for 30  mi^ an 

10.5) to release  unbound 
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The first de~elopments in routine cell culture were  made possible by the c r ~ a t i o ~  
of media  that  aimed to mimic ~hysiolo~ical fluids (blood, ~ymph) and conditions 
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by toxic substances. he ability to culture a much  wider range of differenti 
cell types in  highly developed environ~ental conditions with a host of indivi 
growth factors and three-dimensional matrices is leading to exciting advances in 
tissue en~ineering  that have  enormous implications in the  future  treatment of 
human disease, e.g. organ replace~ent (liver, kidney, skin), gene therapy, etc. 
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The advantages of completely defining the cell culture environment  were recog- 
early in the development of cell and  organ culture. owever, several distinct 
ces were ~ece§§ary in order to achieve the goal maintaining functional 
alian cells  in totally defined media.  The roles of essential amino acids, 

vitamins, minerals, salts, trace metals and  other nutritional compon 
demonstrated by Eagle (1955a, b) and  later amplified by the work 

aymouth (1972). Once these re~uirements were  met in more complex media, 
ame possible to examine  the role of seru 

nents of most cell culture media 

t two decades  there  has  been great progress 
-free systems for the growth of mammalian cells in vi 
from many different laboratories and cell  cul 
understanding of the role of serum in supporting c 
a minimal  medium  such as Eagle’s minimal essenti 

can  remain a source of essential nutrients and co-fact 
e of the  amino acids. A more complex medium may 
and still be inade~uate  to support the growth of many  cells in 

n such  cases other roles of serum  have  been identified. 
hormones  and growth factors, or transport and binding 
nutrients or hormones to  the cell in. a preferred or non 

m contains attachment factors such 
or, which promote cell attachment to  the substrate. 
r the  growth of some, but not all, cel 
tances necessary for cell growth, serum 
toxifying the culture environment. 

ring capacity and contains specific 
d ff~-macroglobulin. ~ e r u m  albumin, present in  high  levels in 

taining 10% serum, may  act  as a non-specific inhibitor of proteolysis 
lnd fat-soluble vitamins and steroid hormones which can  be to 

erum  components may also bind and etoxify  heavy metals and 
organics that may be present in either  the  water  or  medium  components 
et al., 1986). There  are thus many roles that seru can play in a culture. 

be of greater  or lesser importance, depending on the cell t 
the culture conditions used. Therefore, devising an opti 

method of serum substitution demands  some  understanding of both  the culture 
system employed  and  the ultimate goal of the work. 

Cell and Tissue C ~ l ~ ~ ~ e :  Laboratory Procedu~es in ~iotec~nology, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 



The many d i~erent  rationales behind growing  cells in serurn-free media  can  be 
divided into  three categories: 

Elimination of serum per se 
~nderstanding the role of ser hormones  and  growth factors in  cell 

y and  endocrinolog 
~ulturing and studying cell types in vitro that will not 
in the  presence of serum (Li et al., 1996,  1997; Loo et al., 1987; 
1990) 

here  are several approaches to  the elimination of serum. The approach, or 
combination of approaches, used should  be  determined by the goals of the wor 

It may be desirable to eliminate serum, one of the most expensive mediu 
components, in order  to decrease the cost of the medium. Alternatively, the prin- 
cipal consideration may be to: 1) lower the levels of protein in the medium to 
facilitate purification of a cell-secreted protein, or 2) remove a substance in serum 
that may be a major  contaminant of a purified protein,  or decrease protein quality 
by proteolysis or some  other  alteration of the desired cell product. In these 
* stances the  means of removing the serum is  less important  than  the  end result. 

owever, if the goal is to identify the growth-promoting substance(s) in serum, 
the cells should  be altered as little as possible  in the process of the study. Thus 
the goal of many of these studies has  been to devise a defined culture system  in 
which each  component is a purified known substance, and in which the cells  grow 
at  the same rate as they do in serum, with no  period of adaptatio 
may be  to eliminate serum  components  that cause loss of a specific 
such as a hormone response, or inhibit cell growth (Loo et al., 1987 
specificity of serum-free media formulation can  be  used t 
the growth of one cell type from  among many (Mathe 
et al., 1990;  Li et al., 1996). In these two instances th 
must  be arrived at empirically by measuring the response to  be preserved. 

It has been shown that  optimi~ation of nutrient concentration and balanci~g 
the ratios of concentrations of various nutrients in the culture medium  can reduce, 
or in some cases eliminate, the  requirement  fo  erum  and  serum-derived  compo- 
nents such  as hormones  and  growth factors eehan, 1986). This 
may be  porta ant where  medium cost  is a major concern. The optimal nutrient 
balance and concentrations will depend  on  the cell type, cell density and culture 
system employed. ~ p t i m i ~ i n g  the nutrients is a time~consuming task, but is 
rewarded with a culture system that has been  determined to  be optimal for the 
cell type and conditions used at a minimal  cost. 

An approach  that has been widely employed in the last decade is to replace serum 
with a set of hormones,  growth factors, attachment proteins and transport proteins 



that will substitute for  serum in the cell culture system  being used. The o 
set of factors will again be cell-type specific and vary somewhat with the 
system  and the  parameter  being optimized, e.g. growth versus  sion of a 
differentiated phenotype. In general, however, it has been  found t hormone 
re~uirements of the  same cell type in v i ~ r ~  are similar, even if the cells are derived 
from different species, animals at differen S of development or 
cultures versus e s t~b l i she~  cell lines. Thus y Leydig  cell cultures 

ived cell line, all h a v ~  similar, 

ey pro~imal tubule 

is approach is that  one 

suspension growth, etc., and  impose these conditions as 
is successful, the cells obtained will gro 

nowledge of the mechanism of such ad 
e is that such adaptation may or may n 

take weeks or man  months to accomplish. In addition, adapt in^ cells to various 
growth conditions S little to  further  our  understanding of cell  biology. 

The  three  appr es described above may be used  individually or in  combi- 
nation to accomplish the goal of elimination of serum  from cell culture m 
Some  inves~igators strive for a com~letely defined culture system  in  which  all 
components  are known and only  highly ~urified nutrients, growth factors, etc. are 

ptimally, the investigator should  have  data  that support the  assumption 
that each  component is the active factor for ell type, rather  than a contam- 
inant (e.g.  latel let-derived growth factor ( ) is the active component of 

F rather  than TGF-P con tam in at in^ t F), In some studies this level 
of definition may not be n e c e s s a ~  or possible. Thus many serum-fr~e culture 
systems contain serum  components (e.g. bovine  serum  albumin 
other ~ndefined additives ( ituitary extract or  cell-pro~uced matrix) 
investigator may choose  not to optimize each  nutrient individually  in the basal 
medium but may screen several commercially available nutrient mixtures for  the 
best medium to use for  the cells of interest. In other cases the choice of the best 
commercial  medium  and a minimal hormonal  supplement (e.g. insulin) may  allow 



for a significant (10-fold) reduction  in  the  amount of serum  required  for cell 
his  may be sufficient for  some  purposes. 

er considerations may also have a major impact on  the choice of culture system 
the  method of eliminating serum.  The  requirements  for maintain in^ cells in 

a seru~-free ~ ~ d i u m  for  one passage are frequently less strin~ent than  the  require- 
ments  for  extended passage of cells without serum.  Nutrient 
r ~ q u i r e ~ e n t s  for  the growth of cells at very  low densities differ fro 

e cells mai~tained at high densities (e.g. greater  than 5 x IO5 cells  ml-l). Finally, 

he  optimal  conditions  for  the  secretion of 

sources,  si~nificantly 
medium supplement. 

positio~ desired  for 
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closely the endocrine, autocrine and paracrine factors that regulate cell and  organ 
f~nction in  vivo. Thus serumfree culture will continue to play a growing role in 
the next decades, both in the ~ e ~ e l o p ~ e n t  of ~iotechnology processes an 
u ~ d ~ r s t a ~ d i n g  of basic ~ndocrinology and physiology. 

echanisms of cellular  nutrition. ~ ~ y s i o -  

501-504. 
G (1982) ~~por t ance  of basal 

nutrient  medium  in  the  design of hormon- 

cells  in a defined me~ium. ~ u t ~ ~ e  

1205-217. 

(1997) ~ollicle-sti~ulating hormone 
induces  terminal  differentiation in a pre- 

rentiated  rat  granulosa  cell  line 

es 
se 

embryo  cells  without  senescence: inhi~i- 
tion  by  serum. Science 236: 2 0 ~ 2 0 ~ .  

serum-free  media in rirnary  cultures. 



adapting  cultured cells to serum-free  conditions is to maintain  the 

ess, therefore, will be to monitor the cell characteristics of 

erum provides many different  components affecting cell survival, proliferation 

and avoid selecting variant s~bpopulations of cells, 

interest, such as  the  concentration of a secreted  product. 

rate  and  secreted  or  internal  product  concentration. 

protein  concentration i rum is high, generally much higher than  the  concen- 
tration of genetically eered  or  natural  products of the cells. 
growth9 with little  or  n  d  protein, should facilitate  and simplify 
processing and  reduce costs. In  addition,  serum-free medium improves the  repro- 
ducibility of cell gro  and  product yield due to the  consistent  and defined 

some cases, product  concentration  or  secretion may be 
988). Finally, with oval of serum  hormones  and 

antibo~ies9  ell-defined culture  conditions  e a constant  environment  for 
studies of cell phys  ogy, cellular immunol ll-cell interaction  and pro~uct  
formation kinetics. reover, a serum-free significantly reduces  the risk 
of viral contami~ation. 

It is  very importa mind the objective when adaptin 
serum-free  environ n of large  amounts of a specific p 
final goal, then meas that  protein  during  the process of serum-free 
adaptation is critical. f large  amounts of the  protein may or may not 
coincide with doub the focus is on collecting a  protein  that is cell 

* cell number is part of the final goal as well as  large  amounts of 

f serum-free ada~tation of cells currently grown in  serum begins 
batch  that  supports growth of the cells in low serum  concen- 
a rich nutrient medium that  supports cell proliferation in 

low serum. 
The cells can then  be  adapted  through growth in a series of progressively lower 

serum  concentrations. To achieve the final step  to serum-free  condition,  one  of  three 
methods  can  be used: addition of commercial serum  substitutes,  addition of defined 
proteins  or  addition of only amino acids, trace eleme~ts and  other small molecules 
to provide a  rotei in-free medium. The  last of these  alternatives is the most  difficult 
to achieve; however,  it may ultimately prove to be  the most useful. 

There  are many advantages to removing serum  from cell culture systems. 

Cell and Tissue Culture: ~ubora~ury  P~oce~ures in ~ ~ u ~ e c ~ ~ u l o g y ,  edited by A. Doyle  and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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erum is  classically added to cell cultures to provide  hormones, growth factors, 
inding and  transport  proteins  and  other  supplemental  nutrients.  Not all lots of 

serum  have  the  same potenti~l  to support cell growth because  they may have 
lower a ~ o u n t s  of these  components. Conversely, some  lots may be tox 
inhibitory  due to adulteration  or  contamination with microbes or viruses. 
sera may inhibit  or kill  cells at low serum  concentrations  due to high endotoxin 
levels or  other  inhibitory  factors.  This effect has nothing to  do with the ability of 
the cells to adapt to serum-free conditions. The first step  in  serum-free  adapta- 
tion is, therefore, to select  a  serum  lot  that can support growth of the cell line at 
low serum  concentrations. 

ealthy  culture of cells to be  adapted to serum-free  conditions 
ean trypsin inhibitor ( I): to inhibit trypsin activity resulting  from use of 
in  during passage in low-serum cultures 

serum  lots to test  for  support of cell growth at low serum  concentrations 
2-3 rich nutrient media to test  for  support of cell growth at low serum concen- 

initial  screening of sera  and  basal  media 

1. Choose 3-4 lots of serum to screen. 
TI at 1 mg  ml-l to prevent  residual 

ing plating efficiency and viability. It is  very impor- 
ts of trypsin and STI. This is done most effectively 

trifuging the cells after of ST1 to remove any residual trypsin 
TI activity in  the wash ( 

3. cells at 1 x W ,  5 x lo4, O3 cells ml-1 in 7.5%, 5%, 2% 
and 1% serum  for  each of the  test  serum lots. Use  the  nutrient medium the 
cells have  been growing in and  plate 5 m1 in  each 60-mm the 
cells for 10-12 days in a humidified (>95%) 5% CO,/9 ere. 

ollect all the cells (trypsin~ation  or cen  tion)  from  the  plates  and  count 
by haemocytometer o Coulter  counter. growth curves for  each of the 
serum  concentrati with the most cell doubling at 
the lowest serum ill select  the  serum  lot with fewest 
' hibitory  factors. 

also important to monitor  the yield of the  product  interest to  deter- 
that  the  serum  lot  does  not affect its  production. wever, remembe~ 

he final medium and is only a tool  for 
cell proliferation is the goal. 
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is choosing a  nutrient medium. 
concentrations may enhance cell g r o ~ t h  significantly in deficit: 

nt of serum is decreased, the need  for  a balanced n~trient 
critical. 

Use the s e r u ~  lot,  serum concentra~ion and ce ensity chosen  in  the previo~s 

Use the type of ~ e d i u ~  

of the highest ~roduct  yields. 

ere  are  three  cate~ories 
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lassy et al., 1988; Tecce 

nes - insulin, steroids, pituitary hormones, peptide growt 
proteins - albumin, fetuin, peptide hormones, etc. 
urces - fatty acids, cholesterol, high-density lipoproteins and low- 

density ~ipoproteins, etc. 
ce elements - selenium, magnesium, iron, zinc, etc. 
chment factors - fi~ronectin,  poly-~-lysine, collagen, serum-s 

factor, etc. 

a1 profile for hybri oma cells includes the IT 
h~nolamine and ~-mercaptoethanol.  There  are m 

profile, each speci~c for the particular hybridoma line a 

Two very different a aches can  be used to  modi~y  the 
for a partic~lar cell 
The first  is to use  the 



progressing through all 20 amino acids, inorganic salts, vitamins and  other  compo- 
nents in the  medium, select the optimal growth  response  from  each of the titration 
curves and use this new concentration to  erate a new medium formulation as 
the starting point. Lower  the  serum  con 
and again systematically titrate  each  amino 
Concentration. Use this process in combinati 

r serum is eliminated and  there is a mi 
the final balanced  nutrient 
S a holistic approac 

in the  medium is the  key ( 

ient medium or balanced  nutrient  medium  have 
1s and  approach  have  been defined, the next step is to 

thy cells to serum-free growth: 

S in the  serum lot and  medium  deter 

usly obtained in the old serum a 
concentration to "75% and passa 

ow the cells under these conditions until the same 

urn concentration are  attained.  Then  reduce  serum  to 
5% and  repeat  the process. The cells should  adapt easily to these serum con- 
centrations. 

rtion of the cells to 2% serum. 
pt. If the cells do  not  grow, try trans 

4% or 3% serum andlor try adding 
. For  more information on  medium  sup 
m-free media'. At each  step,  when  the ce 

freeze some of the cells. Freeze a larger stock of vials when the cells are 
hould  problems arise later on, this is a good point to  return to. 
ble to grow  well in 2% serum with a repeatable seeding density 

uce  serum  from 1 % to 0.75% , 0.5% and 0.2% with defined 
supplements added. To facilitate adaptation, use a high seeding density (5 X 
IO5 cells  ml-l)  by centrifuging the cells out of the old medium  and using all the 

maller medium volume.  hen. the cells are  adapted  to growth in the 
lower serum concentration at high seeding density, they must be grown at lower 
inoculum densities (1-10 x lo4 cells  ml-l) to ensure that  the cells are truly 
adapted  to  the new  growth conditions. The number of cell doublings in the 

conditions, not  the final  cell number, is the  true indication of adap- 
cells must  be able to be subcultured serially in the medium  and  be 

able to achieve the same  number of doublings each  time to give  confidence 
that they are truly adapted.  Freeze  an aliquot of the  adapted cells. 

-3 x lo5 cells  ml-l), transfer a portion of the cells to 1% serum. 



6. After  the cells have  adapted  to 0.2% serum with defined additives, the next 
step is to proceed to serum-free conditions. or  the first few passages, a high 
cell inoculum is recommended. eep  the cell density high  by centrifug 
cells and  resuspending  them at high density in fresh m e d i u ~  until they 
to divide. Conditioned  medium  can also be used as a supplement until the cells 
start  to stabilize. S the conditioned medium is  progressively remove 
tional defined factors andlor increases in the concentration of those already in 
use  may be required. The final transition to serum-free growth may take longer 
than  the previous steps, up to 1-2 months. The  total  time for the  serum-~ree 
adaptation process may range  from 1 to 6 months. 

This discussion provides an overview of the methods for selecting a serum lot and 
balanced  nutrient  medium as starting points for adapting a cultured cell line to 
serum-free conditions. he ultimate stringency of serum-free medium attained 
 containi in^ serum subs utes, defined additives or protein-free) depends on the 
needs of the researcher and  the characteristics of the cell line. Serum provides 
many different functions for the cell and  there  are many different typ 
each of which requires a medium derived to meet its particular needs. 
mation  provided  here  should enable the development of a serum-free medium 
appropriate for each particular case. 

This section includes some additional points to  keep in mind when adapt in^ cells 
to serum-free growth. 

Initial high  cell  density 

Cells can synthesize most of the essential amino acids, but do so in a ~ o u n t s  too 
low to compensate for dilution in  low-density cultures. The r e ~ u i r e ~ e n t  for many 
amino acids  is, therefore, a function of cell concentration. uring adaptation of 

urn or serum-free conditions it may be necessary to culture the 
ity, 3-6 x IO5 cells  ml-l, until they have  adapted. This can be 

accomplishe~ by centrifu~ing  the cells and  resuspending at higher densities, 

Gradual  serum  withdrawal 

ome cells  may not require a slow  weaning process (serum withdrawal), while 
thers will  only adapt if the process is  very gradual. Serum decreases that cause 

severe effects, where the vast majority of cells die, increase the possibility of 
riant clones emerging. A conservative approach is, therefore,  recommended. 
aintain viability above 50%. 
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itions for serum-free growth  are in§~lin, tran§ferrin 
starting concentrations for these are IO mg  ml-l, 

any other additions are described in 

fter cells have  adapted to lower S um concentration§ at high  cell density, the 
next step is to decrease cell  den§ity. ne  method of easin the tra~sition to lower 

ensities is addition of 540% 
hesize the medium CO 

ould be used  sparingly b 
can  be detrimental to cell growth. Use it only  when the cells 

medium  and  there are indications that  the cells are not 
to make  the nutrient§ themselve§. 

ete~mined by  heth her the cells are 
hen  the cells are anchor 

wn in s~spension in spinner flasks 
at increase vi§co§ity  may be  neede 

to an ines~ensive, chemically  defined 

hybridoma  cell  lines to grow  and  secrete 

erum-free  media  in  hybridoma  culture 
and  monoclonal  antibody productio~. 

perature  during  trypsin treat~ent on 
viability  and ~~ l t i~ l i ca t ion  potential of 

human  and  chicken 
iology ~ n ~ ~ ~ n a t i o ~ a l  

1 cells adapted  to  serum-free  medium. 
~ y t o t ~ c ~ n o l o ~ y  4: 39-43. 
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(1988)  Development  and  advan- 
serum-free,  chemically  defined 

nutrient  media  for  culturing of nerve 
tissue, Biolo~y of the Cell 63:  263-268. 

Sato GH & Ross R (1979) ~ o r ~ o n e s  and 

Harbor  Laboratory,  Cold  Spring  Harbor, 
NY, 

Schneider YJ (1989) Optimisatio~ of 
hybridoma  cell  growth  and  mo~oclon.al 
antibody  secretion  in a chemically  defined, 
serum-  and  protein-free  culture  medium. 

Journfll of I ~ ~ u n o l o ~ i c ~ l  ~ e t h o ~ s  116: 

Shacter M (1989)  Serum-free  media  for  bulk 
culture of hybridoma  cells  and  the  prepa- 
ration of monoclonal  antibodies. ~ i ~ t e c h  

65-77. 

7:  248-253, 
Tecce  MF &L Terrana B (1988) 

and  higlh-degree  purification  of  human 
~-feto~rotein produced  by  adaptation of 
the  human.  hepatoma  cell  line HEP 6 2  
in a serum-free  medium. ~ ~ ~ l y t i c f l l  Bio- 
c h e ~ i s ~ r y  169:  306-311. 



Eagle’s  essential  and non~essential amino  acids 
Essential  amino  acids  Non-essentia~  amino  acids 
Arginine 
Cystine 
Gluta~ine 
Histidine 
Isoleucine 
Leucine 
Lysine 

Tryptop~a~ 
T rosine 

line 

Alanine 
Asparagine 
Aspartic  acid 
Proline 
Glycine 
Serine 
Glutamic  acid 

Cell and Tissue Culture: ~ u b o ~ u t o ~ ~  P ~ ~ ~ e ~ u r e , ~  in ~ i o ~ e ~ h ~ ~ l a g y ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 



e ma~imum cell number attain~ble,  in~uences cell  survival and 
can affect the synthesis of certain proteins. Too low a concen- 

t~ation of an  amino acid can result in rapid e ~ h a u s t i o ~  from  the  medium,  and is 
‘ l i ~ i t i ~ g ’ ,  whereas too high a con cent ratio^ can  be inhibitory. 

edium.  The concentration of many amino acid 
the  rate of utilization or assi 

uantitati~e amino acid data  are i~por t an t  in o 

performing such  analysis over  an 

have  been  developed to analyse amino acids. 
ntly  used methods fo 
 eth hod. Free  amino 

paration by reverse-phase 
spectrophotomet~r at 

alanine9 ar~inine, asparagine9 aspartic acid, cystein 
, leucine, lysine,  ethionine, 
an, tyrosine and valine were a 

e ~ ~ e n t s  and solutions 
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33 p1 of 1.5 mM norleucine, 250 p1 of 2.0  tryptophan, 500 p,1 
asparagine  and  glutamine  and 317 p,l of W 
on  reagent:  for  10  samples mis  280 p1 of ethanol,  40 p1 of tri- 

ethylamine, 40 p1 of  PITC and l 0  p1 of 1.5 m norleucine;  prepare  the 
derivatizatio~ reagent  fresh  for  each  batch of samples  and  use tbe reagent within 
2 h of preparation 

aterials and e q u i p m ~ ~ t  

ids  Analysis  Column, ~imethyl- 

The time  required  for  running one sample  by  this  assay is approsimately 8 h 
(preparation of sample, 5 h; run  on  the HPLC: standards 3 x 45  min + sample l 
x 45  min). The auto-injector  can  be  filled with 45 di~erent samples;  each  then 
takes  45 min to run. 
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Limit of ~uant i~cat ion = 50 pm01 
Linear  range of standard curve = 0.025~.0 mm01  l-1 

precisio~ = 2.6% (re standard deviation, 
-day variation = 4.1% ) 

~ ~ ~ ~ 0 ~ s  ~ 0 ~ ~ 0 ~ ~ ~ s :  acetic acid, glacial; acetonitrile; phen~lisothioc~anate; and 
11 these compounds the use of hood, goggles and protective 

he instrument conditions are outlined in Table 3.4.2. 

tubes (400°C for 3 4  h). 
e  medium  samples for a few seconds. 

sample to each glass tube. 

lution to each glass tube  and  eva 

d  add 3 p1 of water. In this s ta~dard tube  there is 
nmol of st~ndard solution. 

Inst~ument conditionsa 
Time (min) Flow (m1 min-l) Yo A Yo B Curve no. 
Initial 
S '0 

21.0 
21.5 
26.0 
26.5 
39.0 
39.5 
46.0 
49.0 
64.0 

S .o 
1 .o 
1.0 
1.5 
1.5 
1.5 
1.5 
1 .o 
S *o 
S .S 
0.0 

90 
90 
46 
0 
0 

90 
90 
90 
90 
0 
0 

so 
10 
54 

100 
so0 
so 
10 
10 
so 

S00 
100 

* 
6 
5 
6 
6 
6 
6 
6 
6 
6 

10 
"Analytical column: Pico-TagTM Free Amino Acids Analysis Column; dimethyloetadecylsilyl-bonded amorphous silica; 
3.9 x 300  mm. Mobile phase composition: A = 76.0 g of sodium acetate trihydrate, 2.0 g of triethylamine, 8 mg of 
EDTA, 4000 m1 of H,O, adjusted to pH 6.4  with acetic acid; B = 60% CH,CN and 40% H,O. Temperature = 46°C. 
Injection volume = 40 p1. Detection at 254 nm. 



10 

derivati~ation reagent for the standard an 
f derivati~ation reagent to each  sample a 

es for a few secon llow the reaction to proceed 
nt temperature (20 
by evaporation in 

erlvatized standard in 200 p1 of sample dilution buffer. 
ized media  samples in 60 pi of sample dilution buffer. 
in at ambient te~perature .  

ctor with the  standard  and test samples. n the first position 
e 140 p1 of standard solution, then 60 pl of the media samples. In  the last 

of standard solution. 
collection in the system software. 

umps  with initial conditions: 90:10, mobile  phase  A/mobile 
te  the system for 30  min. 

m the auto-injector for a run  time of  44 min: three injections from  the 
e other position. The third injection of 

start  the integrator. 

m the auto-injector. 

conversion factor for amino acid 
concentration of amino acid X in andard solution (pmol l-l) 
concentration of norleucine in standard solution (pmol l-l) 
area  response for amino acid X in standard solution 
area  response for norle~cine in standard solution 
concentration of amino acid X in sample (pmol l-l) 
concentration of norleucine 
area  response for amino aci 
area  response for norleucine in sample 

orleucine is  used as an  internal standard in the standa ution used for  the 
rleucine is also used as an  internal  standar 
run you get a factor Fx for each  amino ac 

The Concentration of each  amino acid  in the  sample ( p ~ o l  l-l ) is: 

ple of the  spectrum  from the 'n Figure 3.4.1, and  the 
a ~ i n o  acids calculated using p r o g r a ~  are shown  in 

Table 3.4.3. 



0.00 

5.00 

1o.oc 

15.00 

19.98 

0.0000 

Absorbance 

0.1000 0.2000 0.3000 

2.03 
2.1 0 

66;  2.74; 2.81 
P 

4.81 
5.1 0 

6.03 SER 
7.1 7 GLN 
7.44 GLY 

8.45; 8.66 ARG 
0.76; 8.96 THR 
9.00; 9.1 9 ALA 
9.45 PRO 
9.99 

1 1.64 TY R 

2.52 VAL; 12.7: 
3.17 MET 

1 
1 
4.17 CYS 
4.34 
4.86 iLE 
5.1 6 LEU 

1 
1 
15.76 NLE 

16.68 PHE 

17.70 
17.98;  18.1 9 
1 8.55 LYS 

0.0000 0.1 000 0.2000 0.3000 

PLC spect~um - a model example. 

If regular amino acid samples  have  been  taken  from the cell culture over a 
certain time period, the  rate  at which the cells are  utili~ing or assi~ilating a 
acids can  be determi~ed using the follo~ing formula: 
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Amino  acid  concentrations  calculated  from  HPLC  data as shown  in  Figure 
3.4.1. 
Peak  no.  Retention  Amino  Concentration  Peak  Peak  Response 

time  acid  (nmol F) area  height  factor 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

3.186 
3.549 
6.528 
6.831 
7.165 
7.439 
7.981 
8.664 
8.962 
9.186 
9.447 

11 h36 
12.525 
13.167 
14,170 
14.858 
15.163 
15.759 
16.685 
17.221 
18.548 

ASP 
GLU 
ASN 
SER 
GLN 
GLY 
HIS 
ARG 
THR 
ALA 
PRO 
TY 
VAL 
MET 
CYS 
ILE 
LEU 
NLE 
PHE 
TRP 
LYS 

163.512 
181,510 
334.  843 

3913.002 
6854.011 
346.874 
389.688 

1225.510 
1259.598 
216.875 

2111.439 
640.814 

1404,065 
377.653 
407.443 

1426.075 
1581.548 

0.000 
658.524 
153.205 

1377.678 
25023,867 

9.17 
11.53 
20.60 

232.54 
323.63 
20.41 
21.79 
72.37 
80.50 
12.85 

138.24 
40.83 
93.24 
23.65 
42.28 
92.31 
97.08 
29.85 
41.22 
10.57 

156.95 
1571.60 

0.13 
0.14 
0.17 
1.73 
2.10 
0.16 
0.26 
1.10 
1 *os 
0.18 
2.08 
0.50 
1.13 
0.30 
0.48 
1.10 
1.12 
0.34 
0.45 
0.10 
1.46 
16.11 

1 .0643 
0.9403 
0.9705 
1.0047 
1.2645 
1.0146 
1.0676 
1.0111 
0.9342 
1.0078 
0.9120 
0.9371. 

0.5754 
0.9224 
0.9727 
1 .oooo 
0.9540 

0.5241 

atch culture: A.a. C. = (C ,  - C, - y)/ 

erfu§ion culture: A.a. C. = ~ ( C ~  - C ~ ) / ~ /  
amino acid utili~ation/a§§imil~tion (in pmol 1 
ion in incomin~ medium, Cx = amino acid c 

- y  = amino acid concentratio 
ion (pmol) 24 h before (da 

~ i l ~ t i o n  rate (1 24 h-l) and F = culture volume. 

of con troll in^ the a ~ i n o  * 

cells were cultur~d in microcarri~r§ in a 
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A tissue culture dish or flask  is not an  inert plastic without biological relevance, 
but is rather  a complex  physicochemical substrate having definite effects on cell 
morphology  and growth. It is important to  be  aware of the characteristics of 
various tissue culture surfaces so that  experiments  can  be appropriately designed 
and  interpreted (Grinnell, 19’78). 

quences of choosing one substrate over  another  are discussed. The most common 
tissue culture surface, modified polystyrene, and  the effects of substrate o 
anchorage-dependent cells  will be discussed. The differences between solid an 
permeable (e.g.  filter membrane) substrates will also be related. 

hat a tissue culture surface is, how it is produced  and  the biolo 

The tissue culture surface be ins  with a select grade of virgin polystyr~ne  that has 
been  chosen for high purity nd  minimal additive content. The moul~ed part is 
then  sub~ected  to conditions of either  corona discharge or a gas  plasma. 

or plasma treatment,  the  moulded  part is  placed  in a vacuum chamber  under 
ressure in  which an electrical discharge ionizes a specific  gas that is present. 

as plasma generates a r action with the polystyrene substrate, 
randomized chemical roups  become covalently attached to 

surface. 

a neutral, hydrophobic surface to a der 
he  net effect of this treatment is that  the virgin 

S cell spre~ding and  attachment 
res in the controlled environment of the plasma treatment  chamber  can 

a variety of diffe nt surfaces (Figure 3.5.1). For a detailed discussi 
ical  analysis, see lvati et al. (1991). 

an o that yields random o~ygenated groups  and a 
char n alternative cell culture surface contain in^ v 
and  amide functional groups  produced by a m 

The ‘traditional’ tissue culture surface is produced by exposing the surfa~e t 

is somewhat  more complex than  the traditional ox 
rovide a superior cell growth  substrate for certai 
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culture plasticware is subsequently sterilized to inactivate the microbial bioburden 
that accumulates during manufacturing. This cobalt gamma irradiation causes further 
randomized reactions on  the tissue culture surface, but  the effect of this irradiation is 
m i ~ m a l  with the  routine exposures typically  used for  rendering  the  product  sterile. 

Tissue culture plastic can very gradually undergo  further  oxidation  as  it ages. 
The tissue culture surface eventually reaches  a  plateau of oxidation,  and  there is 
no known shelf-life restriction  on tissue culture plasticware produced by plasma 
modification. In  a  practical  sense, tissue culture plasticware can  be  stored  without 
any known degradation. 

Anchorage-dependent cell types must first attach  and  then  spread  on  the  wettable 
(hydrophilic) plastic s~bstrate if cell growth andlor  differentiation  are to occur. It 
is for this reason  that  the  moulded polystyrene flask or dish is converted to the 
hydrophilic tissue culture vessel. Following initial  attachment  and  spreading, 
the  cel~surface interaction  remains  important as a deter~inant  of longer  term cell 
morphology and growth. Figure 3.5.1 shows the  dramatic  difference in cell growth 
achieved with different  surface chemistries. Furthermore,  different  functional 
groups within a basic oxygen or  nitrogen chemistry show definite biological effects. 

ith  medium, cell type (MRC-5) and passage being equal,  the im~ortance of 
surface chemistry on cellular response is apparent. 

ecause most routine cell types were originally grown on glass, the first comm~r- 
cially available tissue culture  surface was modelled after glass chemistry. 
Conventional tissue culture  surfaces  therefore  are hydrophilic and have an 
oxygenated chemistry and  a  net-negative  surface charge. This chemistry is basi- 
cally the  same  whether  the  treatment process is produced by corona  or plasma. 
This is the  routine  surface  that is commercially available from  a  number of 
different  suppliers  on plastic dishes, flasks, plates  and  roller  bottles. 

Advantages 

-to-use,  sterile,  disposable 
surfacelno shelf-life 

eslstant to proteolysis from cells 

isadvantage 

No  inherent biological activity (no  protein  coating) 
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s -  

ome primary and fastidious cell types will not  attach  and grow on  regular tissue 
culture  surfaces  and  require  a  protein  coating to divide and become fully differ- 
entiated.  In  addition to polylysine and  polyornithine,  a variety of proteins  that 
are derived  from  extracellular  matrix  are commercially available. Fibronectin, 
laminin and collagens are available as  reagents  and also as  precoated plasticware. 

closely resembles cell layer in vivo 

efinite shelf-life 
xpense of coating  reagent 
abour  required  for coating 

mental  conditions  be optimized for any cell type  that 
using on a fairly routine basis. This should in 

as  been  chosen,  it is worthwhile performing 
erum  concentrations because hange  in  the  surface 

result  in a change in  the  ser ~e~uirement .  Lower 
s e r ~ m  levels in media will  give lower serum  background  interference, as well as 
re~ucing expense  due to costly serum.  Serum  proteins  often mask the chemistry of 
the  surface  substrate. Minimal serum levels in medium should allow the chemical 

biological effect of the  surface to exert  its influence on  the cells in culture. 

conventional tissue culture plasticware and  several  different biological CO 

icrocarriers are spherical  beads  that are used to increase  the effective cell growth 
ue to the  large  increase in surface  area,  these  microcarriers  are 

grown in stirred suspension and are often continuously perfused 
in  order to achieve very  high cell densities  (for  a review, see 
also see  Chapter 5, section 5.8). 

hile this is a dynamic system subject to shear  force, as compared with the 
system of a flask or  dish,  the cells  growing on  microcarriers are still 

anchorage  dependent,  The  microcarrier  bea  an  be  made of a variety of  coated 
erials: glass (Solo Hill, , USA);  dextran  (Pharmacia);  or 
tTek,  MA,  USA).  The  e  requirements  for good surface 

attachment  and growth still apply, and must be  determined  experimentally. 
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Advantages 

Increased  surface  area  for cell growth 
Increased  bioproduct  production 

isadvantages 

can be difficult to remove  from  beads 
r  forces  can damage fragile cells 

e~uirement for  perfusion  or  frequent medium change 

The previous discussions have  been based on  products  like  dishes  and  flas 
have a solid substrate modified for tissue culture. Cells  growing on 
substrate, however, can only receive nutrient  and actively transport  from  the 
exposed  (top)  layer. 

A system that  more closely resembles  the in vivo state is the  porous  membrane 
ecause cells can receive nutrient  from  both sides of the membrane,  the 

cell layer has an active basal  and apical (or  luminal)  surface  that allows the selec- 
tive uptake  and  transport of nutrients  and  secreted  products. A variety of 
biological functions can now be  studied, such as active transport,  better  differen- . .  and  eo-culture of different cell types (Pitt & Gabriels, 1986; 

x & Schneider, 1991). 
There  are  several commercially available products  that use this principle. The 

device is commonly a plastic ring with a  membrane  attached, which can  be placed 
into  a ~ultiwell  plate  or dish. Cells can  be grown on  one  side of the  membrane 
surface,  on  both sides of the  membrane  (transmembrane  co-culture)  or  on  both 
the  membrane  and  plate well bottom  for  eo-culture. This membrane device is 
commonly used in  a  static system (e.g. multiwell plate  or  culture  dish)  but  it may 
also  be  mounted in an  appropriate  chamber  for  continuous  erfusion  culture. 
Examples of these  p  are  the Falcon Cell Insert  (Becton 
NJ, USA), ~i l l icel l  ore, MA, USA) and Transwell ( 

cell inserts: 
There  are  several  factors  that  need  to  be  taken  into  consideration when  using 

1.  The  membrane  material is important  for cell attachment  and growth. Common 
materials  are  polycarbonate, cellulose esters  (acetate  and  nitrate)  and PET (poly- 
ester).  These  materials  sometimes  need to be  coated  for cells to grow and  differ- 
entiate.  The  different  membrane  materials have very different  optical  and 
mechanical properties, which must be  considered when planning any experiment, 

branes such as polycarbonate  have very  high pore  densities  for maximum  fluid 
transport,  but are fragile and  rather  opaque.  The  pore size is also critical, depend- 
ing on  the  experiment.  For  example,  a 0.45-pm pore size  will prevent cells from 
migrating through  the  membrane, while 3 p,m can be used for  transmembrane 

2. Pore size and density are also important  in selecting a  membrane. 
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co-culture (i.e. cytoplasmic contact)  and 8-10 pm can be used for cell invasion 
studies.  It is recommended  that  the  manufacturer  be  contacted  about  the exact 
nature of the  membrane being considered so that  experiments can be designed 
appropriately. 

embrane devices are a complex system in that  pore size, density and  material 
must be  taken  into  consideration when designing an experhent. The  results  can 
be well worth  the  effort, because use of a membrane system will result in a system 
much closer to  the in  vivo state  than is possible on  the solid substrate system. 

Advantages 

~u t r i en t  is accessible from  both sides 
Cell transport  can  be  polar 

ore closely resembles in  vivo compartmental~ation 

urrently  available only in smaller sizes 
xpense of membrane devices 

bile tissue culture is becoming more  and  more a science, it is still an  ‘art’  and, 
such, the  same  rules of trial  and  error still apply: the  surface  needed  depends 

on  the cell type. It is best to  start with regular tissue culture-treated plasticware 
and  then to proceed to the  more complex biocoatings, realizing that this is a 
complex factor  analogous to changing media and  serum.  All  three systems - serum, 
media and  coating - need to be balanced in  that case. 

or  improved  differentiation  and  more ‘physiological results’ the newer 
membrane devices should be tried. Prot~in-coated membranes should prove to be 
a  valuable  tool  in  the  future. If the  result is a system close to  the in  vivo state, 
then  the  effort is  well worth  the  time  spent in experimenting with a new system. 
After all, that is the goal - in  vivo simulation in vitro. 
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protein, which  may be  provided by the cells themselves andlor serum. 
produce ‘micro-exudate’ (~r ine l l ,  1978) and this plays a part in cell s~reading 
and is an i~por t an t  characteristic of adherent cells. The  important factor is the 

arge, and surfaces such as glass and metal  that  have high surface 
bus suitable for cell attachment. 

e involved in the next stage. 
2. urfaces of una~tached cells  possess  microvilli ( 

3. ce contact is achieved via  cytoplasmic micro-e~t * 

ures d i s a ~ p ~ a r  from the cell surface. They are 
essential in o~ercoming electrostatic forces between the negative1 

e charge on the attachment surface. 
the cell is attached, ~ l o ~ o d i a  extend  from the cell and  are 

rst stage of s~reading.  The spaces between fil 
sm to give l a ~ e l l i ~ o d i a  
lves ~ytoskeletal comp 

resence of a biochemical ~omponent on the cell - 
external transformation-sensitive l CO rotein - determines  whet 
anchorage  dependent or  not ( e, 1974). The  gl~coprotein has a mole- 
cular weight of 2-25 X lo5. rs in~uencing  attach~ent are  energy 
metabolism, Ca2+ and g2+ concentration, sulphydryl groups  and incubation 
t e ~ p e r a t ~ r e .  

erum has many functions in cell culture and  one  key  element is its role in cell 
attachment, spreading and growth. 

is a source of adhesion  and s~reading factor (A 
all of which  vary in content between differen 

f serum-free medium is used, the loss of these factors has to b 
sated for by their addition; alternativ~ly,  the  su~faces can be modi~ed ( 
1993). 



Glassware 

Flasks are available in a range of sizes from 5 cm2 to 200 cm2. It is recommended 
that  aluminium borosilicate glass  is  used because  it releases significantly fewer 
alkaline substances than soda-lime glass. It is often the case that new bottles show 
poor cell adherence but after use on several occasions,  with thorough washing and 
sterilization, cell attachment improves. ~lternatively, boil glassware  in  weak  acid. 
Often,  attachment decreases after constant use but  the surface can  be re-activated 

magnesium acetate. 
ures, spinner flasks (Techne, ellco, Cellon, etc.) 

, which provide sufficient  capacity for most small-scale 
S range  from 25 to l0  000 ml, and the stirring rate can 

scale-up procedures with anch 
most practical purpose 
required can  be achiev 

ed roller bottle technology.  iscussion  in detail on scale-up is 
given later. 

duced in a range of ~olecular  wei 
een  found useful  in  providing a positive 

S prefer to use pol 

-l~sine,  lyop~ilized and gam~a~irradiated 
lysine,  lyophilized and ga~ma~irradiated 

istilled or  c~rtridge water 
ijoux or universal screw-top container 

lect the required molecular weight range of poly"lysine, i.e. 30 OOO-~O 000, 
0 000-150 000 or over 300 000. The charge density of the ~olecules  increases 

with ~olecular  weight, so selection should  be  based  on the  de 

2. ile water to  the  lyophili~ed  poly~lysine  to give a final concentration of 
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Flask (1 50 cm2) 

I 
I 

Roller  bottle (1 500 cm2) 

I 
Unit  systems 

I 
Multitray  (40 000 cm2) 
Ceramic (1 8 000 cm2) 
Tubing (25 000 cm2) 
Plate (20 000 cm2) 

I 
~odified roller  bottles 
Spirals (8500 cm2) 
Plates (6300  cm2) 
Glass  tubing (5 - 340 000 cm2) 

Disk 
Multitray  Ceramic  Plate  exchanger 

l 
Stacked  plate 

(250 000 cm2) 

l 
Glass  sphere 

I 
Microcarrier 7 

(25 000 cm2 I-’) 

Porous  microcarrier 

~iagrammatic representation of scale-up  procedures  with  anchorage- 
de~end~n t  cells. 

0.1 mg  nnl-l. Leave at room  temperature until completely dissolved,  which 
Id be within a few minutes. Store  the solution at 
the solution to culture flasks or dishes using 0.5-S 

area. 
er  the surface by gently tilting the vessel for a few moments.  Leave for 10 
at room  temperature. 

spirate the solution and gently  wash the surface three times  with sterile 

ry before using.  Vessels can  be  kept at 4°C for several weeks if not 
distilled water. 

used  innmediately. 

Solution that has been used to coat vessels can  be re-used at least once. 
the charge density will  diminish  with each use, 
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Animal cells cultured  in two-dimensional ) monolayers in traditional glass or 
plastic tissue culture flasks have successfully for many purposes in 
research  and  industrial  production.  r, such cultures may lose key phenotypic 
characteristics (e.g. virus susceptibility, morphology, surface  mark 
after  repeated passage. In vivo the  presence of three-dimensional 
structures is critical to  the correct  development,  function  and  stability 
and  organs,  The  characteristics  that  the  researcher  or technologist wishes to utilize 
are often  a  feature of the tissue and  not individual cells, e.g. a  functional  bladder 
epithelium  or crypt structures of the gut. In  this  section we describe  some of the 
approaches  that  can  be used to simulate  certain  features of the in  vivo environment 
in an  attempt  to  promote  natural  gene expression and tissue function in cultured 
cells. The described technologies address  these  features  from two aspects: 

ndogenous  features (i.e. within 3D cell structures):  autocrine  and  paracrine 
factors; mass transfer  characteristics;  establishment of appropriate  cell-cell and 
cell-matrix contacts; cell signalling pathways; and  pressure  and tensile forces. 

2. Exogenous  features (i.e. in  culture medium): hormones;  nutrition, including 
conditioned media; PO,; pH; pCO,; and  temperature, 

any of these specialized functions of cells are lost or  expressed  at low levels 
when they are growing in monolayers  and this is due,  in  par to  the lack of appro- 
priate cell-cell or cell-matrix interactions. ~ultivation in a 3 system can promote 
or  improve  characteristic cell functions such as hormone  secretion, productio~ of 
extracellular matrix components  and expression of differentiation  markers. 

The res~lting cellular structures can be used as models for investigating devel- 
opment,  drug metabolism, toxicity, biotransformations,  pathogenesis  and micro- 
organism replication. 

In  industrial (e.g. recombinant  protein)  and medical (e.g. bioarti~cial organ) 
cultures can be used to improve  the  surface  arealvolume  ratio  compared 

with 2D cultures, which  is a useful feature  where cells are used as  the machinery 
for ~iological production. Such approaches  promote high cell yield and  increased 
production of cellular or  recombinant  proteins. 

iverse techniques  for 3 culture are now available and  here we  will primarily 
consider: 

multilayers or  spheroids 
supports, e.g. ~icrocarriers 



matrices, such  as  gels, sponges  and  porous microcarriers 

Usually a single  cell type is cultured in isolation, as  in 3D systems to simulate 
liver function where hepatocytes are propagated to reach high organ-like densi- 
ties (e.g. >IO7 cells  ml-l)  in a 3D matrix, thereby enabling the reproduction of 
specific tissue-like function. Furthermore,  other organ-like structures can  be  repro- 
duced using co-cultures, e.g. mesenchymal  and epithelial cells of intestinal origin 
(~oodwin  et al., 1993) and foetal rat spinal cord co-cultured with human muscle 

ariotti et al., 1993). A further technique used to reproduce tissue-like struc- 
tures is re-aggregation of primary chick  cell suspensions (Funk et al., 1994). 
of these approaches  are very useful for  the study of differentiation, cell-cell intera- 
tions and tissue function, and  can benefit enormously  from a 3 culture approach. 
The applications can  range  fro biology and  medical research to industrial- 
scale production of biologicals. ver, there is no single technique applicable 
for all purposes  and in the following the key  features of a number of 3 
techni~ues are reviewed. 

Spheroids are suspended multicellular aggregates where cells adhere  to each  other 
instead of attaching to  an artificial substrate. They  are applied as models for 
embryogenesis of different tissues,  in tumour biology as therapeutic models  and 

in developmental studies. Spheroids  can  be  generated e~cien t ly  by 
n the normal tissue culture surfaces (glass and plastic) coated 
ssman & Sussman,  1961) or poly(hydroxyethy1 methacrylate) 

oscona, 1978). Short-term spheroid cultures provide 
useful spherical structures and in some cases spheroid culture methods signifi- 
cantly improve  the cultivation of primary cells (Ijima et al., 1997) and the  retention 

1961) on  embryonic cells cultured as spheroi 
perties and in vivo-like growth. A high differen- 

tiation capacity, which  is not  observed in monolayers,  can  be  found in multicellular 
f hepatocytes (Tong et al., 1994), adult human glioma  cells 
, avian foetal brain cells (Funk et al., 1994) and  outer 

of human hair follicles (Limat et al., 1994). This is an especially important consid- 
eration in drug tests, where cells  with a full range of natural  metabolic activiti~s 
are required to achieve a biochemical turnover that would be observed in tissues. 

In particular, malign t human  ovary  and m a m ~ a r y  carcinomas  can  form solid 
gregates with histol a1 similarities to  the primary t~mours  ( ~ c h ~ ~ i ~ h ,  ~ ~ ~ ~ ) .  
addition, the prod of extracellular matrix  components similar to tumo~rs  

in  vivo has been  demonstrated by Glimelius et al. (1988)  with multicellular spher- 
oids of human glioma  cells. 

A series of examples reveal that cell  systems like these can  be used  in  wide 
ranging studies of, for example, cancer sensitivity to radiation and chemothe~apy 
and the analysis of penetration by cytotoxic drugs in targeted tumour therapies 
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otrnensch et al., 1994). ~pheroid- l i~e hollovv bodies 
with a multicellular epithelial mo~phology have also been  uti 
pathogenesis of infection as a result of ~ e i ~ ~ e r i ~  infection.  erous cell-cell 
co~tacts  rep~esentative of cells in vivo have  been  demonstrated in spheroids  from 
nasopharyn~eal cells, e.g. junctional compl 
of the  cytoskeleton  and cellular organelles 

cultu~es for  industrial  purposes is the irnpro~ed surface 

cells from  birds 
als as well as dip1 

and  co-culture. 



CULTURE E N ~ I R ~ N ~ E N T  

In  the filterwell or ‘Tran~well@~, systems, cells are grown on  a  permeable 
membrane  between two separated liquid phases ( cCall et al., 1981). In this condi- 
tion confluent epithelial cells can achieve their  full polarized functional  state 

S induced by ‘doming’ of epithelial  monolayers  on glass or 
bit0 et al., 1980). Filterwell  culture has proved  valuable  for 
lium of the  human  intestine  (Hidalgo et aE,, 1989). 
oming the  preferred  culture system for many studies using 

f cellulose or collagen gels can be used as matrices in 
etrate  the inert  material. A collagen~coating can be 
erence  and growth. Analysis of cell characteristics  in this system 

ily achieved by histological analysis of sections. The influence of culture 
ons on  differentiation has been analysed by Bruns et al. (1994.)’ comparing 

f matrix  substances by sheep  rib  perichondrium  cultured on 
, fibrin gels and cellulose acetate filters. An in vitro model 
man  secretory  endometrium was  successfully establish 

994). In this system the  polarized  epithelial cells were grown 
ich separated  the underlying collagen-embedded  endometrial 

tress-induced  orientation 
collagen lattices  (Kanda 

n  matrix to simulate  the  space of Disse in  the liver have  proved high1 
tended  and improved culture of  prima^ hepatocytes  (e. 
uch changes in physical characteristics of culture  conditions 

may offer valuable developments  for tissue models in  the  future. 

The microcontainer  technique is a  recently  developed  method  for 3 
ezahn et al., 1994). In this patented system cells  grow on  the  vertical walls 

icellular layer is formed.  The  containers are then  transferred  into  a 
rfused continuously. A controlled supply of growth media of different 
on  each  side of the layer allows the  culture of highly differentia tin^ 

d  hence  the establish~ent of tissue-like models. The full range 
r this technique  remains to be  determined  and  it may  well 

some useful in vitro tissue models in  the  future. 
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In  order  to  maintain microgravity conditions achieved in space flight  when cell 
culture  experiments  returned to Earth’s  surface,  the US National  Aeronautical 

( N A S ~ )  laboratories  developed  a device called the  rotating wall 
In this system cells are grown in a  rotating body of culture medium 

air/medium  interface. This provides  for  conditions of very  low shear 
stress in which  cells of different  buoyant density can  aggregate  and  proliferate 

used for  a wide range of cell cult 
ovic,  1993), ovarian  tumour cells 
onal  communication)  and  colore 

systems have  revealed  some very useful and 
novel characteristics  that mimic in  vivo tissue (Goodwin et al., 1993). Thus, low 
shear  stress technology holds  great  promise  for  the  development of new in  vitro 
models. 

hilst the use of standard tissue culture flasks in glass or plastic has provi 
on which our understand in^ of in  vitro cell biology  is based,  a 
novel culture  formats are now available for  the benefit of those 
nd biotechnology. Some of these  approaches,  notably filter~ell 

e,  are now fairly com~onplace but  others, such as mi 
ain to have their  full  potential identified. 
ell culture have been  rapid. It is evident 

rned  about  the way  cell function is modulate 
cell-matri~ interactions. 
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Cells in  vivo grow  in a highly controlled and complex environment. 
from their location in  situ they are dispersed from a histological c 
where cell contact plays an  important role, into a sim~lified growth m e d i u ~ .  This 

r ~ o n a l  and  neuronal regulatory ~ e c h a n i s ~ s  and the thousands of i - 
ent in  body  fluids. In addition the organism has h 
detoxification systems ensuring that, exc 

of stress, an  extremely  uniform  environment is maintained. Thus 
is  in a very alien situation, the stresses of which can only be mini 
tion to environmental o t im~ation. An important factor is 

has to replace the complex  body  fluids and will affect all the 
e cell. Cell media  were first dev 
(amino acids, vi ta~ins ,  etc.), 

e of un~nown metabolites. ver the years the  ne 
a greater  understan g of the cells’ nutri- 
Thus, a whole ra of growth factors, 

ions can  be  added in place of serum to give a more  stan- 
~vironment. This in turn not only means  greater cell and 

allows more informative studies to  be carried out on 
ulation of growth  and  metabolism. This allows 

culture, whether it is to enhance secr 
monoclonal antibodies or t nd s~ecifically  to a drug in a toxicity assa 

o be de-differentiated. Thus,  the ubi~uitous eel1 can, 
t,  demonstrate many differentiated characteristics. 
iochemistry is essential to  potentiate  the use of cells 
nts have  been identified  as essential, as 

that play a key role in  cell behaviour (e.g. glutamine, glucose 
factors such  as ammonia  and lactate have also been identifi 
be stressed that this  is o ly the ‘tip of the iceberg’ when it 
the biochemistry of the cell. The  macrometabo~ites may have  been id 
cellular control and regulation is based on a cascade of signals from 
olites acting on the cell surface and in the cytoplasm. This 

lecular biology  level of the role of growth factors in this cascade are essential 
a full understanding of cell biochemistr~. 

The  nutrient balance is not  the only factor affecting  cell biochemistry, as there 
y physiochemical interactions in a culture. The need to scale up cell 

portance of understanding  the effect of such factors as 
of how  oxygen should  be supplied in the least da 

way. 

Cell and Tissue Culture: ~ a b o r ~ t o r y   P r o c e ~ ~ r e s  in ~ ~ o t e c ~ n o l o g y ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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eeping  the cells healthy  and viable has always been  a  dominant  priority.  The 
recognition that cell death may be  programmed  or  behavioural  (apoptosis)  rather 
than  just  the  result of hostile environmental  factors causing necrosis and lysis 
opened  up  another  means of controlling cell viability and longevity in  culture. 
understanding of the  gene  products  that  control  these processes is gradu 
unfolding, leading to great  expectations of improvements in our  capabilities of 

rolling cellular functions. 
is easy to accumulate masses of metabolic  data  on cell ~erformance in  culture, 

especially at  the level of oxygen, glucose and  glutamine utili~ation. The dif~cult 
part is analysing an in t e r~ re t i~g  the  data, as shown by the  numerous pu~lica 

ata  but  totally lacking any form of sub~ective analysis. 
this complex and expand in^ area by looking at, for  example, 
g of cell kinetics, in order to stimulate new approaches. 
t a c o ~ b i n a t i o ~  of environmental  control, ~ e d i u m  design, the 

control of growth f~ctor-regulated gene expression and  genetic ~ o d ~ c a t i o n  of the 
cell will enable huge advances to be  made in animal cell productivity. 



try there has been  an eve r -~c reas i~  
types cultured  under  different cond 

n or consumption rates  per cell (or unit 
ameter  for glucose consum~t io~ is the S 

cell)  glucose c o ~ s u m ~ t i o ~  rate ( m ~ o l  glucose viable cell-l unit time-l) rat 
con cent ratio^ profile. The co~ce~trat ion of a product  or  nutrient is  still 

rate i ~ c r e a s ~ s  W 
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comparison  between diverse reactor systems and cell  types. ata analysed in this 
manner also facilitate application of results obtained in one reactor system to 
another.  Equations are presented for a variety of culture configurations, such as 
batch, fed-batch, continuous  and perfusion of immobilized  cells.  Specific examples 
are included to illustrate the methods of analysis. 

rimental errors  tend  to  be  quite large in biological  systems,  e.g. ~lr: 30%  in 
in concentration measurements. Cell number measureme~ts  are generally no 

better  than rlr 5%. At lower  viabilities (< 70% viable), accurate determination of 
viability and cell number is  difficult, and the  error in each determination may be 
greater  than -t 10%.  Errors in  cell and metabolite concentration measurements 
lead to  uncertaint~es in calculated parameters, such as specific rowth, production 
and  consumption rates, therefore a complex  profile for these alculated parame- 
ters  should  not  be  assume^ when a straight-line or simple function will  suffice. 

Errors  for  batch culture tend to  be larger than those for continuous culture 
ly changin~ conditions and limited samples. dealing with batch 
as many samples as possible should  be  taken, ver, care should  be 

taken  that  the culture volume  is not depleted so much that the culture conditions 
as discussed  below). Continuous culture allows 
ever, the  total  sample  rate  should  not  exceed th 

rate so as to maintain a constant reactor volume. 

The central parameter in  cell culture is the viable  cell concentration. 
g r o ~ t h  rate (p), the specific death  rate (kd) and the fraction of viable 
used to characterize the proliferative state  and health of a culture. These  parame- 
ters  are calculated from the viable and non-viable cell concentrations using equa- 

ropriate for the type of culture vessel employed (see below). The viable 
cell concentration is also used to calculate the metabolic q~otients (e.g.  specific  glu- 
cose consumption rate), as discussed  in a later section. In  the  absence of cell con- 
centration data, analysis  is limited to ratios of metabolic  rates (see below). 

era1 schematic of a well-mixed suspensio~ culture vessel. 
For semi-batch culture the  outlet flow rate would be zero, while for batch culture 
both flow rates would be zero. as sum in^ constant density, a total mass balance 
around the vessel is: 

dV 
dt 
- = . F i  - .Fo 
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Schematic  diagram of a  continuous-flow  stirred  suspension  vessel. For semi- 
batch  culture Fb = 0 and  for  batch  culture .Fb = Fi = 0. 

where V is the volume of medium in  the vessel, Fi is the volumetric flow rate of 
fresh medium and F. is the  volumetric flow rate of the  spent medium (including 
suspended cells). The  balance  on  total cells  is  given by: rate of accu~ulation of 
total cells = rate  at which  cells are added in the  feed - rate  at which  cells are 
removed  in  the  outlet + rate of cell growth - rate of cell  lysis. 

he  balance  on  total cells for  a  sterile  feed is  given  by: 

(4.2.2) 

where n is the  total cell concentration  and p+,pp is the  apparent specific growth 
rate, which includes cell growth and lysis. 

Noting that only viable cells can divide and assuming that viable cells are not 
directly lysed, Equation 4.2.3  is obtained: 

(4.2.3) 

where p, is the  true specific growth rate, n, is the viable cell concentration, nd is 
the  dead cell concentration  and k, is the  dead cell  specific  lysis rate.  Note  that 
cell death  converts  a viable cell into  a  dead cell, but  does  not directly change the 
total cell concentration.  The viable cell balance is given  by: 

paPp is the viable cell-derived apparent specific growth rate given by: 

P,pp% = p,% - kdnv 
where k, is the specific death  rate. 

Continuous  culture 

(4.2.4) 

For  a  constant-volume vessel Fi = F. = F. Sign~cant  acid and base additions  for 
control  should  be included in the Fi term.  Reactor samples are included in 

e F. term  and  do  not affect the analysis as long as V is approximately  constant. 
uation 4.2.2 becomes: 
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dn 
dt 
- = - nD + pappa (4.2.6) 

where  the  dilution rate D = F/V. Equation 4.2.6 can be rearranged to obtain a 
general expression for papp as in Equation 4.2.7: 

d In (n) PaPP - - 7 + D  (4.2.7) 

Because cell count  data  are  often noisy, it is best to obtain  the  derivative by fitting 
ln(n) versus time with a  low-order polynomial, or by drawing a  smooth  curve 
through a plot of ln(n) versus time  and manually determining  the  slope  at  selected 
points of interest.  For  the special case of steady  state,  the  derivative is zero  and 

Lysis of dead cells  is generally not  important  at  conditions of interest with 
reasonable cell  viability (see below for  exceptions).  In  that case kl will be  approx- 
imately zero  and  Equation 4.2.3 can  be used to obtain  an expression for p as in 
Equation 4.2.8: 

Fapp = D* 

(4.2.8) 

Note  that p diverges from papp (and  hence D at  steady  state) as the viability 
decreases. This is because new cell growth must offset cell death,  as well as cell 
removal in the  outlet  stream.  The cell death  rate can be  obtained  from  Equations 
4.2.4 and 4.2.5: 

(4.2.9) 

The  death rate is generally low at high dilution  rates  and becomes more signifi- 
cant  at low dilution  rates. 

Example 1 

Table 4.2.1 contains cell concentration  and viability data  for  a  continuous  culture 
experiment in which a pH  step change was imple~ented (Miller et al., 1988). The 

ady state was established  at pH 7.6. At time  zero  the  p 
plot of the  natural  logarithm of total cell concentrati 

shown in  Figure 4.2.2a. A slope of zero is assumed for  the  initial  (time 0 days) 
and final (time > 7 days) steady  states. A constant  slope is taken  for  the  expo- 
nential growth portion (1 day < time < 5.5 days). Two other  slopes  are also 
illustrated in the figure. The calculated slopes are substituted  into E~uat ion 4.2.7 

= 0.41 day”  to  obtain p,app; p is calculated using Equation 4.2.8, The 
apparent  and  true specific growth rates are shown in Table 4.2.1 and  plotted in 
Figure 4.2.2b. Note  that papp is essentially constant  during  the  increase in cell 
concentration, while p reaches a maximum and  then continually declines, as  the 
viability increases,  during this period. 
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ata  for  the  growth  rate  example  calculations  illustrated  in  Figure  4.2.2 
Culture  time In (total  Fraction  Slope 

(day”) ~~~~) 
Er, 

(days) cells  ml-l)  viable 
“0.88 
“0.24 
0.26 
0.78 
1.12 
1.74 
2.12 
2.73 
3.11 
3.73 
4.12 
4.72 
5.11 
5.74 
6.12 
6.78 
7.22 
7.80 
8.10 
8.73 
9.12 
9.72 

14.14 
14.15 
14.16 
14.07 
14.16 
14.23 
14.34 
14.40 
14.52 
14.56 
14.64 
14.76 
14.84 
14.95 
14.84 
14.85 
14.87 
14.85 
14.83 
14.89 
14.86 
14.86 

0.62 
0.63 
0.68 
0.68 
0.69 
0.75 
0.72 
0.76 
0.78 
0.80 
0.81 
0.82 
0.85 
0.82 
0.81 
0.75 
0.69 
0.69 
0.68 
0.71 
0.71 
0.70 

0.00 
0.00 
0.00 
0.00 
0.08 
0.1 7 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 
0.00 
n.d. 

-0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.41 
0.41 
0.41 
0.41 
0.49 
0.58 
0.58 
0.58 
0.58 
0.58 
0.58 
0.58 
0.58 
0.41 
n.d. 
0.36 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 

0.66 
0.65 
0.60 
0.60 
0.72 
0.77 
0.81 
0.76 
0.74 
0.72 
0.72 
0.71 
0.68 
0.50 
n.d. 
0.48 
0.59 
0.59 
0.60 
0.58 
0.58 
0.59 

n.d. = not determined, 

atch  culture 

In  this case Fi = F. = F = 0. eactor samples (i.e. Po .f 0) do not affect the analysis 
they  reduce  the  culture volume without  altering any of the  concentra- 
wever, acid or  base  additions do affect concentrations. If the volume 
signi~cant  the reactor effectively becomes a  fed-batch  reactor.  In this 

case Equations 4.2.11 and 4.2.12 (below) would apply. For negligible cell lysis the 
ions  for p?PP, p and kd for  batch  culture  can  be  obtained  from ~quat ions 
2.9  by settmg D = 0: 

(4.2.10) 

quation 4.2.10  is valid for small k,, which  is normally the case until  the  culture 
reaches  the  late s t a t iona~  or  death  phase. 

Semi-batch culture 

For  semi-batch  culture E; = 0, but .Fi f 0 so V is not  constant.  In this case it is 
easiest to solve Equations 4.2.2 and 4.2.4 in  terms of the  number of cells (nV or 
n,V, respectively) in the vessel, as opposed to  the cell ~oncentrations: 
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-2 0 2 4 6 8 t o  
Culture  time (days) 

(a) 

-2 0 4 6 8 10 
Culture  time (days) 

(b) 

A pH  step  change  continuous  culture  experiment.  The  reactor  pH  was 
om '7.6 to 7.1 at  time  zero.  The  dilution  rate  was  maintained  at 0.41 day-l 

throughout  the  experiment.  (a)  Natural  logarithm of total  cell co~ce~ t ra t io~  versus  culture 
time.  Tangent  lines  are  shown  for  slope  determination.  Error  bars  represent  th 
deviation  based  on  four  replicate  cell  counts.  (b)  Apparent (p, , U) and  true (p, 
growth  rates  calculated  from  (a)  and  Equations 4.2.7 and 4.2.r Adapted  from  Miller et  al. 
(1988) by  permission  of ~iotechnology and ~ioengineering. 



d In (nvV) 
k, = p -  

dt 
(4.2.12) 

that these relations can  be used for periodic, as well  as continuous, medium 
ions (i.e. for Fi(t) a discrete or continuous function). Equations 4.2.11 and 

2.12 neglect  sampling (Fo fi 0). In this case reactor samples do affect the culture 
the volume and  alter cell and  nutrient concentrations. 
2.11 and 4.2.12 can  be  used as long as the  samples  removed 
tion of the vessel volume. If large samples  are  removed, 
2.12, can  be used for the periods between samples, with 

V ( ~ )  corrected for the  next interval. 

lacement (semi-continuous culture) 

a i n ~ ~  in s~inner  or s h a ~ e  flasks by periodic replacement of 
or without  replacement of suspended cells)  with fr 

app, p and k,  can  be  obtained  for  these systems by trea 
S during the intervals between feedings. The cell concen- 

f each interval ca e ~ e a s u r e d  directly or calculate 
dium  exchange the fraction of medium re 

en ~ e d i ~ m  exchang ill improve  the accuracy 

total cell balance around this system  becomes: 
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I v  
Schematic  diagram of a contin.uous-flow  stirred  suspension  vessel  with  cell 

reten.tio~, The  distribution. of outlet  flow  between. Fl (cell-free  stream)  and F2 is varied to 
maintain  the  desired  cell conce~tration in  the  reactor. 

dn 
dl 
- = - a,nL) + pappn 

xpressions for papp, p and k, can  be  obtained 
quations 4.2.74.2.9: 

d In (n) - 
PaPP - 7 + a,L); p = 

by replacing L) with 

paPP 

f" 

t  steady  state paPp = a,L) L). It  should  be  noted  that  these e~uations assu 
equal a, values for viable and non-viable cells. This will be  true  for  separa 
devices such as filters, which do  not allow any cells to pass (e.g. Figure 4 . ~ . ~ ) ,  

for  settling columns, which generally have  greater  retention (i.e. 
iable cells. In  the  latter case, the  investigator should 
on-viable cells  by taking cell counts  in  the  reactor 

n  outlet. If there is no significant difference in a, for viable and  non- 
r if the  reactor viability is  very high, then  the  above  eq 

erwise the a,n term  in  quat ti on 4.2.13 must be 
where 1 - asv and 1 - as, represent  the  retention  rati 
cells, respectively. 

Cases with  significant cell lysis 

Cell lysis generally becomes important when viability is l 
continuo~s culture (with or  without cell retention) at low 

tionary  and  death  phases of batch  culture. 
reactors with  very  high agitation  rates.  In 

r~meters under  these  conditions,  the lysed  cells must be a 
sure  the  amount of the cytosolic en 
ed  into  the medium (see  Chapte 

procedure  for measuring L activity is described  in Ch 
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Lactate dehydrogenase is a useful marker  because it is released upon cell death 
and is stable over  short periods of time (5% loss per day) ( ~ a g n e r  et al., 1992), 
so that  the concentration of LDH in the medium provides an estimate of the  total 
number of (intact plus lysed) dead cells. Equations  4.2.14.2.5  are still valid, but 
a balance needs to  be included for the effective cell concentration ne, which  is 
equal to  the  total cell concentration plus the concentration of cells that  have lysed 
(i.e. what  the  total cell concentration would be if no cells had lysed): 

(4.2.15) 

where is the effective cell-derived apparent specific growth  rate. 
cell  mass IS only produced by viable cells,  we  have: 

P ippn ,  = Fnv 

The effective cell concentration is  given  by: 

G D H  ne = nv + ~ (4.2.17) 
YLDH 

where C is the  co~centration of L in the culture medium  and  yLDH is the 
t per cell; yLDH  has  been shown to be relatively constant in viable 
r et al., 1992). In most suspension cultures yLDH is zero in dead cells 
is released upon cell death). owever it has been shown that  dead 

cells (i.e. cells that  do  not exclude Trypan blue) detached  from mic 
H value appro~imately 50% of that for attached viable cells 
. The dead cell L content  should  be verified for each S 

by  lysing a known number of viable cells 
released. If dead cells are found to contain 

4.2.17  must be modified to give: 

LLDH n, = n, + - 
YLDH 

Pdnd (4.2.18) 

where Pd is the fraction of yLDH retained by dead cells, so the  amount of LD 
released by dead cells  is eq (1 - Pd)yLDH. One way to test for the  impor- 
tance of cell  lysis  is to CO he value of CLDH/yLD~ with that of nd in the 
culture. ~ignificant lysis  is d by nd being less CLDH/yLDH  (or nd being 
less than ~ L D ~ / y L D H  + Pdnd if dead cells retain some 

In a short-term  batch culture or in a CO usly perfused system with  low 
medium residence tim the  degradation of may not  be  signifi~ant and may 
therefore  be ignored. owever, if analysis inued  over several days at low 
viabilities or high  lysis rates, degradation will be significant. Therefore,  the 
calculated effective  cell conc ion will be  underestimated * correction is 
made.  The simplest modification  is to increase the first  day’s value by 5% 
to  obtain a corrected CLDH for that day. Five per cent of this value is  then. added 
to  the CLDH value for the next day, and the process is repeated  to calculate CLDH 
for the second day, and so on. The more rigorous approach of accounting for 
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degradation by writing an  unsteady-state mass balance  on 
an effective CLDH (the  concentration if no  degradation occ 
point may be justified for  extended  experiments. An average  degradation rate of 
5%  per day may be assumed if no  data  are available. wever, the  degradation 
rate may  vary  with culture  parameters such as pH and  n with cell number  and 
viability (due to release of proteolytic enzymes). The  degradation  rate in a partic- 

ystem can  be  measured by removing cells from a sample  and following the 
concentration  over time. 

Continuous culture. For a constant-volume vessel Equation 4.2.15 can  be 
rearranged to give: 

(4.2.19) 

where ne is obtained as described above. The specific growth rate is  given  by: 

(4.2.20) 

The specific death  rate k, is  given  by Equation 4.2.9, while kl can be  obtained 
from  Equations 4.2.3 and 4.2.7: 

(4.2.21) 

~ t c ~  cult~re. In this case the  importance of cell lysis can be  estimated via 
extent of deviation  from a straight  line in a plot of CLDH versus n, (Figure 
4). As  for  the case without significant cell lysis, the  batch  parameters can 

be o~tained by setting D = 0 in Equations 4.2.9 and 4.2.19-4.2.21: 

ells on microcar~ie~s are ~ormally cultured  in  batch  or  perfusion  reactors.  In 
erfusion systems mic~~carriers  are normally retained,  but  free cells exit with the 

he  balance  on  total cells in a constant-volume  perfusion system 

dn 
dt 
"". - nF + Pappn (4.2.23) 

with a =  nA -t- nF, where nA is the  concentration of attached cells and nF is the 
  on cent ration of free cells. If attached cells are  present  predominantly as a  mono- 
layer  on  the  bead,  then  it is generally found  that all of the  attached cells are 
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Schematic of  medium LDH concentration ( CLDH) versus  dead  cell  concentration 
(ad) in  batch  culture.  For  systems  with  minimal  cell  lysis,  the  relationship  is  a  straight  line  with 
slope  equal to the LDH content  per  cell (yLDH). The  curve  with CLDH > ad indicates signi~cant 
dead  cell  lysis,  with  greater  deviation  from  the  straight  line  indicating  more  extensive  lysis. 

viable. In this case n, = nA + f , ~ ,  (where fFv is the viable fraction of free cells) 
and: 

or: 

where papp is  given  by Equation 4.2.23 as: 

- d  ln(n) 
Papp - - dt + D  (S) 

(4.2.24) 

(4.2.25) 

ecause  free cells are  removed with the  outlet medium, n F  is normally much  less 
than n. However,  the second term  in  the RHS of Equation 4.2.26  may be  important 
because  the  increase  in cell concentration  often slows as cells reach confluence 
on the beads. Parameter p, can be calculated from paPp if p, is known, and pF 
can be  determined by allowing the  microcarriers to settle, growing the re~aining 

ended cells in batch  culture  and analysing the  data as described  above. 
ause n F  4 n, it should be possible to obtain  an  accurate  estimate  for p, at  the 

conditions of interest  before  the  nutrient supply in the medium removed  from  the 
reactor is depleted.  For many cell types p, is  very small for single cells and fFv 
is of the  order 0.5. In such cases, the second term in Equation 4.2.25 can  be 
neglected, especially since nI; -@ n. 

The balance on  adherent cells  is  given  by: 

(4.2.27) 

where p&, is the  apparent specific growth rate of adherent cells and k,  is the 
rate of cell release  from  the  beads; p&, can  be used directly to characterize 
the process or  it can be used with pA to determine kR, as in: 
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(4.2.28) 

Although  adherent cells are  not  removed with the  outlet medium, they  are 
removed with reactor samples. If large samples are removed for cell characteri- 
zation,  then  the cell concentration should be  adjusted  for use in calculating the 
various specific growth rates. 

For  batch  microcarrier  culture,  Equations 4.2.23-4.2.28 apply with D = 0. 
However,  the  contribution  from  free cells in Equations 4.2.25 and 4.2.26  will be 
greater because free cells are not  removed  from  the system. High ylF values may 
lead to aggregate  formation, which further complicates analysis (see below). 

The  situation is  much more complicated for multilayers of cells on  microcarriers 
or  for cells that grow in clumps or  spheroids.  The specific growth rate in such 
systems is normally a  function of cell location.  For  example, cells at the  outside 
of tumour cell spheroids generally proliferate  rapidly, while those  further in are 
quiescent.  For  spheroids with a  radius  larger  than  about  ten cell diameters,  there 
is normally a  necrotic  core of dead cells. In  these complex systems it is only 
possible to determine  apparent growth rates.  These can be expressed in  terms of 
total cell numbers, viable cell numbers  or  spheroid volume. Another difficulty 
with these systems is that  accurate cell counts are hindered by  cell clumps that 
resist dissociation with trypsin. One way around this is to lyse the cells  with surfac- 
tant  and  count  the nuclei released (Lin et d., 1991). However, analysis is 
complicated because  the nuclei from  recently  dead cells are preserved, while those 
from cells dead  for long periods are lost. 

Cell density is rarely  measured directly in immobilized-cell reactors  because  it is 
not possible to obtain  a single-cell suspension suitable  for  counting  without 
disturbing  the  reactor. Specialized techniques are available  for  indirect  non- 
invasive determination of cell density,  but most researchers  estimate cell density 
via nutrient  consumption  rates.  Methods  for  estimation of cell density from 
nutrient  consumption  rates  and  an analysis of the reliability of such estimates are 
discussed below. 

The  best way to characterize cell metabolic  patterns is in  terms of consumption 
rates  and  production  rates  per viable cell (collectively termed  metabolic  quotients). 
This allows much easier  comparison  between  different cell types or  culture condi- 
tions  than  do  plots of changes in the levels of nutrients  or  products  over time. It 
also shows directly how metabolic  patterns change with time  during  batch growth 
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or in response to changes in culture  conditions  for a given experiment. As 
discussed below, metabolic  quotients  can  be readily calculated  from  metabolite 
and viable cell concentration  data. 

The  equations  in this section are applicable to any system in which the viable cell 
density can be determined.  This includes all of the systems described  above  except 
for immobili~ed cell reactors. 

Dissolved substrates  and  products 

For  stirred vessels such as  those shown in  Figures 4.2.1 and 4.2.3, a balance  on 
the  concentration of a dissolved metabolite A4 gives: 

(4.2.29) 

where AdF is the  concentration  in  the  feed  stream. A4 is the  concentration in the 
vessel and  the  metabolic  quotient qM is the  net specific formation rate of M (mol 
M time-l viable cell-l). Equation 4.2.29 applies for  reactors with cell retention 
because small metabolites are not  retained along with the cells. However,  the  rela- 
tion must be modified if product  proteins are (partially)  retained  in  the vessel. 

For  constant-volume vessels  we obtain: 

D(A4 - A4F) + (dMldt) 
4 7  

qM= (4.2.30) 

Note  that qM will be  negative  for  nutrients  that  are consumed by the cells and 
positive for  products.  In  order to obtain positive values for all of the  metabolic 
quotients,  it is customary to speak in terms of the specific substrate  (nutrient) 
consumption  rate  qs  and  the specific product  formation  rate qp: 

D(SF - S) - (dSldt) D(P - PF) + (dP/dt) 
4s = ; g p =  (4.2.31) 

nV  nV 
For  batch systems, Equation 4.2.31 becomes: 

-( dSldt) (d  P/dt) 
4s = nv ;gp=- (4.2.32) 

nV 
For  semi-batch systems the  metabolic  quotients are as  in  Equation 4.2.33: 

Note  that V (and possibly E;) varies with time. 
Metabolic  quotients are easily determined  in  continuous  culture. At steady  state, 

the  derivative  terms  in  Equation 4.2.31  may be  set  equal to zero,  thereby allowing 
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easy calculation of the specific consumption  and  production  rates. To calculate 
the  metabolic  quotients  during  transients (in continuous,  batch  or  semi-batch 
culture),  it is necessary to obtain  dS/dt  and  dP/dt  (or  d(SV)/dt  and  d(PT/)/dt)  for 
each  time  point.  Scatter in S and P data will result  in  large  fluctuations  in qs and 
gp if the  derivatives are determined by connecting points  from successive samples. 
These  fluctuations may  mask trends in the  data, so it is recommended  that  the 
derivatives be obtained using the  slopes of smoothed curves through  the S and P 
data points. ~ptionally, one could smoothie out  scatter  in  the  data by fitting the 
metabolite  and  product  concentration versus time  plots with low-order polyno- 
mial functions  and  then  obtaining  the  derivatives analytically. 
method used to obtain  the  derivative,  the  measured values of S, P and n, should 
be used for  the  other  terms  in  Equations 4.2.31-4.2.33. 

Example  2 

Table 4.2.2 contains  metabolite  and cell concentration  data for a  continuous  culture 
experiment with D = 0.54 day1 in which a glucose step  change was implemented 

initial  steady  state was established  at  a  feed glucose con- 
ile the  residual glucose concentration in the  reactor was 
0, the glucose concentration  in  the  reactor was increased 

concentration  increased  from  an  initial  steady-state value of - 1.6 x lo6 cells m1-1 to 
a final steady-state value of  -2.5 x lo6 cells m1-1 (Table 4.2.2). Figure 4.2.5  shows 
the glucose and  lactate  concentration profil erivatives for  the  lactate  concen- 
tration versus time  plot were determined  the  slopes of the lines shown in 
Figure 4.2.5b, and are shown in Table 4.2.2 atives for  the glucose concentra- 
tion versus time  plot were determined  from  the  plots  in  Figure 4.2.6, and are shown 
in Table 4.2.2. At  the initial and final steady  states,  the  slope is taken to be  zero 
(Figures 4.2.5a and 4.2.6~). During  the first day after  the  step  change,  the  slope is 
esse~tially constant,  as shown in Figure 4.2.6a. The  slope  at  the  transition  time of 
1.44  days  is determined by fitting the  region  near  that  point with a  third-order 
~olynomial (Figure 4.2.6b) and analytically obtaining  the  derivative.  The specific 
glucose consumption  and  lactate  production  rates  calculated  from  Equation 4.2.31 
are presented  in  Figures 4.2.7a and 4.2.7b, respectively. Note  that qglc and qlac are 
very sensitive to  the reactor glucose concentration. 

ncentration was increased to 13.8 m 

Estimation of metabolic  quotients  in flask cultures 

 ons sump ti on and  production  rates  are  often  measured by incu~ating cells in media 
and measuring the  substrate  or  product  concentration  at  the beginning and  end 
of a specified period of time. Equation 4.2.32 becomes: 

- (AS/At) (AP/At) 
4s = nvave ?. q p = c  

(4.2.34) 

where nVave is the  average viable cell concentration. AS and AP represent  the 
difference  between  the  initial  and final substrate  and  product  concentrations, 
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Glucose  step  change  continuous  culture  experiment,  Initial  feed  glucose 
was 5.2 mM. At time  zero  the  feed  glucose  concentration was increased to 
the  reactor  glucose  concentration  was  increased to 8.3 mM. The  reactor 
as  maintained  at 0.54 day1 throughout  the  experiment. (a) Glucose  concen- 
as a function of culture  time.  The  estimated  error  is t- 0.02 g l-1  based  on  the 

(h) Lactate  concentration (mM) as a  function of culture  time.  Tangent  lines  are  shown  for 
n, Error  bars  represent  the  standard devi~tion based  on a standard  curve. 

2 g 1-l glucose  standard  and  phosphate-buffered  saline ( 

9) by permission  of ~ ~ o ~ e ~ ~ ~ o l o ~ ~  and ~ i o e n ~ i n e e ~ ~ ~ ~ ~  
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deter~ination of the  derivative of  glucose  concentration  as  a  function 
e  step  change e ~ p e r i ~ ~ n t  described  in  Figure 4.2.5. The  slope  is  zero 
ro (initial  steady  state),  (a)  Linear fit  for  the  first  day  after  the ste 
analysis  gives  a slope of -5.93 m 
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(b) 

.7 Metabolic  quotients  for  the  glucose  step  change  experiment  described  in  Figure 
4.2.5. (a) Specific  glucose  consumption rate (mmol glucose  consumed  viable  cell-l day1) 
as  a  function of culture  time. (b) Specific  lactate  production rate (mmol lactate  produced 
viable  cell-L  day”)  as  a  function of culture  time.  Adapted  from  Miller et al. (1989) by 
permission of ~io~e~hnology  and ~ioenginee~ing. 

respectively, and At represents  the  time  between samples, It should be  noted  that 
metabolic  quotients  obtained  over long periods reflect average values over  the  inter- 
val. The  method used to calculate nVave depends  upon  the  amount of cell growth that 
occurs during  the  time  period At. For very long incubation times (At much greater 
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than  the  doubling time), multiple samples  should  be  taken.  For  moderate times 
during which  significant growth occurs, one may assume a linear dependence of cell 
concentration on time. In this case nVave is  simply the arithmetic average of the ini- 
tial and final  cell concentrations. For non-confluent adherent cell cultures, the initial 
cell concentration may be estimated using plating efficiencies obtained  from exper- 
iments in replicate flasks. For confluent monolayers with diminished cell growth 
rates, it may be acceptable to use the final  cell count for nVave. 

The use of oxygen in cell culture is characterized by the specific  oxygen consump- 
tion rate. Cultures grown  in incubators are generally oxygenated by simple 
diffusion.  Oxygen  may be  provided to cells  in bioreactors via perfusion with 
o~ygenated medium or via transport from the headspace, gas bubbles andlor semi- 
permeable tubing. In general: 

where CO, and are  the dissolved  oxygen concentrations (m 
and feed stream, respectively, Po, is the oxygen partial pressure 

ller, 1987)) is the 'S law constant for 
&a is the volume gen mass transfer 

coefficient. In most agitated vessels, the contribution from oxygen in the feed 
stream is  negligible. This yields: 

40, = (4.2.36) 
nV 

The derivative is evaluated according to  the  methods described above for other 
metabolites. As before, point values should  be used for all of the  other terms. 

ures for determination of KLa are described in Chapter 4, section 4.6. Note 
is  assumed to be constant throughout. However, large samples in batch 

culture could deplete the volume enough to change KLa. In such circumstances, 
a functionality relating KLa to reactor volume  would be useful. 

E s t ~ a t i o n  of ATP production 

The specific AT production rate can  be estimated by assuming that all ATP 
comes from glycolysis or oxidative phosphorylation. As a first approximatio~, it 
can  be  assumed  that all lactate  produced comes from glycolysis and  that all oxygen 
consumed is  utilized for oxidative phosphorylation. Therefore,  there will be one 
mole of ATP produced  per  mole of lactate produced. Also, depending  on  the PI0 

(ATP molecules formed  per 0 atom  consumed),  there will be 6 moles (for 
3) or 4 moles (for P/O = 2) of ATP produced  per  mole of 0, consumed. 

Thus the specific ATP production rate can  be expressed as: 

(4.2.37) 
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Specific  ATP  production rate as  a  function of culture  time  for PI0 ratios of 
(U) for  the  glucose  step  change  experiment  described  in  Figure 4.2.5. Adapted 

from  Miller et al. (1989) by  permission  of Biotechnol~gy and Bioengineering. 

Example  3 

Data  presented  for  the glucose step change in Example  2  can be used to estimate 
the specific ATP consumption  rate as a  function of the PI0 ratio; qo, (not shown) 
is calculated  from  quat ti on 4.2.36, while qlac (Table 4.2.2) is calculated from 
Equation 4.2.31 as shown in Example 2. These values are then  substituted  into 
Equation 4.2.37 to obtain  the qAw values shown in Figure 4.2.8 for PI0 ratios of 
2  and 3. 

Meta~olite yield ratios 

The  apparent yield of lactate  from glucose, Y’lac,glc, provides an  estimate of the 
fraction of glucose converted to lactate via  glycolysis: 

(4.2.38) 

This is an  apparent yield because lactate  can  be  produced via metabolism of other 
substrates such as  glutamine,  and  because  pyruvate  derived  from ~lycolysis can 
be converted  into  other  compounds such as  alanine.  The  theoretical maximum 
yield  is 2  because  no  more  than two molecules of lactate  can  be  obtained  from  a 
single molecule of glucose. However,  production of lactate  from  glutamine may 
result in yields greater  than 2. The  true yield of lactate  from glucose, Ylac,+, would 
be  the  number of molecules of lactate directly obtained  from the metabolism of 
glucose. True yields must be  determined by metabolic labelling studies.  For 
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example,  the  carbon  atoms  in glucose could be  radiolabelled so that any radioac- 
tive lactate molecules must have been  produced  from glucose. Nuclear magnetic 
resonance  techniques with  13G-labelled glucose can  also  be  used. 

Apparent yields are useful for  characterizing  and following changes in cell 
metabolism because changes in the  apparent yield indicate changes in the use of 
alternative  metabolic pathways. Typically, an  apparent yield ratio  relates  the 
formation of a  product to  the  consumption of a  substrate.  However,  a yield ratio 
can  also  relate two substrates,  as in the case of oxygen and glucose: Y,&glc gives 
an  estimate of the  extent of oxidative metabolism relative to glycolysis. 

Id ratios  include oxygen/gluta~ine, ammonia/glutamine  and  product/ 
ecause  the cell concentrations in Equation 4.2.31 cancel, there is often 

less scatter in apparent yield data  than  in  the individual consumption  rates. 

xample 4 

The apparent yield of lactate  from glucose  is easily calculated for  the glucose step 
nge described in Example 2. Both qgl, and qlac are shown in Table  42.2  and 
ure 4.2.7. From  Equation 4.2.38, the  apparent yield  is obtained by dividing the 

specific lactate  production  rate by the specific  glucose consumption  rate.  The 
resulting Yiaclglc values are plotted as a  function  of  time in Figure 4.2.9 and are 
listed in Table 4.2.2. Note  that  the  fraction  of glucose converted to lactate also 

-2 0 2 4 6 
Culture  time (days) 

.9 Apparent  yield of lactate  from  glucose  (mmol  lactate  produced  per  mmoll 
glucose  consumed)  as a function of culture  time  for  the  glucose  step  change  experiment 
described  in  Figure 4.2.5. Adapted  from  Miller et al. (1989) by  permission  of ~iotec~noZogy 
and ~ioenginee~ing. 
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Calculation of apparent yields without a, 

An apparent yield  is  typically calculated by dividing a specific production  rate by 
a specific consumption  rate.  As shown in Equations 4.2.31 and 4.2.38, the viable 
cell concentration  terms cancel out.  Therefore,  the  apparent yield  may be calcu- 
lated by evaluating  the  numerators in Equation 4.2.31 for  product  and  substrate 
and  taking  their  ratio.  In  batch  culture,  the analysis is even simpler. An apparent 
yield ratio based on  Equation 4.2.32  is: 

(4.2.39) 

The yield  is easily calculated by evaluating  the  derivatives of product  concentra- 
tion versus time  and  substrate  concentration versus time  and  taking  their  ratio. 
Alternatively,  product  concentration is plotted against substrate  concentration  and 
the  absolute value of the  slope  at any point is equal to the  apparent yield. The 
important  point to note  here is that  apparent yield ratios may be  obtained even 
if specific consumption  and  production  rates  cannot  be calculated because viable 
cell data  are  unavailable.  For cases in which only endpoint  data are available, an 
average  apparent yield can  be  calculated.  In this case,  the  apparent yield  is  simply 
the  ratio of the change in  the  concentration of product to the change in  the concen- 
tration of substrate: 

AP 
uh,s = “hS (4.2.40) 

Cell yield on  substrate 

Using the  concept of yield ratios, we can define a  quantity  relating cell growth to 
substrate utilization: 

(4.2.41) 

where is the specific growth rate  and qs is the specific consumption  rate  for 
substrate S. Yield parameter is a sensitive parameter  that varies with cell 
growth rate and  culture  conditions, especially the  relative  amounts of different 
substrates,  and is useful for  detecting changes in substrate  utilization as  well as 
for identifying limiting nutrients  in media development. 

maintenance  energy model 

The maintenance  energy  model  (Pirt, 19’75) states  that  energy  consumption  can 
be divided into  that  needed  for growth and  that  needed  for  maintenance.  Through 
the use of yield ratios,  an empirical expression can be written  for a specific 
substrate  consumption rate as a  function of the  maintenance energy requirement 
and  the specific production  rates of all products  that  require  the  consumption of 
that  substrate. This type of model is useful in microbial systems, for which there 
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is frequently only one  carbon source. However, such a model is not very useful 
for animal cell culture because multiple substrates are required and the different 
products can  be synthesized from alternative substrates. 

A  more useful model is the  ATP maintenance  energy  model. The specific  utiliza- 
tion rate of ATP can  be expressed as: 

(4.2.42) 

The advantage of Equation 4.2.42  is that all substrates provide  energy via ATP 
so it does  not  matter  what nutrients are used  as long as qATp can  be estimated 
(see above). In  Equation 4.2.42, energy for product  formation would be included 
in the YL,ATp term for growth-associated products and in the mATp term for non- 

owt~-associated products. ~lternatively, a specific product  term could be  added 
Equation 4.2.42 in the form of qplYk,ATP. Miller et al. (1989) estimated mAw 

and for hybridoma cells  using Equation 4.2.42 and  the information shown 
xamples 2  and 3. 

stimation of cell density using metabolic quotients 

It is often im~ossible  to determine e~perimentally  the cell concentration in immo- 
bilized-cell reactors. However, it  is  usually  very  easy to measure oxygen and 
metabolite concentrations in the inlet and  outlet streams. From  the ~e tabol i te  
concentration versus time data, a volumetric (per unit reactor volume rather  than 
per cell) production rate can  be determined: 

(4.2.43) 

is the metabolite concentration in the  outlet  stream  and 
tration in the feed stream to  the reactor (M is often oxygen or glucose). If o~ygen 
is also supplied via transfer from gas-filled  hollow fibres, an extra ter 
added to  Equation 4.2.43. Terms M and qM are  related by: 

M 
4 M  = PI., (4.2.44) 

If qM is obtained from  experiments in stirred suspension or microcarrier cultures, 
as described above, then, it may be possible to estimate n, from QMlqM. 
care must be exercised because gM can  be altered by changes in the culture envi- 
ronment.  For  example, gM for cells  immobilized  in agarose beads or hollow fibres 
may be different from qM for the  same cells  grown in the  same  medium in a stirred 
suspension reactor (Shirai et al., 1988; ~ o h l p a r t  et al., 1991). In addition, qM may 
change  over  time  due to changes in  cell, nutrient  and  byproduct concentrations. 
Analysis of cell density and immobilization effects  is complicated by the  presence 
of nutrient concentration gradients. owever, stirred vessels  with  cells immobili~ed 
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in spherical  beads may be used to estimate  these effects if the  concentrations of 
glucose, oxygen and  other  nutrients  are high enough to ensure  that  the  concen- 
trations  at  the  centre of the  beads are in  the  plateau regime (i.e. metabolic 
quotients  independent of nutrient  concentrations). 

ecause  apparent  metabolic yields can be determined  without knowledge of nv, 
Y' values can be  monitored to detect changes in metabolic  patterns of cells in 
immobil~ed-cell bioreactors.  For  example, Y{ac,,, is easy to obtain  and provides 

re of the  fate of the  primary  nutrient glucose. Relatively constant 
,glc, YhHs,glc, Y;12.glc and  other yields provide  a good indication of a 

stable  culture  environment.  Under  these  conditions,  Equation 4.2.44  may be used 
with confidence to estimate changes in the viable cell density. 

r  product  formation is the specific product  forma- 
2.34  and  the  methods of analysis introduced  for 
to secreted  protein  products. 

r  batch growth in  a  stirred vessel  is  given by ~ ~ u a t i o n  
llular product  concentration.  Frequently, gp is rela- 

wth. One  example is monoclonal  antibody 
nard et al., 1988). If it is  ass 
2.32 can be  integrated to yie 

(42.45) 

The  integral  represents  the  area  under  the viable cell curve (n, versus time). If 
eed  constant  during  batch  growth,  then  a  plot of product  concentration 

versus the  area  under  the viable cell curve will  yield a  straight  line with slope 
his provides an easy approach  for  determining qp. The  integral may 

be  evaluated by fitting the viable cells versus time  curve with a polynomial and 
performing  the  integration analytically. Alternatively,  the  integral may be approx- 
imated by a sum of rectangles  or  trapezoids. 

eactors may be  operated with product  retention as  well as cell retention.  This 
allows for  product recovery at high concentration.  Retention may be accomplished 
by using a  membrane with a  pore size that is too small to allow passage of product 
but  large  enough to allow passage of metabolites  and waste products.  Capsules 
that  retain cells can also retain  product. En any type of product-retention system, 
retention may not  be 100%. This does  not complicate analysis as long as  the 
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retention  fraction is known. For  a  constant-volume  reactor with product  retained 
via a  membrane (similar to Figure 4.2.3), a mass balance on  product gives: 

D (apP - PF) + (dP/dt) 
q p  = (4.2.46) 

% 
where P is the  concentration of product  retained in the  reactor  and ap is the  ratio 
of the  product  concentration in the  outlet  stream to  the  product  concentration  in 
the  reactor (1 - ap is the retention  fraction).  A  drop in qp at high P levels may 
indicate  feedback  inhibition by product. 

We can define an  apparent yield of product  from  substrate (Yk,s) as a  measure 
of the efficiency of product  formation  that  can  be used t  compare cells  grown 
in different  culture systems or  in  different  media.  Product is a cellular product 
such as  monoclonal  antibody, while substrate S may be  ser , glucose, glutamine, 
o~ygen or any other  important  substrate. Analysis of the  overall yield (from 
endpoint calculations) may  allow for  comparison of production efficiency between 
different  reactors  and  culture conditions. Analysis of the yield at  various  time 

* allows for  detection of changes in the mechanisms of product  formation. 
ct yields are useful in identifying product  degradation  in  culture  (as 

evidenced by a decrease in Yk,s for all substrates). 

It is also relevant to consider  the  product yield on  substrate  in immobil~ed-cell 
reactors.  The ap  arent yield of product  from  substrate, Y;t,s, can  be  monitored 
over  time to detect changes in  the yield. If other yields are relatively constant, 
then changes in Yks may indicate changes in  the specific production  rate (qp). 
However, if some  or all of the  other calculated metabolic yields change,  then  it 
would be very  difficult to  attribute changes in production rate directly to changes 
in qp. ~nhibition of substrate  consumption  or growth by waste products may 
contribute to a  decrease in product yield. 

The growth and  metabolic  parameters  described  here  (see  Table 4.2.3)  may be 
ectly to compare  responses by different cells in a given system or by the 

ifferent  culture  environments.  They can also be  incorporated  into 
vide a  better  understanding of the processes governing 
nd product  formation. 
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Glossary of terms 
Term  Full  extension 

Concentration of lactate  dehydrogenase  (LDH)  in  culture  (IU  l-l) 
Dissolved  oxygen  concentration (mM) 
Dissolved  oxygen  concentration  in  reactor  feed  stream  (m&€) 
Reactor  dilution  rate (= F/V) (h-l) 
Constant-volume  reactor  volumetric flow rate (Fi = F0 = F )  (l  h-l) 
Viable  fraction of free cells  in  microcarrier  culture  (dimensionless) 
Reactor  inlet  medium  volumetric flow rate  (l h-l) 
Reactor  outlet  medium  volumetric flow rate (1  h-l) 
Fraction of viable  cells  (dimensionless) 
Henry's  law  constant  for  oxygen  (mmHg mkt") 
Specific  death rate (h-l) 
Specific  dead  cell  lysis rate (h-l) 
Volumetric  oxygen  mass  transfer  coefficient  (h-l) 
Rate of cell  release  from  microcarriers  (h-l) 
~etabolite concentration  in  reactor  (mM) 
ATP  required  for  cell  maintenance  (mmol  cell-l  h-l) 
Metabolite  concentration  in  reactor  feed  stream  (mM) 
Metabolite  concentration  in  reactor  outlet  stream  (mM) 
Total  cell  concentration  (cells  ml-l) 
m on cent ration of attached  cells  in  microcarrier  culture  (cells  ml-l) 
Dead  cell  concentration  (cells  ml-l) 
Effective  total  cell  concentration if no  lysis  occurred  (cells  m1-l) 
Concentration of free  (unattached)  cells  in  microcarrier  culture  (cells  ml-l) 
Total  cell  concentration  in  cell-retention  reactor  outlet  stream  (cells  mi-l) 
Viable  cell  concentration  (cells  ml-l) 
Average  viable  cell  Concentration  in  the  interval  between  samples  (cells  ml-l) 
Product  concentration  in  reactor (mM) 
Oxyen  partial  pressure  in  the  gas  phase  (mmHg) 
Molecules of ATP  generated  per  molecule  oxygen  consumed  (dimensionless) 
Product  concentration  in  reactor  feed  stream (mM) 
Specific  ATP  production rate (mmol  cell-l  h-l) 
Volumetric  production rate of M (mmol 1-l h-l) 
Specific  formation rate of M (mmol  cell-l  h-l) 
Specific  oxygen  consumption rate (mmol  cell-l  h-L) 
Specific  production rate of  P  (mmol  cell-l  h-l) 
Specific  consumption rate of S (mmol  cell-1  h-l) 
Substrate  concentration  in  reactor  (mM) 
Substrate co~centration in  reactor  feed  stream  (mM) 
Culture  time  (h) 
Reactor  volume (1) 
Apparent  yield of  cells  from  ATP  (cells  mmol-l) 
Apparent  yield of  cells  from  substrate S (cells  mmol-l) 
Apparent  yield of product  P  from  substrate S (mrnol  mmol-l) 
True  yield of cells  from  ATP  (cells  mmol-l) 

atio  of  the  product  concentration  in  the  outlet  stream to the  product  concen- 
tration  in  the  reactor  for  a  system  with  product  retention  (dimensionless) 
Ratio  of  the  cell  concentration  in  the  outlet  stream  to  the  cell  concentration  in 
the  reactor  for  a  system  with  cell  retention (= F2JF0 in  Figure 4.2.3) (dimension- 
less) 
Ratio of the  dead  cell  concentration  in  the  outlet  stream  to  the  dead  cell 
concentration  in  the  reactor  (dimensionless) 
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Term  Full  extension 
~" 

a,, Ratio of the  viable-cell  concentration  in  the  outlet  stream  to  the  viable-cell 
concentration  in  the  reactor  (dimensionless) 

P d  Fraction of yLDH retained  by  dead  cells  (dimensionless) 
YLDH LDH  content  per  cell  (IU  cell-l) 
P True  specific  growth rate (h-l) 
F a y  

Apparent  specific  growth rate (h-l) 
Fapp  Viable  cell-derived  apparent  specific  growth rate (h-l) 
PA True  specific  growth rate of attached  cells  in  microcarrier  culture  (h-l) 
P ~ P P  Apparent  specific  growth rate of attached  cells  in  microcarrier  culture  (hm1) 
P&I Apparent  specific  growth rate based  on  effective  total  cell  concentration  (h-l) 
PF True  specific  growth  rate of free  cells  in  microcarrier  culture  (h-l) 
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A kinetic  model of mammalian cells  is a quantitative  description  of  the main 
phenomena  that  have  an influence on  the  growth,  death  and  metabolic activities 
of cells. In  its simplest form a model consists of a set of mathematical  relation- 
ships between  the  different cellular rates - growth,  death,  nutrient  uptake  and 
metabolite  production - and  the composition of the  culture medium. When  trans- 
ferred to a  computer,  it provides a simulation of the  time  variation of the  different 
components of the  culture medium. More  elaborate models, potentially  capable 
of i~entifying limiting metabolic  steps  during biosynthesis of the  desired  product, 
may also be designed to represent changes in  the  intracellular  content,  the  meta- 
bolic pathways or the cell physiology as a function of culture conditions. 

As one of its  major  interests, a model  represents  an efficient tool  for  the  kinetic 
analysis of cellular processes. It is able to account  for  the main phenomena  that may 
simultaneously control  the activities of cells. As such, depending  on  the  culture con- 
ditions, composition of the medium and  whether  there is batch  or  continuous  mode 
of operation,  it  can  be used first to identify the  rate-limiting  factors  and  then to char- 
acterize ~uantitatively their  relative  importance.  For  instance, with a  model  it is pos- 
sible to evaluate  the  kinetic effect of a depletion of glucose, glutamine  and  other 
amino acids or of an accumulation of ammonia  and  lactate  on  the  rates of cell growth 
and  death. 

ecause of their  predictive  capabilities, models are also essential tools in modern 
biochemical engineering  for  the design of processes and  the  optimization of media 
and  reactor  operational  parameters in batch  or  continuous  operation.  They  can 
also  serve  in  the  development of software  sensors to estimate on-line the  time 
variation of the medium composition. 

The  construction of a kinetic  model  for  an animal cell culture involves several 
steps: a kinetic analysis of the  experimental  results with the  formulation of 
hypotheses  on  the  nature of the  rate-limiting  steps;  the choice of rate expressions 
describing the influence of these  phenomena  on  the cellular processes; evaluation 
of parameter values; and validation of the model with different  experimental 
results. In this section a general methodology is described  for  the modelling of 
cell cultures,  and  the  procedure is illustrated on  the kinetics of a hybridoma cell. 
(For  a summary of terms used, see  Table 4.3.3.) 

A kinetic  model consists of a set of mathematical expressions that  relate the rates 
of cellular growth and metabolism to  the composition of the medium. With 

Cell  and  Tissue  Culture: ~ ~ b o ~ a t o ~ y  Procedures in ~iotec~nology,  edited by A. Doyle and J.B. Griffitbs. 
0 1998 John Wiley & Sons Ltd. 
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mammalian cells, the  rates usually measured are  the rates of cell growth and  death, 
the  rates of uptake of the main nutrients, glucose and  glutamine,  the  rates of 
production of the main metabolites,  lactate  and  ammonia,  and  the rate of secre- 
tion of proteins. Most of the medium components,  depending  on  their 
concentration, may have an influence on  the  metabolic activities of cells. Among 
the most frequently  observed  rate-limiting effects are  the  depletion of glucose and 
glutamine  and  the accumulation of ammonia  and  lactate. 

An example of a kinetic  model  that  takes  into account the effect of these  four 
components - glucose, glutamine,  lactate  and ammonia - is presented below, The 
different rate expressions it  contains  have  been  found  correctly to simulate  batch 
or  continuous  cultures of several mammalian cell lines. 

Specific rate of cell growth: 

(4.3.1) 

Specific rate of cell death: 

Specific rate of glucose consumption: 

'Glc 'Glclx ' " mGlc 

Specific rate of lactate  production: 

TLac = YLacn< * P + mLac 
Specific rate of glutamine  consumption: 

Specific rate of ammonia production: 

"4 = 'N€I4/X * p + mNH4 

Specific rate of antibody  production: 

Rate of glutamine  degradation: 

(4.3.3) 

(4.3.4) 

(4.3.5) 

(4.3.6) 

(4.3.7) 

(4.3.8) 

The specific rate of cellular growth, p,, is defined as the  number of new cells 
produced  per  unit (e.g. billion) of living  cells present in the  culture medium per 
unit  time (e.g. hour). 



162 ~ I O C H E ~ I § T R ~  OF CELLS IN CULTURE 

For a given medium a cell line can be  characterized by a maximum  specific 
growth rate, pmax, which  is the  observed growth rate in the absence of any limi- 
tations by nutrients or any inhibition by metabolites. This maximal growth rate is 
related to the  doubling  time (l,) of the cell  by the  relationship: 

ing culture  the specific growth rate usually decreases because of either  deple- 
of essential  nutrients  or accumulation of inhibitory  metabolites.  Equation 

43.1 represents such a variation of specific growth rate as a function of the  concen- 
tration of glucose, glutamine,  lactate  and ammonia in the medium. 
law the m a x i ~ u m  specific growth rate is multiplied by four  terms 
the rate-limiting effect of each of the  components. 

The  parameters  introduced - KGic, KGlnt KLac, .KNH4 - give the  range of concen- 
re  either  the  nutrient becomes limiting or  the  metabolite becomes 

modulating  the values of these  parameters  the  model can account  for 
differences in cell sensitivities towards  nutrient  depletion  and  product  inhibition. 

The specific rate of cellular death, kd, is defined as the  number of dying cells per 
unit (e.g. billion) of living  cells present in the  culture medium per unit time (e.g. 
hour). 

As a first approx~at ion k, has often  been  considered as a constant.  Yet  more 
detailed  kinetic analyses have shown that  the specific rate of cell death is also 
affected by the che composition of the medium and  several  physicochemi~al 
parameters, such a temperature  and osmotic pressure. It is often lowest at 
the  start of the cu and  then gradually increases  due  either to depletion of 
essential  nutrients  or accumulation of inhibitory  metabolites. 
A rate expression for cell death is  given in Equation 4.3.2. th  its  four  terms  it 

expresses the possible increase in the cell death  rate  due  to  itations in glucose 
and  glutamine  or accumulations in  lactate  and ammonia. In this case,  the  different 
contributions  are  additive in order  to  take  into account  the effect of each  compo- 
nent: if the expression relative to one  substrate becomes equal to zero,  the effects 
of the  other  components  remain visible in the calculation of the specific death  rate. 

y proper  adjustment of the values of the  four  parameters Cl, C2, K~ and  it is 
possible to account  for differences in death kinetics from  one cell line to another. 

e 
The specific rate of nutrient  uptake, U, is defined as the  number of millimoles of 
nutrient consumed per  unit (e.g. billion) of living  cells present in the  culture 
medium and  per  unit  time (e.g. hour). 

For most  cell lines it has been  found to increase linearly with the specific growth 
rate.  Thus  the specific rate of glucose uptake is often  expressed as a function of 
p by Equation 4.3.3,  which contains two parameters:  the  non-growth-associated 
specific glucose consumption  rate, mGlc (mmol glucose  cells h-l), and  the 



glucose to biomass conversion yield, YGlclx (mmol glucose lP9 cells). A similar 
expression,  Equation 4.3.5,  is applicable to  the specific rate of glutamine  uptake. 

The specific rate of metabolite  or  protein  production, T ,  is defined as the  number 
of millimoles or milligrams of product  excreted  per  unit (e.g. billion) of living cells 
present  in  the  culture medium and  per  unit  time (e.g. hour). 

For most cell lines it is found to increase with the specific growth rate.  Thus 
the specific rates of lactate  production  can be expressed as  a  function of p by 
Equation 4.3.4,  which contains two parameters:  the non-growth-associated specific 
lactate  production  rate, mLac (mmol lactate cells h-l), and  the  lactate to 
biomass stoichiometric yield, YLaclx (mmol lactate cells). A similar expression 
is often applicable to  the specific rate of ammonia production  (Equation 4.3.6) 
and  antibody  secretion  (Equation 4.3.7). 

The  spontaneous decomposition in the medium of glutamine  into ammonia can 
be  represented by a  first-order rate process with respect to  the glutamine  concen- 
tration,  as shown in Equation 4.3.8. 

A s  one objective of model  construction is to obtain  the  best fit between  model 
simulations and  experimental  results,  appropriate  kinetic  data have to be  obtained, 
Experiments can be  performed in different systems: 

are  the simplest to perform,  either in shake flasks or small bio- 
ever,  as  the  concentration of all the  nutrients  and  metabolites 
aneously with time,  it is relatively difficult to assess the precise 

influence of a single medium component  on cell kinetics 
C o ~ t ~ ~ ~ o ~ ~  c ~ Z t ~ ~ e ~  require  more  sophisticated  equipment  and  long-term  oper- 
ation  extending to several weeks. But, as a major advantage,  nutrient  and 
metabolite  concentrations  can  be  maintained  constant  for  several days, which 
allows a  more precise analysis of the influence of medium composition on 
cellular activity 

When investigating cell kinetics, it is  very important to control precisely the 
physicochemical parameters of the medium, such as temperature,  pH, dissolved  oxy- 
gen and osmotic pressure. It is also important to define precisely the  state of the 
inoculum, which  may have  a significant effect on  the  progress of the  culture.  During 
the  culture,  one  measures  at  regular  time  intervals  the  concentrations of living and 
dead cells, of the major nutrients  and  metabolites  and of excreted  proteins. 
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The procedure of kinetic  data analysis and  model  construction is illustrated  for  a 
hybridoma  culture (cell line V 0  208) in a  batch system, The medium used was 
RPMI 1640 + 5% (vh) foetal calf serum (FCS) + 2% (dv) minimum essential 
medium (MEM)  amino acids + 1% non-essential  amino acids and  initial glucose 
and  glutamine  concentrations of 13 mM and 4.5 mM, respectively. 

The  batch  culture was carried  out in a  bioreactor (B. Efraun)  with a working 
volume of 11. ~orty-eight hours  after  the  last  Roux  bottle  inoculation,  the cells 
were  inoculated  at  about 2 x108 viable cells l-1 in the  bioreactor. 

was maintained  at  a value of 7 with 0.2 M NaOH solution  and gaseous 
CO,, The  temperature was set at 37°C and the oxygen supply regulated  at 50% 
of air  saturation with gaseous air  and  nitrogen.  The  rotating  speed was 50 rpm. 

~ u r i n g  the culture,  the  concentrations of living and  dead cells (by the  Trypan 
blue exclusion method) were measured using a  haemocytometer  (Chapter 2, 
section 2.2): glucose, lactate  and  glutamine by enzymic methods; ammonia with a 
selective electrode;  and  monoclonal  antibodies by ELISA assay. 

The  time  variations of these medium compounds  for  the given example are 
presented in Figure 4.3.1. 

Prior to  the construction of the  kinetic  model,  one has to perform  a  detailed 
analysis of the  experimental  data in order  to identify the main rate- l~i t ing effects 
and  the  relationships  that may exist between  the  different  kinetic variables. A 
procedure  for  data analysis is described  and  illustrated  for  the previously obtained 
experimental results. 

Identify  the  rate-limiting  nutrients 

The time  variation of the  different  concentrations  in  the  culture medium shows 
the classical mammalian cell kinetics of a  batch  culture:  a growth phase with a 
maximal cell concentration of 8 x lo8 viable cells l”, followed, after 100 h  of 
culture, by a  death phase. Rapid  death occurs when glutamine is completely 
consumed in the medium, which indicates  that glutamine l ~ i t a t i o n  is responsible 
for  the cessation of cell growth and  increase in cell death  rate. The glucose level 
progre~sively  decreases  and  reaches a residual value near 2 mM. At this level, the 
rate-limiting effect of glucose on cell growth and  death is probably  not significant. 

~dentify the rate-limiting metabolites 

ntration  increases up to 14  m , and the a m ~ o n i a  con cent ratio^ 
hese levels, both  lactate  and ammonia can  inhibit  the cell g ~ ~ w t  
e cell death  rate. 
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Calculate  the  total cell production 

The  measured  concentration of living  cells  is the  result of two processes: the  forma- 
tion of new  cells and  the  death of living  cells. In  order  to  evaluate  the  actual  rate 
of new cell production,  one  has to calculate  the  total  number of cells (Xt)  that 
have been  produced  during  the  culture. A s  long as cell  lysis can  be  neglected,  it 
is  given by the sum of the  measured live (Xv)  and  dead cells (Xd): 

X t = X v + X d  (4.3.9) 

The  time  variation of the  total  concentration of cells  is plotted  in  Figure  4.3.la. 

Calculate  the specific growth rate 

The specific growth rate is calculated by the  relationship: 

Calculate  the specific death  rate 

The specific death  rate is calculated by the  relationship: 

k, = - am (h-') 
Xvdt 

Calculate  the specific rates of nutrient  consumption 

The specific rate of glucose consumption: 

-d[ Glc] 
'Glc ~ (mmol cells h-l) Xvdt 

(4.3.10) 

(4.3.11) 

(4.3.112) 

The specific rate of glutamine  consumption (which takes  into  account  glutamine 
decomposition): 

-d[Gln] kdeg[Gln] 
Xvdt XV 

VGln = - - (mmol cells  h-l) 

Calculate the specific rate of metabolites  and  antibody  production 

The specific rate of lactate  production: 

d[Lac] 
Xvdt QLac = - (mmol cells  h-l) 

The specific rate of ammonia production: 

(4.3.13) 

(4.3.14) 

(4.3.15) 
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The specific rate of antibody  production: 

d[MAbs] 
&dt TMAbs = (mm01  cells  h-l) (4.3.16) 

lot  the  different specific rates as a  function of time  and analyse the  evolution 
of the  metabolic activities of cells during  the  culture 

The resulting curves in Figure 4.3.2 clearly indicate  the existence of two culture 
periods: 

lasts  about 30 h  and is where the  different  rates  increase. This corre- 
sponds to  the classically observed lag phase,  where cells progressively adapt to 
their new environment. 

is from 40 to 140 h, where all the specific rates progressively decrease 
except  the cellular death  rate, which continues to rise. This reduction  in  the 
specific rates of growth and ~etabolism is  mainly due to glutamine  limitation. 

owever,  the accumulation of lactate  and ammonia may also have  a  kinetic 
effect. 

epresent  the specific rates of nutrient  consumption  and  metabolite prod~ction 
as  a  function of the specific growth rate 

All  the curves obtained in gure 4.3.3, except for  antibody  production, show  two 
distinct upper  and lower parts:  the  upper  part  corresponds to  the initial lag phase, 
and  the lower part  to  the following growth and  death  periods. This indicates  that 
during  the  initial lag phase,  at  a given growth rate, cells exhibit a  faster  rate of 
nutrient  uptake  and  metabolite  production. 

Analyse the lower part of the curves. 1s there a linear  relationship  between  the 
specific rates of cell metabolism and cell growth? 

In  Figure 4.3.3, the lower parts of the curves can be  approximated to straight lines, 
This indicates  that  after  the  initial lag phase,  the rate of cellular metabolis~ can 
be  considered to be  proportional to the  rate of cellular growth, 

We  will  only consider  a  kinetic  model  for  the main culture  phase  after  the  initial 
lag period. 

Select  a  rate  expression  for cellular growth 

As suggested from  the previous kinetic analysis, glutamine,  lactate  and ammonia 
have  the main limiting effects on cellular growth. Thus, according to the  model 
database in Table 4.3.1, a  kinetic expression with the  three  rate-limiting effects is 
selected: 
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.3.3 Relationships  between  specific  glucose  (a)  and  glutamine  (c)  consumption 
rates,  lactate  (b),  ammonia  (d)  and  monoclonal  antibody  (e)  production  rates  and  specific 
growth rate  during  lag  and  growth  phases of V 0  208 batch  culture. 
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Range of parameter  valuesa 

Parameter  Order of magnitude of parameter  values 
Growth 

Death 

Glucose  consumption 

Lactate  production 

Glutamine  consumption 

Ammonia  production 

Antibody  production yMAbs/X 
mMAbs 

0.02-0.125 h-l 
0.1-1 mM 

0.06-0.3 mM 
8-12 000 mM 

1-45 mM 
0.008~.08 h-1 

5 x 1w-0.1 mM 
0.004 mM 

0.03-0.05 mM-l 
0.01 mM-l 

2-16 
0.007-0.5 

4-15 
0.01 
1-3 
0.04 
0.5-2 
0.03 
4-10 

0.044.06 
values are  expressed in rnrnol leg viable  cells except  for YM,,,x, which  is expressed in mg viable  cells; 

m value  units  are rnmol h-1/10-9 viable  cells and mMAbs units  are mg h-’/le9 viable  cells. 

Select a rate expression  for cellular death 

~lutamine depletion  as well  as lactate  and ammonia accumulation are also respon- 
sible  for  the  observed  increase in the specific rate of cell death. Again a  three-term 
rate expression is selected: 

> (4.3.18) 

Select  the  rate expressions for  nutrient  uptake 

As linear  relationships  have  been  found  for  both glucose and gluta~ine uptake 
rate as a  function of the specific  growth. rate,  the  kinetic expressions proposed in 
E~uations 4.3.3 and 4.3.5 can be  considered applicable: 

(4.3.19) 

(4.3.20) 
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Select the  rate expressions for  metabolite  and  antibody  production 

Linear  relationships  are also applicable to the specific rates of lactate, ammonia 
and  antibody  production: 

TLac = L a m p  + mLac (4.3.21) 
TNH4 = ~ ~ ~ ' N H ~ / ~ ~ p  + mNH4 (4.3.22) 

yMAbs/Xip + mMAbs (4.3.23) 

Write  the mass balance equations  for  the  different species 

In  order  to  simulate  the  time-course of a batch  culture with the previously intro- 
duced rate expressions, one writes the mass balance  equation  for  each of the 
considered species. They express the fact that in a batch  culture  the  rate of vari- 
ation  in  the  concentration of a given species in the  culture medium is equal to 
the  rate of production  or  disappearance of the species. One  thus  obtains  the 
following set of differential  equations: 

" - (p - kd>xv dt 
d[Glc] 
dt 
d[Lac] 

dt 
d [Gln] 

dt 

"- - 
'Glc xv 

= "niLac& 

"- - kdeg[G1nl 

(4.3.24) 

(4.3.25) 

(4.3.26) 

'G1nxv (4.3.27) 

(4.3.28) 

(43.29) 

Integrate ~quat ions 4.3.24-4.3.29  by a numerical  method 

everal  standard  procedures  are available numerically to integrate  the 
nd thus  calculate  the  time  variations of the  different  concentrations. 

Kutta  method  (Vetterling et d., 1986)  is generally advised. 

Finally one has to determine  the values of the  parameters  introduced  in  the 
different  rate expressions. The objective is to obtain  the  best  agreement  between 
the calculated time  variations of the medium composition and  the  measured  exper- 
imental results. There  are two  ways to evaluate  the  parameters:  some  can  be 
calculated directly from  the  experimental  results  and  others are evaluated by a 
curve-fitting procedure. 
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Evaluate  the values of the  parameters in the  rate expressions of the specific 
rates of nutrient  uptake  and  metabolite  or  protein  productions 

Each of the five linear  relationships  between  the specific rate of cell meta~olism 
and  the specific rate of cell growth contains two parameters: a stoichiometric co- 
efficient Y and  a non-gro~th-associated specific rate m. From  the  plots shown in 
Figure 4.3.3 one  can  thus  evaluate  the values of ten of the  parameters  as  the  slope 
of the  straight lines and  their  intercept with the y-axis. The  determined values are 
reported  in  Table 4.3.2. 

v a l u ~ t ~  the values of the  other  parameters by a curve-fitting procedure 

ameters  that  have  been  introduced  in the  rate expressions for cellular 
eath  remain to be  determined. As a first estimation  one  can  take 

the usual range of values found  for  other cell lines as indicated 

first values we do  not  obtain  a  correct  simulation of the  experi- 
Thus  the values of the  parameters are progressively improved by 
. One modifies the value of one  or  several of the  parameters  and 
these  results are  an improvement in the fit between  the  model 

ental  results.  The  procedure is repeated  until  a satisfactory agree- 
. The resulting values are reported in Table 4.3.2 and  the  results 
ation  are  presented  in  Figure 4.3.4. 

Parameter  valuesa  for  the V0 208  hybridoma  cell  line 
Parameter  Parameter  values 

Growth 

Death 

K1 
K2 

Glucose  consumption YGldX 

Lactate  production.  F,ac/x 
m Glc 

mLac 
Glutamine  ons sump ti on YGldX 

mGln 
~mmonia production YNH4/X 

mm4 Antibody  production. 'MAbslX 

mMAbs 

0.058 h-l 
0.1 mM 
55 mM 
10  mM 

0.008 h-l 
0.1  mM 

0.05 mM-I 
0.014 mM-l 

9 
0.018 

13 
0.01 
2.5 

0.037 
1.7 

0.03 
4.5 
0.06 

"Y values are expressed in mmol leg viable  cells  except for YMAh/X, which is expressed in 
mg viable cells; m value units are mm01  h-l/lO"g viable cells and mMAhs units are mg 
h-lJlO-9 viable  cells. 
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y this iterative  procedure  one  observes  that  model  predictions are very sensi- 
tive to the values of some of the  ameters, which as a consequence  have to be 
deter~ined with great precision. the  contrary, for others, appro~imate values 
are  §uf~cient because model   re dictions are  not § i ~ n i ~ c a n t ~ y  affected by variations 
in these p a r ~ ~ e t ~ r  values. 
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The kinetic expressio 
contains three  terms  that  each express a possible increase of the specific death 
rate and  can  be evaluated as  follows: 

1/(1 -I- [Gln]/C,) for glutamine 

 lac] for lactate 

From the measured or simulated time variations of the concentrations of the  three 
different species, one estimates the values of the  three different factors: they are 
equal  to zero when the considered substrate  or  product is non-limiting and they 
increase when the  substrate level becomes too low or the byproduct concentration 
too high. 

The time variations of the different factors have  been calculated and are  repre- 
sented in Figures 4.3.5b and 4.3.5c, together with the variation of the specific rates 
of cell growth  and  death (Figure 4.3.5a). These variations clearly indicate that 
during the first 70 h  the slight decrease in growth  rate  and increase in death  rate 
can  be essentially attributed  to  the action of a m ~ o n i a  and lactate. After 80 h the 
sharp decrease in growth rate and increase in death  rate result from the sirnulta- 
neous effect of ammonia, lactate and glutamine, but  glutamine depletion has the 
most  dominant effect. 

From a single batch culture it is  difficult to identify precisely the kinetic effects 
of the four considered medium  components. It would be necessary to study the 
kinetics of several cultures run  at different initial medium concentrations of glucose 

better q~ant i~ca t ion  of the respective effects of lactate and 
ammonia  on cell growth  and  death would also require additional studies on culture 
kinetics when adding different levels of lactate or ammonia to  the initial culture 
~ e d i ~ m .  An alternative method would be  to grow the cells  in continuous  mode 
and  change separately the concentrations of the medium components in the 
feeding medium. 

The extent of cell death is determined by measuring  the cells unable to exclude 
the Trypan blue dye. In prolonged  continuous culture or in unfavourable envi- 
ronments  the additional phenomenon of cell  lysis  may also occur. The number of 

at have lysed can  be  determined by measuring the lactate dehydrogenase 
concentration released into  the medium (see Chapter 2, section 2.5). 

Adding the number of visible and lysed dead cells  yields an evaluation of the  total 
rate of cell death. 
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re odelling  evolution  with  time of the  specific  growth  and  death  rates (a) and 
their  limiting (b) and  promoting  (c)  factors  during  a  batch  culture. 



ccording to previous kinetic studies, for many c 
is not simply growth associated as assumed  in 

may observe  a specific protein ~rod~ct ior t  rate independent of 
rate.  Under these conditions a  non-gro~th-associated type of rate 
to  be selected for protein ~roduction. 

he s~ggested mod ounts for the kinetic effects 
lactate  and  ammonia. nding on  the initial medium c 

i ~ ~ u e n ~ e  of other  amino acids, s e r ~ m ,  dissolved  oxygen 
te expressions in the  model  can  be 

ode1 has to  be validated for 

rtal rate-limiting effects 

perfused modes. 
to  another  mode  needs  the  adjustment of different parameters. 

14, Death  constant  (h-l) 
C, Glutamine  activation  constant  in  specific  death rate expression  (mM) 
C, Glucose  activation  constant  in  specific  death rate expression (m 
[Glc]  Glucose  concentration  (mM) 
[Gln]  Glutamine concent~ation (mM) 

kdeg Glutamine  degradation  constant  (h-l) 
KG,c Glucose  activation  constant  in  specific  growth  rate  expression 

Glutamine  activation  constant  in  specific  growth rate expressi 
c Lactate  inhibition  constant  in  specific  growth rate expression 

H ~mmonia inhibition  constant  in  specific  growth rate expressi 

k, Specific  death rate (h-l) 

[Lac1  Lactate  concentration  (mM) 
m  on-growth-associated specific  rates  (mmol  or mg cells  h-l) 

bs]  Monoclonal  antibody  concentration (mg l-l) 
+] ~mmonium ion  concentration  (mM) 

rG,, Rate of glutamine  degredation  (mmol 1-l h-]) 
Xv Viable  cell  concentration (lo9 cells l-l) 
Xm Dead  cell  concentration (lo9 cells  1-l) 
Y G~owth-associated  yield  (mmol  or mg  cells) 
K1 Lactate  activation  constant  in  specific  death rate expression ( 

En, Specific  growth rate (h-l) 
~mmonia activation  constant  in  specific  death rate expressio 

pmax Maximum  specific  growth rate (h-l) 
vGlC Specific  glucose  consumption rate (mmol cells h-l) 
vGln Specific  glutamine  consumption rate (mmol  cells h-l) 

Specific  lactate  production rate (mmol  cells h-1) 
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Cell death in eukaryotic cells  may be divided into two  morphologically and 
biochemically distinct modes, those of apoptosis and necrosis.  Necrosis  is the clas- 
sically  recognized form of cell death  that results from severe cellular insults and 
involves rapid cell  swelling and lysis and is a process over which the cell has little 
or no control. Apoptosis, on  the  other  hand, is the  mode of cell death  observed 
primarily under physiological conditions, and is an organized, preprogrammed 
response of the cell to changing environmental conditions. This form of cell death 
is characterized by cell shrinkage, nuclear a A  fragmentation  and  breaking 
up of the cell into  membrane-bounded vesi med ‘apoptotic bodies’,  which 
are subse uently ingested by neighbouring cells or macrophages 

pendent process that some systems also requires 
activation of a Ca2+ g2+-dependent, zinc-inhibit 

which  cleaves the cell’s NA  into  fragments of 200 base pairs or multiples thereof, 
is the  main biochemical hallmark of apoptosis. 

In cell culture systems,  cell death via apoptosis is quite  common  and  can  occur 
under a variety of circumstances. For  example, growth-factor-de~endent cell lines 

oval of the growth-promoting agent from  the culture 
vas,  1989). Terminal differentiation of cells in vitro 

results in apoptos et aZ., 1990), as does  normal turnover of cells  with a 

* ited lifespan, e.g. neutrophils ( avill et al., 1989) or freshly isolated thymocytes 
ceonkey et al., 1989). Altered ulture medium conditions, e.g. removal of zinc 

from the medium ( artin et al., 1991), or cultures that  are allowed to overgrow to 
produce high  cell densities, also induce apoptosis. Finally,  cells  may also be  induced 
to undergo apoptosis by exposure to a wide range of cytotoxic agents (Lennon et 
al., 1991). Under in vivo CO itions, apoptotic cells are recognized and rapidly 
removed by phagocytic  cells. wever, in cell culture this cannot occur and instead 
the cells undergo  secondary necrosis.  Cells at this stage are Trypan blue positive. 
Up  to this point, however, apoptotic cells maintain the ability to exclude vital dyes, 
and  hence this method underestimates the health of a cell culture. 

S 

Note: Lysis buffer (without proteinase ) and the  TE buffer should  be  auto- 
claved to remove  contaminating  deoxyribonuclease activity. 

Cell and Tissue Culture:  Laboratory Procedures in ~iotech~olog~,  edited by A. Doyle  and J.B.  Griffiths. 
0 1998 John Wiley & Sons Ltd. 



ed carcinogen, Gloves shoul be worn w ~ e n  using  all 
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~orphological characteristics of apo~tosis in  human pro~yelocytic l e u ~ a e ~ i c  
illustrating  nuclear frag~entation typical of apoptosis  in  HL-60 cells 

cates  normal  cells.  All  the  other  cells  are ~ndergoing various  phases of apoptosis. 
ma~ni~cation x500. 

or~holo~ical characterist~cs of necrosis  in  L-60  cells.  Original  ma 
tion x500, 
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from the activation of an  endogenous  endonuclease  that cleaves at  the exposed 
linker regions between nucleosomes.  Necrosis, on the  other  hand, is not associ- 
ated with the  ordered  form of NA cleavage observed during apoptosis, 
a biochemical examination of the DNA from cells can  be used to characterize the 
mode of cell death occurring in cell cultures. 

iously heat  treated  to  remove  contaminating  ~eoxyribonuclease 

henol, buffered with  0.1 
Chloroform/isoamyl alcohol (24:l) 

loves should  be worn throughout this procedure, both to protect the  worker 
from  phenol  and  chloroform  and to prevent  contamination of samples with 
deo~yribonucleases.  Pipette tips and tubes should  be autoclaved before use. 

1. 
2. 

3. 

5. 

6. 

7. 

8. 

ash  cells  twice in ~hosphate-buffered saline ( 
cell pellets at  2 x lo7 ml-l in lysis buffer and incubate in a 50" 

ase A to  a concentration of  0.25  mg  m1-1 and continue incubation at 

A preparations twice  with an equal volume of phenol 
er after each extraction). 

Extract twice  with an equal volume of chloroform/isoamyl alcohol (retain  the 
aqueous layer ach extraction). 
Centri~uge  the preparations at  13 000 for 15 min to  separate intact from 

ented chromatin. 
the  supernatant (containing the fragmented  chromatin)  into  a  separate 

NA in  two  volumes of ice-cold ethanol overnight at -70°C. 
may be  stored in this condition for long periods. 

aterials and  equipment 

Electrophoresis loading buffer 
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idium bromide 
source (Transilluminator (UV: 302 nm),  UVP Inc., an Gabriel, CA, U 

hidium bromide is an irritant and known mutagen.  Gloves  should 
bout this procedure. 

NA precipitates by centrifugation at  13 00 for 15 min.  Allow 
the tube to air-dry at room  temperature for 10 min and re pend in TE buffer, 
Store  at 4°C. 

2. Add electrophoresis loading buffer in a 15 ratio. lace samples  into a 6 
-bath for 10 min and  then  maintain  on ice. 
samples  into wells of a 1% agarose gel. 
ophoresis is carried o ffer at 6 V cm-1 of gel. 

E buffer containing 1 mg ml-l ethidium 

rescence. Care  should  be  taken not to expose skin 

totic cells separates into ba 
.4.3, lanes 3 and 4), whereas 

control cells  shows relatively little degradation (Figure 4.4.3 
isolated from necrotic cells  shows no  ordered 

~ o t ~ ;  The molecular size markers enables an estimate of the size of 
the fragme 

f apoptosis is  only occurring at relatively low  levels  in cultur 
sary to  obtain a purified population of apoptotic cells prior to 
electrophoresis. This may be achieved y exploiting the fact 
are  more  dense  than  normal nce it is  possible 
cells by isopycnic centrifugation. n  be used to  create 
densities. The precise ercoll densities used for isolation of apoptotic cells  will 
depend  on  the cell type under investigation. 

ercoll solutions of various densities. These densities sho~ ld  typically 
1.05 to 1.08 in the case of most  mammation cells. 

2. Carefully layer the Percoll solutions sequentially into a test tube. 
S, resuspend at a high concentration (typically 20 x lo6 ml-l) 
ce on  top of the Percoll column. 

3. Centrifuge at 400 for 30  min  in a swing-out rotor. Cells distribute to their 
ating bands representing normal,  d  and apoptotic cells. 

te  the different bands  from the Percoll gradients. rphological examina- 
tion of these bands indicates which band is enriched for apoptotic cells. This 
provides an estimate for the density of the apoptotic cells. 
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Cleavage of DNA  into 200 or  multiples of 200 base  pairs  during  apoptosis  in HL- 
60 cells  (lanes 3 and 4). Control  cells  do  not  display  any  DNA  degradation  (lanes l and 2). 

rcoll gradients, placing the  solution with the  estimated density of 

epeat  the  above  procedure  until  apoptotic cells pellet to  the bottom of the 
test  tube  after  centrifugation. It is possible to obtain a purified population of 
apoptotic cells (>90%) by this method. 

Figure 4.4.4 shows a typical Percoll gradient  for  isolation of apoptotic cells from 

at  the  bottom of the  tube. 

a  human promyelocytic leukaemic cell culture ( 

Apoptosis was first described in 1972 (Kerr et al., 1972). Since then  it bas become 
apparent  that this mode of cell death plays a role in a number of important phys- 
iological processes. Thus  it is advantageous to be  able to recognize when this mode 
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cells 

apoptotic  cells 

Percoll  gradient  for  isolation  of  apoptotic  cells  from  an LH-60 cell  culture. 

of death is occurring. ~nvestigations  into  the mechanistic aspects of apoptosis  have 
revealed  a  regulatory  role of different  ions  in this process. For  example,  apop- 
tosis occurs in certain  human cell lines under  conditions of zinc deficie 
et al., 1991).  Lik e,  apoptosis may be  inhibited by the  addition o 
culture medium rtin & Cotter, 1991) or by removal of calcium 
et al., 1989). Hence  it is apparent  that  different  culture  conditions may activate 
or  inhibit this mode of cell death.  The  above mo~hological and  biochemica~  proce- 
dures should be used to complement  each  other in identifying the  mode of cell 
death occurring in cells. 

Kerr  JFR,  Wyllie AH & Currie  AR  (1972) 
Apoptosis:  a  basic  biological  phenomenon 
with  wide  ranging  implications  in  tissue 
kinetics. ~ r i t i s ~  Journal of Cancer 26: 

Lennon SV, Martin SM & Cotter  TG  (1991) 
Dose-depend~nt  induction of apoptosis  in 
human  tumour  cell  lines  by  widely  diverg- 
ing  stimuli. Cell ~rolif~ration 24: 203-214. 

Martin  SJ & Cotter  TG  (1991)  Ultraviolet  B 
irradiation of  human  leukaemia  HL-60 
cells in vitro induces  apoptosis. Inter- 
national  Journal of Radiati~n ~iology 59: 

239-257. 

1001-1016. 

Martin  SJ,  Bradley JG & Cotter TG (1990) 
HL-60  cells  induced to differentiate 
towards  neutrophils subse~uently die  via 
apoptosis. Clinical ~xperirnental Imrnu- 
nology 79:  448-453. 

Martin  SJ,  Mazdai C, Strain  JJ,  Cotter TG 
& Hannigan BM  (1991) P r o g r a ~ ~ e d  cell 
death  (apoptosis)  in  lymphoid  and 
myeloid  cell  lines  during  zinc  deficiency. 
Clinical  and ~xp~rimental Irnmunology 

McConkey DJ,  Hartzell  P,  Amador-Perez 
JF,  Orrenius S & Jondal M (1989) 
Calcium-dependent  killing of immature 

83:  338-343. 
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thymocytes  by  stimulus  via  the  CD31T  cell 
receptor  complex. Journal of Immunolo~y 

Nieto MA & Lopez-Rivas A (1989)  IL-2 
protects  T  lymphocytes  from  glucocorti- 
coid-induced  DNA  fragmentation  and  cell 
death, Journal of Immunolo~y 143: 
41664170. 

Savill  JS,  Wyllie  AH,  Henson JE, Walpoet 
MJ,  Henson  PE & Haslett C (1989) 

145:  1801-1806. 

Macrophage  phagocytosis  of  aging 
neutrophils  in in~ammation: ~rogrammed 
cell  death  in  the  neutrophil  leads to its 
recognition  by macropha~es. Jo~rnul of 
Clinical Investi~ation 83:  865-871. 

Wyllie AH (1980) ~lucocorticoid-ind~ced 
thymocyte  apoptosis  is  associated  with 
endogenous  endonuclease  activation. 
~ a t ~ r e   ondo don) 284: 555-556. 



en the ~ ~ o ~ t ~  of a cell culture slows  down at  the  end of 
phase,  the  roba able reason  for this is either  that  the cells 
growth factors or nutrients,  or  that  the cells are  prod 

ight be useful to r emo~e  the 
~nsities or a p r o l o ~ g e ~  culture lifetime. In  cultures  that 

to~ification by gel filtratio~. 

Cell  and Tissue Culture: Laboratory Procedures in ~ ~ o ~ ~ ~ h ~ o l ~ g y ,  edited by A. Doyle and J.B. Griffiths, 
0 1998 John Wiley & Sons Ltd. 
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adherent,  or immobilized by other  means, they may be  removed by, for 
example, centrifugation. 

3. Take  the tubing in one  hand with sterile gloves, pipette  the  medium  into  the 
tubing and  immerse it in a bottle containing fresh growth mediu 
serum. 

at room  temperature for 2 h. 

culture from which it was taken. 

(0.2 pm) before returning it to  the cells. 

ut a magnetic  bar (sterile) into  the bottle and place it  on a magnetic  stirrer 

5. With a pipette,  withdraw the medium  from the tubing and  return it to  the cell 

6. If sterility is not  guaranteed,  the  medium  must  be filtered through a sterile filter 

-25, bed volume x 3 of the 

Growth  medium with  all supplements 
of the column 

the column and c 
fra~tion collector) 

1. E uili~rate  the column with one  bed volume growth  med 
2. the cell-free medium  from the culture, leaving a minimu 

for the cells to survive for a~pro~imately 2 h. If the 
adherent,  or immobilized by other  means, they must 
example, centrifugation. 

3. Apply  the cell-free medium to  the column and  start  the 
collector. 

medium  without  serum  (one ollect suitable 
1/10 to 115  of the volume app 

ions containing the proteins ( 
a total volume equal to  the  volume applied to  the column. 

that it  was taken from. 
6. Filter the medium  through a sterile filter  (0.2 ~ m )  and re 

7. the column  with suitable buffer (e.g. 
must contain a preservative (e.g. thim 



~ E T O ~ I F I C A T I O ~  OF CELL  CULTURES 189 

Both the described methods are based  on the observation that  the toxic metabo- 
lites are usually  low molecular weight compounds. The rationale is to remove 
these low molecular weight compounds  and retain the  macromolecular fraction 
containing growth factors and potential cell product. Several methods  have  been 
employed to remove toxic metabolites. In addition to  th o methods ~escribed 
above, ion exchange chromatogra~hy has  been used. ther a roach is to 
detoxify the medium by adding complex binding substances. 
protect against toxic effects because low-serum cultures are o 
to toxic metabolites than cultures with higher serum  con 
functions as a complex-forming agent; however, at p rese~t  no  other 
are  known,  and  one has to use  physicochemical method§ in order  to 
toxic metabolites. 

An alternative to batch  treatment, such  as t 
uous removal by dialysis. ~nchorage-indepen 
dialysis tubing in roller bottles with c 
hollow-~bre cartridges. hen larger volumes 
in connection with a reactor), ultra~ltrat 
medium (with or without cells)  is circulated 
dialysed against fresh medium, usually  lacking serum, which  is  cir 
other side of the  membra~e. 

S 

etoxi~cation of the cell culture medium with one of the above-described 
takes 1-2 h. This should  be  taken  into consideration when planni~ 
ments  and  care  should  be  taken  over storage of the cells  whilst 
medium. 

Adarnson SR, Fitzpatric~ SL,  Behie  LA, 
Gaucher GM & Lesser BH (1983) In vitro 
production of high  titer  monoclonal  anti- 
body  by  hybridoma  cells  in  dialysis 

etters 5:  573-578. 
, Kohler PO & 
culture  on  artifi- 

cial ~ e ~ b r a n e s .  Approach to tissue 
growth in ~ i t r ~ .  ~ c i ~ n c ~  178:  65-67. 

~ n n i n ~  ~~, ~ c h a r t ~ m  M, ~ i ~ s n  
Lindberg G (1991) Growth  lirnitation 
in  hybridorna  cell  cultures:  the  role of 
inhibitory  or  toxic  metabolites. ~ y t o t e c ~ -  
nology 7:  15-24. 

Sj~gren-Jansson E & 
Large  scale  produc 
antibodies  in.  dialysi 
I ~ ~ ~ n o l o g i ~ a l   et^ 



The control  and  measurement of oxygen co~centration in culture media are essen- 

Cell and Tissue  Culture: ~abora€ory Procedures in ~io~echnology, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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Oxygen partial 
pressure (mmHg) 

~ x y g e n ,  while it is required for growth, can  be toxic at high concentrations, 
of varying  oxygen concentrations (reported as partial pressure of oxygen, 
on various properties of cultured cells are  presented in Table 4.6.1. Est 

appear  to function well over a  wide range of oxygen tensions (-15-90% 
mary cell types, however,  appear to survive best at lower  oxygen tensions, 

which better simulate the in vivo enviro~ment. 

consumption rate, q, has  been  reported  to  be affected by cell 
amada et al., 1990). 

, glucose concentration 

listed in Table 4.6.2. 

Values for KLa (in units of inverse time), which  is the product of KL, the overall 
mass transfer coefficient, and a, the gas-liquid interfacial area  per unit of reactor 
liquid volume,  can  be  determined experimentally by the 'dynamic gassing-out 
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Positive  effects  negative  effects No effect Reference 

>310 (G) 80-215 (G)  Oller et al. (1989) 
SP2/0 hybridoma >425 (G) 80-310 (G)  Oller et al. (1989) 

Max. at 1.5 (V) 15-150 (V) Miller et al. (1988)” 
Max. at 75 (Ab) Miller et al. (1988)b 

Murine  hybridoma 143 (G) 7.5-135 (G) Meilhoc et al. 
(1990)b 

(1990)” 

(1990)” 

hybridoma (1969)” 

Min. 30-75 (D) c30 (G) 30-120 (G)  Ozturk & Palsson 

22.5-150 (Ab)  Ozturk & Palsson 

~ u r ~ e / h u m a n   4 . 6 ,  >320 (G) 12-160 (G)  Glburn et al. 

Porcine  aorta Max. 60-75 (G)  Friedl et al. (1989)” 
Human umbilical Max. 105-120 (G) Friedl et al. (1989)” 

Rat  hepatocytes 90 (V) Suleiman & Stevens 

Human  haemopoietic  Gas  phase 37.5 (V) Gas  phase 150 (V) Koller et al. 

Human  macrophage  Gas  phase 37.5 (V) Gas  phase 150 (V) Broxmeyer et al. 

Murine  haemopoietic  Gas  phase 3-5.25 (V) Gas  phase 7.5 (V) Rich (1986) 
Blood monoc  tes  Gas hase  9 V Gas  hase dl5 V 

“G = growth rate; D = death rate; V = cell  viability; Ab = antibody production (per cell) 
”Values originally reported as % air sat., conversion based upon 100% air sat. = 150  mmHg. 
CPaper reports 0, cone. at air sat. as 0.22 mM, conversion based upon 0.22 rnM = 150  mmHg. 

vein 

(1987>c 

(1992a,b) 

progenitor (1990) 

Reported  oxygen  consumption  rates of cells  in  culturea 

Cell  type Specific  oxygen  Reference 
consumption  rate 
(PM h-l 104 cells) 

C H 0  

Human  foreskin (FS-4) 
Human  granulocytes 
Murine  hybridoma 

BHK-21 

Murine/human  hybridoma 
Murine  myeloma 
Murine  macropha~es 
Vero 

0.15 
0.2 
0.05 
0.03-0.26 
0.05-0.2 
0.03-0.37 
0.110 
0.078-0.086 
0.12-0.48 
0.267-0.452 
0.057 
0.06-0.07 
0.24 

Lin & Miller (1992) 
Radlett et al. (1972) 
Fleischaker & Sinskey (1981) 
Van  Dissel et al. (1986) 
Miller et al. (1988) 
Rarnirez & ~ u t h a r a s a n  (1990) 
Meilhoc et al. (1990) 
Ozturk & Palsson (1990) 
Wohlpart et al. (1990) 
Shirai et al. (1988) 
Meilhoc et al. (1990) 
Van  Dissel et al. (1986) 
Oller et al. (1989) 

aCHO =Chinese hamster ovary; BHK = baby hamster kidney. Additional values are given in Fleischaker & 
Sinskey (1981). 



method’. Equation 4.6.1 describes the dynamics of the dissolved  oxygen concen- 
tration in liquid medium without cells (no oxygen consumption): 

- = ~ , a ( C *  - C , )  dC, 
dt 

where CL and C* are the  actual  and dissolved  oxygen concentration in equilib- 
rium with the oxygen concentration in the bulk gas phase, respectively. 
KLa9  the vessel  is first equi  ted with nitrogen  until  the oxygen concentration 
in the ~ e d i u m  is negligible. oxygen concentration is then  record 
tion of time  after  starting ow  of the supply gas. The value o 
determined by integration  ation 4.6.2 (with the  initial  condition CL = 0 at 
time t = O), which  yields: 

t = In (1 -2) (4.6.3) 

where C, is the  recorded  output  and C*  is the final equilibrium  output. Using 
Equation 4.6.3, the  slope of the  line In [l - (CL/C*)] versus time is numerically 
equal to - KLa. easurements of  K,a need to be  performed  under  conditions 
identical to those of the  culture, because K,a is a function of the  method of 
oxygenation (i.e. surface  aeration,  direct sparging, etc.), liquid 
input,  the ionic strength  and viscosity of the medium ( ~ o o - ~ o u n g  

atsuoka et d., 1992) as well as antifoam  concen- 
enow, 1987; Johnson et al., 1990). The  equilibrium 

concentration of also a fu~ction of the ionic strength of the ~ e ~ i u m ,  
as well as  the  culture  temperature  and  partial  pressure of oxygen in the supply 
gas ( ~ c h u m ~ e  et aZ., 1982). ~ l though  this method is simple and  convenient,  it 
contains  some  inherent  sources of error  due  to  the oxygen probe  response  time 
(time  required  for  the  output to measure a percentage of a step  change).  Ideally, 
the oxygen probe  response time, T ~ ,  should be much smaller than  the mass transfer 
response  time, l/KLa. This  condition would apply for most animal cell bioreac- 
tors  where a typical Clark-type  (polarographic)  electrode has a 95% response  time 

Tsao, 1979), which  is  much smaller  than most of the  inverses of 
rted  in  Table 4.6.3. Other  sources of error  include  the  develop- 

ment of liquid films about  the  probe  (important  in viscous media or with  slow 
agitation),  and as a result of an  initial  variation in the  concentration of oxygen in 
the gas phase (C*) due  to the  initial  concentration of nitrogen  in  the gas space 
(important in highly agitated  sparged  reactors  where  the main gas residence times 
are long). Where  applicable,  there  are  several  papers  that  re  w  corrections to 
the dynamic gassing-out procedure  (Lee & Tsao, 1979; Van’ 
et al., 1981). 

Once KLa  is known, the cellular oxygen consumption  rate, qX, can be measured 
under  culture  conditions.  The mass balance  for oxygen in a batch  reactor with 
cells  is  given  by: 

dCL 
“ 

dt 
- K,a(C* - C,) - qX (4.6.4) 
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where X is the cell concentration  and q is the specific  oxygen consumption  rate 
 consume^ h-l cell-l). In a bioreactor with 0 control (dC,/dt = 0), 

E~uat ion 4.6.4 can be  rearranged to yield: 
K,a(C* - C,) 

4'"  V (4.6.5) 

In  reactors  without 0 control, a value for dC,/dt can be  determined  from a CL 
versus t plot. 

It is possible to construct a small vessel (respirometer, -2-50 m1) for  the specific 
uring the cellular oxygen consump 
edures to measure q are given  by 
i et al. (1988), ~ o h l p a r t  et al. (19 

The vessel  is  typically a glass-jacketed vessel with two 
r  for  sample  injection.  A magnetically coupled flea (small stirring  bar) 
to suspend  the cells. After injecting the cell sample,  the vessel  is 

sealed (ground-glass joints work  well) and  the  decrease in is recorded  over 
a 5-IO-min period.  The  slope of the DO profile is the  consumption  rate, because 
E~uat ion 4.6.4 reduces  to: 

(4.6.6) 

for a vessel where  the oxygen transfer  term can be neglected. 
oval of all air  bubbles the vessel. The value of q measured 
eter is independent of which  was needed to  determi~e q by 

he  concentration below which  oxygen becomes limiting to  the  culture  (Table 
wn as the critical oxygen co~centration. elow this level, the cells 

ted by energy  (ATP) supply and rely more  on glycolysis  iller er et al., 
the method of o ~ y g e ~  delivery must be  able to maintain oxygen levels 
tical oxygen concentration.  The oxygen balance over the  bioreactor 
.4) implies that oxygen transfer  can  be  increased by increasing the 
coefficient KL, increasing the  area available for mass transfer, a, or 

by increasing the driving force  for oxygen transfer, C* - C,. The  methods used to 
laboratory-scale  reactors  include  surface  aeration,  membrane  aeration 

. For  larger  and  ~roduction"sca1e ~ioreactors, direct gas 
vera11 mass transfer coefficients for  these various aeration 

systems are listed in  Table 4.6.3. 

Surface  aeration is the simplest form and is  sufficient for most laboratory  appli- 
owever, this is limited to laboratory-size  reactors  and becomes 
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Overall  transfer  coefficients  for  oxygenation  using  different  aeration  systems 
Aeration  system  Reference 
Static  liquid  surface  Spier & Griffiths  (1984) 
Stirred  liquid  surface 10-6-4. x 10-3  Sinskey et al. (1981);  Lavery & 

Neinow  (198’7);  Katinger & 
Scheirer  (1985);  Aunins et al. 
(1989);  Johnson et al. (1990) 

et al. (1985) 

et al. (1992) 

Silastic  membrane  aeration 10-4-10-2 Aunins et al. (1986);  orr ring ton 

Sparged  with  agitation 7 X 10-3-2.5 Spier & Griffiths  (1984); Mats~oka 

Gas  exchange  impeller 4 x 10-”3 x Johnson et al. (1990);  Shi et al. (1992) 
Modified  from Table 2 of Bliem & Katinger (1988) by permission of Trends in ~iotec~nolo~y.  

systems because the surface area for oxygen t 
eases with increasing volume. For  example, 
imately inverse square relationship with 
ey, 1981).  Oxygen transfer by surface aeration is limited by 

the  degree of mixing at  the  gas/li~uid interface. Thus, increasing agitation inten- 
sity and the use of a larger impeller ( ~ u n i n s  et aZ., 1989) have  both  been shown 

proportional to increases in agitation intensity. Unfortunately, there  are  upper 
limits to  the level of agitation that  can  be used in bioreactors due  to  the fragility 
of mammalian cells (se ection 4.7). The position of the impeller in the vessel 
can also influence KLa: a was  essentially constant with impeller position in a 
500-m1 spinner flask U he impeller was positioned within 1 cm  of the liquid 
surface; at  that point KLa increases dra ally (approximately four times the 
subm~rged value) ( ~ u n i n s  et aL, 1989). oning the impeller near  the 1 
surface, however, would result in poor  m  ven in most laboratory-s~e v 
Thus, a second impeller could be attached to  the impeller shaft and positioned at 
the liquid surface. This partially submerged  second impeller, known as a surface 
aerator, was seen to increase the mass transfer coefficient, ICL, from 6.4 to 26.2  cm 
h-l in a 1-1 bioreactor and  from 3.3 to 13.5  cm  h-l  in an 8-1 bioreactor by increasing 
mixing at  the air/liquid interface ( xygenation with air is  diffi- 
cult because  the optimal DO levels (1590% air sat.) are close to  the equilibrium 
concentration of oxygen  in the medium.  Thus, the driving force for oxygen transfer 
(C* - CL) is  small but this can  be increased by supplementing with pure oxygen. 
In those cases where a lower  oxygen concentration is desired (Table 4.6.1), the 
driving force for oxygen transfer can  be  decreased by  mixing the supply air with 
nitrogen. 

inskey (1981) found increases in 

Oxygen can  be supplied to  the culture by directly sparging the supply  gas into 
the bioreactor. The basic concepts describing mass transfer in  gas-sparged bio- 
reactors are reviewed  in oo-Young  and  Blanch (1981). Sparger aeration offers 
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the  advantages of very  high  oxygen transfer  rates  (Table 4.6.3) because of the 
large  interfacial  area, a, for  bubbles.  isa advantages arise  from  the fact that animal 
cells are susceptible to damage from  direct sparging and f o a ~ i n g  of the  culture 
~ e d i u m  (Papoutsakis, 1991a). evertheless, many different cell types have  been 

own in air"sparg bioreactors.  There  are two main types of sparged 
reactors:  bubble columns and  sparged  reactors with agitation. 

u ~ b l e   c o l u ~ n  bioreactors 

The ~ t t a c h ~ e n t  of cells to bub~les  and  the  related  shear  forces associated with the 
S through  the  culture medium are not  detrimental to cells (Tramper 
nda-~o~r igan  et al., 1989; Jobses et al., 1991); nor is there  signi~cant 
e  sparger  site (Jobses et al., 1991). Cell damage  in  sparged  reactors 
cur primarily at  the  top of the  reactor  due to bubble  break-up or 
films of collapsing foams ~Papo~tsakis, 1991a). Thus, 

that affect cell death  are  those  that affect the  exposure of cells to burst 
and  unstable foams, as well as  the  frequency of bubble  bursts.  The height of the 
sparged  reactor affects cell 
age (Tramper et al., 1988; 
the decrease  in  the  surface  r  bubble ~ i sengage~en t  per  unit  reactor volume. 

velocity to b ~ b b l e  size ~ ~ o o - ~ o  



J) at concentratio 
ct on h y ~ r i d o ~ a  cells anda-~orrigan et al. 7 

Jobses et ah, 1991). To prevent  foam fo r~a t ion  in spar ed bioreactors silicon 
an t i foa~s  have used at concentrations of 6-100 ppm 

ang, 1991; Jobses et al., 1991) and in 

arged ~ioreactor§ with agitation 
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transfer, low-intensity mechanical agitation  and  the use of antifoams. In  addition, 
it may prove beneficial to use ‘shear  protectants’ (such as  luronic F-68 or poly- 
ethylene glycols (Papoutsa~is, 1991b) to minimize ~ i c r o ~ a r r i e r  flotation (i.e. 
aggregation of microcarriers  at  the  free liquid surface  due to attachment to 
bubbles). It has been  found  recently  that  these  additives  reduce  the  attachment 
of freely  suspended cells to bubbles,  and this may also be the case for micro- 
carriers. 

ubble-free oxygenation by membrane  aeration  p vides efficient oxygen transfer 
with ~ i n i m a l  shear  damage  and minimal foaming. sign equations  for  membrane 
aeration  are  presented  in  Aunins et al. (1986) and Su et al. (1992). In  stirred-tank 
reactors,  the oxygen supply gas  is pumped  through  gas-permeable, hy~rophobic, 
autoclavable  tubing (silicon, polypropylene, polytetrafluoroethylene) wound about 
a fixed  wire cage or a modified agitator (~ehmann et al., 1988; ~ a g n e r  
1988). The main factors  that affect oxygen transfer  are  the oxygen concentration 
in the supply gas, the  membrane porosity and  the  surface  area of the  tubing, as 
well  as the  agitation  rate because oxygen transfer occurs through convection. The 

ntration  can be controlled by adjusting the mixtures of 
control) in the supply gas. The tubing should be  connec 

to the  reactor  through  a  sterile filter prior to the  inlet  and  through a sterile  trap 
at  the  outlet. The system sho~ ld  be  tested  for gas leaks  both  before  and  after  it 
is autoclaved. ~ e m b r a n e  aeration has limitations in large  reactor systems, 
primarily due to  the design complexity and  the  large  membrane  area  required. 
Vorlop  and ~ e h m a n n  (1989) used 2.5-3.0 m of tubing  per  litre of m e d i u ~  for  a 
100-1 reactor,  thus using 250-300 m of tubing. Su et al. (1992) found  that  increased 
tubing  length  increases  the oxygen transfer  rate only up to a  certain  length,  and 
above this oxygen transfer was not significantly affected.  The ‘critical length’ of 
tubing  needed  decreases with smaller tubing  diameter. It was also found  that 
dividin~  the tubing  into  parallel  segments supplied by a gas distributor improved 
oxygen transfer.  The difficulty  involved in cleaning and sterilizing membrane 
reactors  between  runs in an  additional  disadvantage. 

Aunins JG,  Croughan MS,  Wang DIC & 
Goldstein  JM  (1986)  Engineering  develop- 
ments  in  homogeneous  culture of animal 
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ixing  is required  in  animal cell bioreactors  to  provide  a  homogeneous  environ- 
ment  throughout the bioreactor  and to increase  the mass transfer  rates of oxygen 
and  other  nutrients  to  the cells. It is well known that  intense  agitation  can  be 
detrimental to mammalian cells in culture.  The  current  understanding of the 
damage mechanisms for  both  attached  and  suspended cells in  bioreactors has been 
reviewed recently  (Croughan &L ~ a n g ,  1991; ~apou t sa~ i s ,  1991a). 

There  are  several assays available to quantitate cell death  in  bioreactors.  The 
simplest assay  uses Trypan  blue dye exclusion from  intact cells to determine live 
and  dead cell concentrations. Cells that  have  died  and lysed, however, cannot be 
accounte~ for using this assay (see  Chapter 2, section 2.2). 

Cell lysis, as  determined by the  concentration of intracellular  proteins  present 
in the  culture  supernatant, is a valuable indicator of cell damage due  to excessive 
agitation.  The cytoplasmic enzyme lactate  dehydrogenase ( 
used as a  measure of cell damage  for  both suspension and  attached cells in a 
variety of culture systems (see  Chapter 2, section 2.5). Lactate  dehydrogenase 
activity  as a  measure of cell injury should be used with care, however, because 

blems may complicate interpretation of the results. The concentration 
the culture  supernatant can very likely be  correlated with cell damage 

because  intracellular H levels are  constant  during  the  exponential growth 
er, intracellular has been  seen to decline towards  the 
Culture  conditi ay also affect the level of intracellular 

For  example,  the activity of LDH has  been shown t se  in oxygen-limited 
cultures  (Geaugey et al., 1990). In  one  culture system, was found to  be rela- 
tively stable in the  culture  supernatant, with the loss i ity not exceeding 5% 

ner et al., 1992). The generality of this finding has not yet been  estab- 

Cell damage  under  different  agitation  conditions can be assessed by monitoring 
the  increase in LD  release.  To  equate  the LDH content in culture  supernatant 
to the  number of cells that  have lysed, a  standard curve must be established for 
each cell type  and  (where  applicable)  for  different  environmental  conditions to 
which the cells were exposed.  The  procedures  for  the  Trypan  blue dye exclusion 

H assay are  described in Chapter 2, sections 2.2 and 2.5. 

Cell  and Tissue Culture:  Laboratory  Procedures in Biotechnolo~y, edited by A. Doyle and J.B. Criffiths. 
0 1998 John Wiley & Sons Ltd. 



Literature  reports  have  used  the following reactor parameters to correlate the 
effects of ‘agitation intensity’ with  cell injury in bioreactors: agitator rpm, impeller 
tip speed, integrated shear factor and  olmogorov  eddy size. ~ ~ d i t i o n a l  
meters  have  been used for microcar r bioreactors (discussed  below 
correlatiQns of cell in~ury with a bioreactor pa ra~e te r  shoul 
itatively. These ~ Q r r e l a t i Q ~ ~  are,  at present, i n~ i~a t ive  of various tr 
mecha~istic  ~y~otheses and shou l~  not  be used for ~ua~ t i t a t ive  bioreactor scale- 

addition, such correlations are applicable to  the specific 
o exhibit different responses to 
with ‘agitator rpm’  are S 

~ioreactor  desi~ns will result in 
by the cells. The mechanic 
d on the i m ~ ~ l l e r  ~ e ~ i ~ n  a 

edium additives, da~ag ing  effects of certain 

o be (incorrectly, strictly 
of the shear fie1 

F =  
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where 'v (in cm2 s-l) is the kinematic viscosity of the m e d i u ~  and E (in cm2 S") 
is the viscous dissipation rate  per unit fluid mass, given by: 

E = P/p,V (4.7.3) 

and: 

(4.7.4) 

where P is the ~ i ~ i n g - p o w e r  input (in g cm2  S"), Np is the dimensionless power 
number, pf is the fluid density (in g  cm"), y1 is the agitation rat 

and V is the liquid  volume (in cm3) in w 
good estimate for the dissipation volu 
rbulence around  the impeller. Thus 

(4.7.~) 

a function of impeller geometry,  impel 
ensionless n u ~ b e r )  and vessel chara 
e manufact~rer of the bioreactor ves 

can  be e s t ~ a t e d  from correlations.  orr relations 
impeller desi~ns are given by Nagata (1 
unins et al. (1989). 

cases,  cell damage to suspension cells  in a~ i t a t  
It  of air e~trainment and  bubble  break-up 

of vortex formation  and gas 

oreactors is bubble  break 

or turbulent stress 



of large, unstable bubbles  that will break  up at  the  free gas/liquid interface. 
high agitation rates  are required, baffles can  be installed to decrease vortex 
tion and increase surface aeration and mixing. If feasible, gas entrainment  and 
bubble  break-up at  the  free gas/liquid interface can  be eliminated by completely 
filling the reactor and operating it without a gas headspace. This will require that 
either direct sparging of air or oxygen or gas-permeable  membranes (such as thin- 
walled  silicon tubing (see section 4.6) be used for oxygenati 
direct sparging, gas has to be  removed  from  the bioreactor, a 
plished by an overflow  vessel (above  the bioreactor headpla 
one  or multiple tubes to  the headplate. The  tubes  and ov 
controlled bubble  break-up  and  foam dissipation without  damage to  the cells 

ichaels et al., 1992).  Vessels  with large height/diameter ratios (of at least 3”) 
are desirable for culturing freely suspended cells if the gas headspace in the bio- 
reactor cannot  be e1imirt.ated completely. This is because these reactors reduce 
the  ratio of the  free liquid interface to  the reactor volume, thus reducing cell 
injury due  to  bubble  break-up  at  the  free  gas/li~uid interface. Vessel geometry is 

ortant  for effective mixing. The reactor vessel should  have a hemispherical or 
a round  bottom to eliminate corners where cells  could settle out.  Ve 
modified  with a hump located on the bottom (‘profiled’ bottom),  dire 
neath  the impeller, to eliminate a dead spot beneath  the impel1 
mixing.  Typically, pitched-blade, marine-type or hydrofoil impellers with two to 
four blades are used for agitation in mam art. cell bioreactors, in 
to bacterial or yeast fermenters, which  use hton impellers (vertica 
for vigorous  mixing. ushton impellers may be perfectly suitable for 
if filled bioreactors are used, as discussed above. 

ml~lng.  In such  cases, additional impellers can  be  attache 
to increase the number of  mixi zones inside the vessel, res 
mi~ing at lower agitation rates. lical ribbon impellers have  been used  success- 
fully for agitation of highly she ensitive cultures, such as insect cells ( 

la iameter ratios, even high agitation rates may not 

cultures (or starter cultures) are corn 
pter 5, section 5.3). Spinner flasks  (e.g. 

vessels ( 2 ~ 5 0 0 0  ml)  with  two ports for aerat 
vided by a ma~netically driven sti 
st be  suspended in the culture me 

cells against the vessel bottom. The magnetic stir p1 
the cultures at a constant speed (i.e. the agitation 
stir plate warms up  and agitation should  be  free 

ar protectants have  been successfully  used for t 
mixing intensities in both agitated and 

reactors (see section 4.. apoutsakis (1991b)). F r r ’ 

Xing devices, see Prokop 
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~nchorage-dependent cells are grown in suspension culture by growing the cells 
attached to small microcarrier  beads  (100-~00 pm) suspended  in  the  culture 
~ e d i u m  by agitation.  There are two types of microcarriers available (Chapter 5, 
sections 5.8 and 5.9;  riffiths,  1990): the  non-porou§  microcarriers whereby cells 
are  rowing only on  he  outer  surface of the  beads,  and  porous  microcarriers 
where~y cells are  rowing   re dominantly in the  internal  porous  structure of the 
~icrocarrier beads. 

orous  microcarrier§  (Chapter 5, section 5.9), the  essential mixing issue per- 



MIXING 207 

Cumulative  concentrations of non-attach CH0 cells  in  a  serum- 
ent  microcarriers  in  spinner flasks at ) 80, (A) 115 and ( 

Cumulative  values  are  the sum of suspended  cells  by  nuclei  counting  in the supernatant. 
Microcarrier  concentration  was S g 1-l. Based on data of Borys  and  Papoutsakis (1992) by 
permission of Cytotec~nology. 

(collisions) between microcarrier beads, interactions of beads with the turbulent 
liquid (turbulent eddies) and interactions of beads with bioreactor internals, i.e. the 
impeller and probes. The first  two are most likely to contribute to cellular injury, 
and the most  significant source of cellular injury is  likely to be the bead-bead  inter- 
actions. Although models have  been  proposed  and used to relate these mechanistic 
events to cellular injury, predictions remain uncertain and  somewhat cumberso~e 
for routine calculations (~apoutsakis, 1991a). A rough estimate of conditions that 
may lead to agitation-induced cell injury is based  on the Kolmogorov  eddy length 
concept  (Equation 4.7.2).  Specifically, because  both bead-bead  collisions and 
bead-eddy interactions become signi~cant when the Kolmogorov eddy length 
(which decreases with increasing mixing intensity) becomes similar to the bead size, 
the detrimental effects of agitation become  quite severe as the Kolmogorov  eddy 
lengths approach the size of the microcarriers (150-200 pm).  However, it is not 
possible to specify  precisely the smallest ratio of Kolmogorov  eddy length to bead 
diameter (qld) below  which cellular injury becomes significant. This is because: 
cellular injury commences at a higher value of this ratio when higher bead con- 
centrations are used; there is substantial error in estimating q (Equation 4.7.2)  in 
various reactors; and  there is substantial variability in the  amount of shear  that var- 
ious cells can  tolerate.  An q/d ratio of 2-2.5 (calculated according to  Equations 

.7.5)  is a good conservative estimate. Dextran is presently the only medium 
e that has been shown to protect cells from  mechanical  damage in micro- 

carrier cultures by increasing the  me viscosity (see 4.8). When  the  medium 
viscosity  is increased, the eddy length tion 4.7.2) increases, and thus a culture 
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mainly during  the growth phase of the 
rring  after cell growth has ceased 

at  there is an inverse  relati 
and  agitation  intensity.  Thus,  it may be 

ties  during  the growth phase of 
, and to slow down the  agitation 

cell detachment  during  the  later  stages 
promote  bead-to-bead  transfer  of cells 
would be  desirable  during  the  culture 

growth phase. 
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is required in animal cell bioreactors to provide a homogeneous  environ- 
roughout  the  bioreactor  and  to  increase  the mass transfer  rates of oxygen 
er nutrients to  the cells. Intense  agitation  andlor  aeration  (air  or oxygen 

sparglng) can be  detrimental to animal cells in  culture.  The  current  understandin 
of the  damage mechanisms in  bioreactors,  for  both freely suspen 

microcarriers, has been reviewed recently ( ~ r o u ~ h a n  
~outsakis, 1991a). In most studies, cell damage has been assessed on  the basis 

of cell  viability and cell death,  or  reduced cell growth (see  secti 
sess~ents  may be  adequate  for cell culture  applications ( 
ion  or  the  production of cells for cellular immunotherapies  or  gene  ther- 
are likely to require  more  sophi * ssments of the effects of 
ec~anical forces  on  cultured cells. effects have  been investi- 

the bio~edical engineering  lite  tsakis, 1991a) and  in  the 
’ erature  (Lakhotia et al., 
, cell cycle kinetics and 
ffects on  the  concentrat 

reely suspended cells 

the forces released  on  the cells that have been collected near  the  bubble  surface 

of foams at  the liquid surface.  Several additives have  been used since th 
1950s to protect cells from ~uid-mechanical damage (~apoutsakis, 1991b). 
and  the  pluronic family of non~ionic surfactants are the  best  documented a 
widely studied.  Other additives include several  derivatized celluloses and  starches, 
cell-derived fractions  and  proteins.  Additives  that  protect freely suspended cells 
from ~uid-mechanical injury either  decrease  the fragility of the cells by nutritional 
or  other biological mechanisms, or  alter  the  magnitude  andlor 

due  to  interactions with gaslliquid interfaces 
chaels et al. (1991) have  proposed  the  fol 

regarding  the  nature of the  protection effect or mechanism of an additive: 

Cell and Tissue Culture: L a ~ o r a ~ o ~ y  Procedures in ~iotechnolugy, edited by A. Doyle and J.B. Griffitbs. 
0 1998 John Wiley & Sons Ltd. 
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A ‘biological’ protection mechanism or effect  implies that  the additive changes 
the cell  itself to make it more  shear resistant 

‘physical’ protection, mechanis~ means  that the cell resistance to  shear 
mains  unchanged,  but  that  the factors that affect the level or frequency of 

transmitted shear forces to  the cell in a given culturing system have  changed 
that less  cell damage is observed 
e ‘biological’ effect may be  the result of alterations that  take place either 

very fast and  without re~uiring metabolic events, or requiring changes  that 
demand metabolic events brought  about by the additive. For  the  latter case, a 
longer exposure (at least a substantial fraction of the cell  cycle time) to  the 
additive would be required. The former will be referred to as a ‘fast-acting 
biological’ mechanism,  and the  latter as a ‘metabolic biological’  mechanism 

icrocarrier cultures 

microcarrier cultures, cell injury is due  to  the interactions (collisions) between 
microcarrier beads 
and small turbulent rocarriers and bioreactor 
internals, such as th 
cells against injury 
been the only docu~ented and studied mediu 

apoutsakis, 1991a; 
used to increase the 
mechanism of protection. 

Prepar~ a solution of each additive as  specified by the  manufacturer  an 
discussed  below, filter-sterilize the solution and  add to  the sterile culture medium. 

efore any additive is to be used  with a given  cell type, it should first be tested 
to  ensure  that  it has no detr i~ental  effects on cell growth, m e t a ~ o l i s ~ ,  differen- 
tiation, protein expression, etc., and  that it does  indeed offer mechanical protection 
in agitated andlor aerated systems (bioreactors). 

S 

un cultures in  well plates or T-flasks (in duplicate or triplicate) with and 
without  the additive. 

2. Use  an average, and the highest reported concentration (see below), of the 
additive for the initial screening. If a new additive is being tested, use a range 
of concentrations. 
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all inhi~itory effect is found (which  is quite usual), proceed to assess 
additive offers the desirable mechanical ~rotection. 
rs mechanical protection, if the prot~ction effect  is 
-inhibitory concentrations. cells can  Qvercome a small 

acclimatized to  the 
the cells over several (e.g. 10-20) generations in the 
in static cultures, and check if they c 
y do, then ~ r o ~ a ~ a t e  the cells ( ~ h ~ n  pre 

r agitation ~onditiQn§  are 
to compar~ culture§ with 



1s may affect the growth of some cells independently of a 
poutsakis, 1991b). 

Two types of polyvi~ylpyr ayer, Leverk~sen, 
nner  cultures,  and  a  mised molec~lar 
ridoma cells against shear injury in a 

bubble column reactor ( 
ylene glycol  (which  is related in che~ica l  structure to 

e s ~ o s ~ r e .  
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due  to a physical andlor a biological  mechanism ( apoutsakis, 1991b). It seems 
that  the  most  signi~cant contribution comes from the physical mechanism, so any 
type of serum (i.e. independently of its nutritional and  hormonal value) that  does 
not inhibit cell growth  can  be r most applications, %"-Yo serum will be 
suf~cient  to provide protection. se serum complicates protein puri~cation, 
may  elicit several biological res or may become a source of undesirable 
variability or viral conta protective agent against mechanical 

nce  suggests that  the synthetic, well- 
provide as good (or almost as good) 

mecha~ical protection as serum does. 

atized celluloses are  p~omising but  not yet reliable shear 
been used  since t 

technology in the 1950s 
elluloses (MCs), presumably as protectants 

S has been carried o 

to  be  dependent on cell type and additive grade  and  make. It is not known whether 
the stimulatory or inhibitory effects a due  to MCs and C CS themselves or  to 
small impurities. The effect of some CS in  causing  cell gregation for some 
cells  has also been  reported.  There is little question, however,  that  even after 
almost 40 years of research very litt is understood  about the mechanism and 
generality of the protective effect of 

) found  that low concentrations of low-visc 
tant as the higher viscosity grades, thus c 
erives from  the higher medium viscosity. 
produce very  viscous solutions, and  some of the early work  used 

CS that  produced  media of very  high  viscosities. 
~o ldb lum et d. (1990) have  reported  the effect of various CS and (hydroxy- 

propy1)methylcelluloses (methocels, ow Chemical  Company)  and dextran in 
protecting insect cells  (Sf9 and TN-368) in viscometric  flows. All media contained 
10% foetal bovine  serum (FIBS) in addition to  the additive. They  found that  the 
best protection (58-76-fold  less  cell  lysis compared with the  unsupplemented 
medium) was offered by higher concentrations and higher molecular weight 
methocels. The best protection was offered by the additives resulting in the highest 



m e d i u ~  viscosity (4-25 times the  unsup~lemented medium vise 
000) offered ~ubstantial shear  protection  on 
re  the medium viscosity  is also high (6.6-fo 

emented  medium).  The signi~cance of these ~ndings in  t 
tion in bioreactors is not known. 

n with other  shear-~rotecting 
protein hydrolysates) a p ~ e a r ~  to have been 

of the cell-aggregation 

re  not m~tab -  

or low-agitation cultures showed that de~tran 

 ent tal evidence so far suggests that  dextran offers no mechanical ~rotection. 
extrans  and modi~ed starches s ~ o ~ 2 ~  not be used as ~~o tec t an t s  against shear 

damage. 
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For  proteins  and cell extracts  there have been mixed results  and insufficient testing. 
rotein  mixtures  (in  addition to serum)  and a protein  have  been used as 
tectants  for  the  cultivation of various cells. Again,  their  protective effect 

is not  established unambiguously due  to lack of proper  control  experiments.  They 
have  been reviewed in detail (Papoutsa~is, 1991b) and include: peptone,  lact- 
albumin hydrolysate,  tryptose  phosphate, yeast extract,  yeastolate  and  Primatone 

(a peptic digest of animal tissue). ne  serum albumin 
ponent of bovine serum, is a wide1 d  additive  in  serum 

has been used frequently as a shear  protectant by several  investigators;  it was 
recently shown to be an effective additive against fluid-mechanical damage of 
hybridoma cells in an rlift bioreactor,  although  it  no effect on the cells in 
static  or  spinner  cultur . Among all these  additives,  A is the only one  recom- 
mended  for use as a shear  protectant (if it is also included as a medium additive 
for  other  reasons).  Otherwise,  even BSA should  be avoided in  favour of the well- 
defined synthetic  additives, such as F-68, PEG, PVA  and PVP. 

As  already discussed, theory  and  experimental  evidence suggest that  an  increased 
medium viscosity  will reduce  damage of cells on microcarriers because of the 
reduced  intensity  and  frequency of interactions  that  cause cell damage  in micro- 
carrier  cultures. 

Among  the possible additives that can increase medium viscosity  with no 
apparent  detrimental effects on  the cells, dextran  (up to 0.3%, w/v) has  been  found 
beneficial to these  cultures.  A limited number of experiments  have shown that 

CS are  not  suitable  protective  agents because they cause micro- 
carrier  aggregation  and  flotation (i.e. collection on  the liquid surface in the  form 
of aggregates). 

Use  dextran of high molecular weight (between 200 000 and 300 000) at 0.15% 
or 0.2% (wh) or, if necessary, lower molecular weight dextrans  at 0.3% (w/v). 
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In this chapter  the subject of scale-up is reviewed, which  is taking small labora- 
tory c~ltures (e.g. 10 ml) to industrial-scale processes (e.g. 10 000 litre), i.e. a 
1 000 000-fold scale-up! The aim of such scale-up is to provide  more cells, an 
more cell product,  in as efficient and cost-effective a manner  as possible. Ce 
cultures  have  been used since 1954 for  the  production of human (e.g. polio, 
measles, mumps, rabies,  rubella)  and  then  veterinary (e.g. 
(~riffiths, 1990a). ~nterferon was the  next most important  pr 
oped, followed by monoclonal  antibodies  and a ran of recombinant  proteins. 

The  importance of cell culture as a manufacturing ocess  is exemplified by t 
range of products  either licensed or in trial (in addition to  the classical range 
vaccines and  veterinary  products), which are listed in  Table 5.1.1. 

This production activity has  been  made possible by the ability to grow  cells in 
unit processes of 1011-1013 cells. The scale-up process involves many factors, w h i c ~  
include  engineering  especially to maintain  sterility in large-scale plants), physio- 
logical (su~ply of oxygen and  nutrients  and  maintenance of correct 
conditions)7 monito~ng and  control (biose~sors7 performance 
computer  control)  and logistic and  regulatory re~uirements (compliance w1 
mace~tical  lic~nsing and  health  and  safety  aspects when  growing pathoge~s), 

Mammalian  recombinant  cell  products 
Monoclonal  antibodies  (MAbs) 

tPA 
EPO 
bGH 
HBsAg 
Interferon 
G-CSF 

lood  factor VIII 
DNase I 
Glucocerebrosidase 
FSH 

OKT3/Orthoclone  (1987),  Centoxin  (1990),  Reopro 
(1994),  Myoscint  (1989),  Oncoscint  (1990) 
Activase/Actilyse  (1987) 
Epoge~rocrit/Eprex (1989), E ~ o g i ~ R e c o r ~ o n  (1990) 
Saizen  (1989) 
GenHevac B Pasteur  (1989), HB Gamma  (1990) 
Roferon  (1991) 
Granocyte  (1991),  Neupogen  (1991) 
Recombinate  (1992),  Kogenate  (1993) 
Pulmozyme  (1993) 
Cerezyme  (1994) 
Gonal-F  (1995) 

r ~ ~ A  ~ r o d u c t ~  in ~ e v e l o p ~ e n ~ ~ l i n i c a l  Trial 
HIV vaccines  (gp120,  gp160,  CD4) 

erpes  simplex  vaccines  (gl3,  gD) 
Chime~ic MAbs  (her2,  CD4, TNFa, CD20,  CD18,  TAC,  leukointegrin,  CF54, RSV) 
Others (TSH, TNF, M-CSF,  IL-6,  IL-1) 
In vitro diagnostic  MAbs (1-200) 

. .  . 
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The p r i ~ a r y  
bottles, roller 

aim has been to move from multiple processes (many repli~ate 
cultures,  spinner flasks, etc.) to a hi~h-volume unit process. T 

economical advanta~es in  terms of manpower needed  (reduction & re~etitive S 
for  each  culture^ and  space (partic~larly e ~ ~ e n s i ~ e  hot- roo^ facilities), and 
ciency advantages in that  it is feasible to control,  reproducibly,  environmental 

ed (~ul t ip le  plates,  spirals, 

nk ferm~nter   syste~s with c ~ n v e ~ t i o ~ a l  cell 
ties of 1-2 x IO6 m1-l. 
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I I 

I I 
l 

Scale-up  options - the  decision  process. ADC = anchora~e-dependent cells. 

2. Lowvolume  (under 1 1) but very  high density (1-2 x lo8 ml-l) h~terogeneous 

3. Intermediate systems using a spin-filter to increase cell density to 1-2 x lo7 ml-l 

igh-d~~s i ty   ( l  X lo8 ml-l) scaleable systems (to 200  1) based on  porous micro- 

systems (e.g. hollow-fibre bioreactors). 

but to a volumetric scale of 500 l only. 

carriers. 
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The ~igh-density  immobil~ed systems have many advantages in terms of smaller 
process equipment, higher product concentration and reduced nutritional  require- 
ments, and perfusion allows  long culture runs (thus reducing the down-time of the 
plant) and s h o ~ e r  residence times for products. They also have the advantage that 
they are equally suitable for suspension and anchorage-dependent cells (the ~niversal  

?), they provide protection from shear and they have a three-dimensional 
ucture that enhances productivity ( ~ r i ~ t h s ,  1990b9  1992a;  Looby 
sically, the low-volume,  high-density  systems fill an  porta ant ni 

ing  capability  (e.g.  gramme amounts of monoclonal antibodies 
lume systems are  the most widely used scale-up route for phar 
owever, there is  increasing acceptance of, and need for,  the S 

systems and these will be  the  fist-choice system in future years. 

The use of small-scale suspension cultures is described in  section 5.4. At some 
stage a decision has to be  made, if scale-up is required, of when to move from 
laboratory units to small-scale industrial systems (~riffiths, 1992b). This is a 
decisive moment because of the  investment  needed to set up in situ fer~entation 
systems. This  step  should  be  taken  at 10 l  and involves: 

hange  from glass to stainless-steel vessels. 
hange from a mobile to a static  (plumbed-in) system with connection to steam 

for in situ sterilization9  manipulation being carried  out  in  the  open  laboratory 
(not  a  laminar flow cabinet),  more  sophisticated  temperature  control  and  addi- 
tional vessels for medium holding and  culture harvesting. 

ore sophisticated  and sensitive environmental  control systems. 

typical cell culture  bioreactor available from all fermenter  suppliers is concep- 
tually similar to the familiar bacterial  fermenter  apart  from modifications such as 
a marine  (not  turbine)  impeller, curved or convex base for  better mixing at low 
speeds  and  water-jacket - not immersion heater - temperature  control (to avoid 
localized heating at low stirrer  speeds). 

 usp pension culture is the  preferred  method  for  scale-up because it is easier  and 
cheaper,  it  requires less space, cell growth can  be  monitored  and  environmental 
parameters can be  controlled  more easily. However, many  cell lines have higher 
specific productivity when attached to  the  substrate. In  the urge to move to suspen- 
sion systems, the following advantages of anchorage-dependent systems should 
not  be  overlooked: 

They facilitate  complete medium changes, which are  often  needed,  for  example, 
to wash out  serum  before  adding  serum-free  production medium 
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ey are easier to perfuse 
ediumlcell ratios are changed more easily during  an  experiment 

~icrocarrier culture  has most of the  advantages of both suspension and  anchorage- 
dependent systems and this is a particularly valuable asset for  porous  microcarrier 
culture (Looby & Griffiths, 1990). 

(see also  section 5.4) 

~ a t c ~  cult~re: cells  grow from  seed to a final density over 4 7  days and are 
then  harvested (typical monoclonal  antibody yield  is 6 mg 1-1 per  batch  run) 
(see  section 5.5) 
F e ~ - ~ a t c ~  culture: additional  media,  or medium components, are added to 
increase  the  culture volume and  density of cells 
~ e ~ i - c o ~ t i ~ ~ o ~ s   ~ a t c ~  culture: this is in effect a batch  culture  that is partially 
harvested (e.g. 70%), topped  up with fresh medium, allowed to grow up  and 
then  harvested again. Typically, three  or  four  harvests can be  made,  although 
usually  with diminishing returns  at  each  harvest 
~ o ~ t i ~ ~ o u s - ~ o ~   ~ c ~ e ~ o s t a t )  cult~re: the  culture is completely homogeneous 
for long periods of time whilst  cells are in a steady  state  (see  section 5.6). An 
extremely useful tool  for physiological studies  but  not very economical for 
production (by de~nition, cells are never  at maximum density) 
~ o ~ t i ~ u o u s   ~ e r ~ s i o ~  culture: differs  from  chemostat in that all n~trients  are 
kept in excess and cells are retained within the  bioreactor.  The most produc- 
tive culture system gives typical yields of 10 mg  l-1 day1 for 50”lOO days (see 
section 5.9) 

There is no de~nitive answer as to  the best system to use: it  depends  upon  the 
nature of the cell and  the  product,  the  quantity of product,  downstream processing 
capability, licensing regulations,  etc.  However, a rough guide to relative costs for 
prod~cing monoclonal antibodies by perfusion, continuous- ow and  batch  culture 
is the  ratio 1:2:3:5. A summary of the capacity of  the  various systems is  given in 
Table 5.1.2. 

Key factors  for  the successful scale-up of cell culture include using the best avail- 
able cell line, inoculating cells that  are in prime  condition  and  ensuring  that 
nutritional, physiological and physicochemical conditions  are  optimized. 

Cells vary in their  cultural characteristics. This is  very noticeable when 
comparing clones from  the  same hybridization or  transfection  experiment. 

ifferences in expression of the  desired  product  are well recognized, hence the 
standard  screening  produced  for high producers.  However,  there is also clonal 
variability in serum  requirements, plating efficiency, growth rate, metabolism (e.g. 
glycolytic rate)  and ability to grow in (or  adapt  to) suspension culture.  It is thus 



Comparison  of  culture  systems  indicating  volumetric  size,  unit  and  system 
cell  yields 

Scale (l) System Area  (cm2) Cells per  batch 
(batch  size) (cells l-1) 

1 
20 
100 
200 
500 
2000 
4000 
10 000 

croporous  microcarrier 

icrocarrier  (with  spin-filter) 
Airlift 

1750 (x 100) 
24 000 ( x  10) 
85 000 (x 4) 

20 000 
2.5 x 106 

lo6 
2 x 1O1O 
2 X 105 

5 x lo6 

2 x 1010 (2 x 108) 
3 X 1010 (3 X 109) 
4 x 1Ol0 (9 x 109) 

1o1O (1011) 
1OI2 (5 x 1010) 
1O'l (109) 

2 x 1O'O (1 x 108) 
1013 (5 x 1010) 

4 X 1012 (2 X 109) 

2 X 1013 (2 X $09) 
8 x 1012 (2 x lo9) 

has the desired characteristics for t 

and re-inoculated in 
the chance of establishing a su 

re  to proteolytic e n ~ y ~ e s  (e.g. trypsin), sta 
r long periods be 

cells into  stabili~ed culture c 

herefore, do  not  b 

In this overview an explanation has been given for the wi e and complex r 
of cell culture bioreactor systems that  are available. This is to  put  some perspec- 
tive on  the ones  that are described in more detail in the following chapters. 
selection of a suitable system  follows the adage 'horses for courses', i.e. a process 
is selected that fulfils the particular criteria for the cell, product, scale and  quan- 

lus the resources in facilities, manpower  and experience that  are 

e additional general factors to  be  taken  into consideration. First, 
upstream processing  is  only part of the  total process, h  starts  at  the initiation 
of a cell line and finishes  with a purified and pack product, and  therefore 
should  not  be  treated in isolation. Secondly, increasing unit productivity does  not 



only depend  upon designing a bigger, better  and  more efficient bioreactor. 
~ignificant  in~reases in roductivity have been, and will be, ach 
better  media, genetical constructing more efficient and robust 
critical monitoring (by biosensors) and control (by computer) 

nology, vol. 3, pp.  179-220.  Academic 
Press  London. 

G 
a do~inant technology. 

G  Advances in animal  cell 
chnology. In: Spier RE 

Press,  London. 
(1991a) Cultural  revolutions. 

C~emistry and I~du~ t ry  
Griffiths JB (1991b) Closin 

~io/Technolo~y 10: 30-32. 
~riffiths JB (1992a) Animal  cell  culture 

processes - batch  or  continuous? ~ u ~ r n a l  

culture. Trends in ~ i o ~ e c ~ n o ~ a ~ y  8: 
204209. 

reactor  for ~ a ~ m a l i a n  cell  culture. 
~dvances in ~~ochem~cal  ~ngineering/ 
~iotechnolo~y 39: 29-71. 

Prokop  A & ~osenburg 



er bottle culture is considered  the  first  scale-up  step for anchorage-depe~~e~t 
from  stationary flasks or bottles. This is achieved by  using all  the  internal 

surface for cell growth, rather than just the  bottom of a bottle. The added  advan- 
tages  are that: a smaller  volume of  me~ium and  thus a higher  product titre can 
be a c ~ i e ~ e d ;  the  cells  are more efficie~tly o ~ y g e n a t e ~  due to alternative  esposure 
to me~ium and the  gas  phase;  and  dynamic  systems  usually  generate  higher  unit 
cell densities  than  stationary  systems. 

The basis of the roller culture  system is to  place  multiple  cylindrica 
tale the bottles evenly  at  set rotational S 

aratus is avai~able that will accommo~ate four 
this  method  is  used for t large-scale producti 

volume)  per  batch. ny cylindrical bottle of the correct 
ace (borosi~icate glass or 

commercially  be 
g large ~ ~ ~ ~ e r s  
a1 volume of the 



l1 growth  can be monitore  initially  under  an  inverted  microscope and later 
the  culture  period by  visual ins~ection. 
medium  change  can  be  carried  out  after 4-5 days if the  p 

an~/or  maximum cell densities are required.  This  can also b 
change to a pro~uction m e d i u ~ ,  or when infecting cells, and 

lume  can  be  added to get a higher  product  concentration. 
fluent (5-6 days)  by r e ~ o v i ~ g  t 

the convention~l way. 
0 rph  until cells detach will be similar to 
than  in  stationary  cult 

lines) will occur. 
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xtended Surface Area Roller 

flask to 1700  cm2. 
styrene bottle has a ribbed or corrugated surface, doubling the surface area of 

orbeil Culture System ( ellco). A roller bottle is packed with a cluster 
lass tubes (arranged in arallel and separated by silicone sp 

are available in  1000-cm2, 10 000-cm2 and 15 000-cm2  sizes, 
d  through  the vessel and the bottles rotate 360" in alternat 

to avoid tube twisting and the need for special caps. 
5. If hundreds of roller bottles robotic culture system 

(Cellmate, The Automation ) could be considered, 
w ~ i c ~  reduces ~ a n n i ~ g  by 10-fold  as  well  as  giving i ~ p r o v e d  consistency and 
reproducibility. 

The roller bottle technique is a well-established and successful culture metho 
sed for the  production of cells and products. One reason for this is that 

does  not  mean  that the whole batch is lost, as  with 
owever, roller culture needs a considerable ~nancial invest- 

self and in incubator/hot-room facilities. Also, some 
al) may not  be as  successfully  grown  in roller bottles 

as in stationary bottles. Common  problems are streaking, clumpi~g  or  inadequate 
spreading over the  total surface (e.g. non-locomotory cell lines). 

ute is to use ~ultisurface stationary systems  such  as the Nunclon Cell 
unc) (see section 5.7) or the CellCube (Costar). 

(1992)  Scaling-up of animal  cell 
cultures.  In:  Freshney RI (ed.) A n i ~ a l  Cell 

* a ~ r a c ~ i c a l   A ~ ~ r o a c h ,  pp. 47-93. 
ss, Oxford. 

K , Keen  LN & Whittle  WL  (1970). 
Some  distinctive  characteristics of high 
density  perfusion  cultures  of  diverse  cell 
types. In Vitro 6: 75-81, 

Panina GF (1985)  Monolayer  growth 

systems:  multiple  processes.  In:  Spier RE 
& Griffiths JB (eds) A n i ~ ~ l  Cell  Bio- 
technology, vol.  1,  pp.  211-242.  Academic 
Press,  Orlando. 

Polatnick J &L Bacharach  HL  (1964) 
Production  and puri~cation of milli~ram 
amounts of foot-and-mo~th disease  virus 
from baby hamst~r  ki~ney cell  culture. 
A ~ ~ ~ i e ~   ~ i c ~ ~ b i o l ~ g ~  12: 368-3'73. 



he first scale-up step for cells  growing  in suspension either  n 
adaptation, or anchorage-dependent cells on microcarriers, is th 
This techni~ue originated by placing a silicone or Teflon-coated 
central ring into a glass  vessel that is ed  on a magnetic  stirre 

approach is still used, it is p able to use a specially c 
magnet is suspende~ (essential for microcarrier culture, 

wise the cells an icrocarriers will be destroyed by the grinding action of the 
just above  the  bottom of the flask. A typical spinner flask  is  shown  in 
.3.1, and has a stirrer shaft containing the magnet fitted to  the bottle top. 

rms are fitted in order  to add cells, change medium or gas  with 
* d air (in which  cases filters should  be fitted). It i 

ons on this theme  from different suppliers, mostly  with re 
convex surface under  the  stirrer  bar to aid  mixi 

positioni~g of the stirrer bar. 
spinner flask  is a glass  vessel,  us intended to  be used for replicate 

zes range from a few milliIitres to 
20 I, but for ease of ha icochemical reasons it is advisable 
to consider 10 1 as a ~ a x i m u m  practic The units are sterilized by auto- 

ortant factor is the quality of the magnetic stirrer. This should 
extremely stable speed of rotation  between 10 and 300 rpm, 
hometer,  restart  after power failure at th set speed, not  ove 

ce and  operate reliably for long peri S of time in a 317" 
quality stirrers are essential with a strong magnetic field. 
l, and definitely for those over 20 1, in situ fermentation 

d (see sections 5.1 and S.5) rather  than spinner flasks. 

rowth  medium 

tandard tissue culture media  can  be used  with various supplements. 
10% can cause foaming at fast stirring speeds, so th eve1  is  usually reduced 

low a level  as  possible (0.S-S~o). The use o buffer  to stabilize the 
uring the setting-up procedure is  beneficial. 

Cell and Tissue Cul~u~e: ~ a b o r a t o ~ y  Procedures in ~ i o t e c h ~ o l o g y ,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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(a) A typical  spinner flask with  magnetic  spinner  bar. (b) A Techne flask with 
asym~etric stirring  rod, 

edium  supplements 

Pluronic F-68 (polyglycol) ( ASF, ~ y a n d o t )  can  be used at 0.1% to protect cells 
against mechanical damage, especially at  reduced  serum  concentrations. 
Carbo~ymethyl cellulose (CMC) (15-20 cP) can also be used to protect cells from 
mechanical damage  at 0.1% concentration.  Antifoam (6 ppm) ( ow Chemical Co.) 
is recommended at serum co~centrations above 2-3%. For  more  information,  see 
Chapter 4, section 4.8. 

t 

1. Add 200 m1  of growth medium to a 1-1 spinner flask,  gas  with 5% CO, and 

2. Add cells from a logarithmically growing seed  culture  at 1-2 x IO5 cells  ml-l. 
warm to 3’7°C. 

lace spinner flask on  stirrer  and  stir  at 100-250 rpm  (this is variable  depending 
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on  the cell type and  geometry of the  stirrer  bar  and vessel - a 
use the mini mu^ speed, which  gives,  by  visual examination, corn 

geneity). 
at least daily by taking a small sample  from the side arm 

ssue culture cabinet) and carrying out a cell count ( 

closed  systems  (i.e.  all ports closed  with no filters) the p 
d  need adjusting by day 2-3. vessel to a tissue 
egas with 5% CO,  in air; ad  arbonate ( 5 . ~ ~ 0 ) ;  

or allow  cells to settle, remove a r o u n ~  50% of the m e d i u ~  and replace with 

a haemocytometer). 

ensity will  typically reach 1-2 X 106 ml-l (for 
ml-I only) and can be harvested, 

rolonged for extra cell growth with  twice-daily 5 0 ~ 0  me 
uspension cells tend  to have only a limited stationary phase 

l~por t an t  to monitor growth more closely than in monolayer c 
that healthy, r a t ~ e r  than dying/dead, cells are harvested. 

lumpi~g, or adhering to surfaces, then a medium 
ntration  should  be  used (e.g. susp 

siliconi~e  the glass  vessels  with 
has to  be baked  on, in an  oven) or epelcote (dimethyldichlorosila 

dency to subculture suspension cells by dilution into fresh medium. 
ells do  not grow optimally under this regime  and  should  be 
for S min) and  resuspended in  new medium. 
range of spinner vessels available: 

Conventional vessels ( 5.3.la) from Hellco or  heato on 
Conventional vessels but with large-bla~ed paddles attached to  the magnet or 
base of the  stirrer  sha o and  Cellon EJL spinner flasks). These vessels  give 
more efficient stirring better mixing at  the lower speeds  and are thus 
primarily aimed at microcarrier culture 
The Techne system  uses a radial stirring action, which is designed for good 
mixing at low stirring speeds  and to minimize mechanical stress to cells (Figure 
5.3.lb) 

dual overhead drive culture system uses a similar stirring system to 
itionally permits continuous  medium perfusion 
Bioreactor uses a floating impeller, which  again  gives a 

entk stirring action. An advantage of this system is that  the vessel can  be 
used equally effectively at various working  volumes from 500 m1 to 3 1, This 
allows an in situ build-up of cell seed by just adding extra medium as cell growth 
occurs. 

If both side arms  are fitted with filters, then  continuous  aeration  through the  head- 
space can  be carried out, giving better control of pH and higher cell densities. 
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 usp pension cells,  e.g. hybridomas and BHK, have  been  the main consideration  in 
this module because microcarrier  culture is described in section 5.8. However, 
most of the principles for suspension cells are applicable to microcarrier  culture. 
The main difference is stirring  speed.  Microcarrier  culture  should  be  initiated  at 
a very  low speed (15-30 rpm) whilst  cell attac~ment occurs (stir  just  fast  enough 
to keep cells and  carriers in suspension). Do not aim for homogeneity at this stage, 
In  fact,  it aids attachment to have all cells and  carriers  in  the lower 3&50% portion 
of the medium. Once cell attachment is complete (3-8 h),  increase  stirring  speed 
to achieve complete  homogeneous mixing (40-80 rpm).  As  the  culture develops, 
and  the  carriers  get increasingly loaded with cells, the  stirring  speed can be 
increased  further (70-120 rpm) to prevent excessive clumping of carriers. Also, 
the vessels  with large  paddles  or the Techne  stirrer must be used - a  magnetic 
bar  alone is insufficient. 

De  Bruyne NA (1988)  The  design  of  bench- 
scale  reactors. In: Spier RE & Griffiths JB 
(eds) ~ ~ i ~ a l  Cell Biotechnology, vol.  3, 
pp. 142-1'78. Academic  Press,  London. 

Griffiths JB (1988)  Overview  of  cell  culture 
systems  and  their  scale-up. In: Spier RE & 
Griffiths JB (eds) ~ n i ~ a l  Cell Biotech- 
nology, vol.  3,  pp.  1'79-220.  Academic 
Press,  London. 

Griffiths JB (1990)  Scale-up  of  suspension 
cells  and  anchorage-dependent  cells. In: 
Pollard JW & Walker JM (eds) ~ e ~ ~ o ~ ~  
in ~olecular  Biology, vol. 5, pp.  49-63, 
Humana  Press,  Clifton, NJ. 

Criffiths JB (1992)  §caling-up of animal  cell 
cultures. In: Freshney RI  (ed.) ~ n i ~ a l  Cell 
Culture: a ~ractical ~ p ~ r ~ a c h ,  pp.  47-93. 
IRL  Press,  Oxford. 



The most common cell culture systems developed  for  pilot-  and commercial-scale 
production of monoclonal antibodies ( Abs) are hollow-fibre and ceramic matrix 
modules, stirred  bioreactors  and airlift fermenters.  These systems allow cultiva- 
tion of cells in batch,  fed-batch,  continuous or perfusion mode. The s e l e c t i ~ ~  of 
a  culture s y s t e ~  and  culture  mode  for  the large-scale prod~ction of 

should take  into  account  the growth and  antibody-p 
 articular hybridoma line. This module 

rtant  characteristics of these systems. 
a  large collection of cited  literature are give 

hi, 1989; sections 5.1 and 5.9). 

o m o g e ~ e o ~ s  or homo 
non-homogeneous sy 

row in the  extracapillary 
and oxyge~   s a tu ra t~o~  

mi-permeable memb 

ic matrix modules is the  same as for 
ot separated  from  the medium circ~latio 

e ~ighly porous matrix a 

Cell  and  Tissue  Culture: ~abora~ory Procedures in Biote~hnol~~gy, edited by A. Doyle  and J.B.  Griffiths. 
0 1998 John Wiley & Sons Ltd. 



236 CULTURE ~ R O C ~ S S E S  AND 

nutrients by circulating medium through small squared  channels in the matrix. 
Some characteristics of these two systems are: 

igh  cell density of >lo8 ml-l (Andersen & Gruenberg, 198 

hollow fibres: 4.00 mg  l-1 
987); in ceramic  matrix 

~ut r ien t ,  oxygen and waste product  gradients in the growth chamber 
Long diffusion distance  for  nutrients  and oxygen in hollow-fibre modules 

roduct harvesting with no,  or few,  cells 
imation of cell density in the growth chamber only via  oxygen consumption 
access to representative cell samples for viability and morphology check 

shear forces in hollow-fibre modules 

cale-up limited because the  tube  length  cannot exceed a certain  len 
only the  diameter of the modules or  number of installed modules 
increased 
Transfer of cells, grown in small systems, into  large systems is difficult 

erent  agitation systems, e.g. turbine-type  or  marine-type  impeller, vibromixer 
cell lift, were  developed  in  order to prevent exposu of animal cells, cult~red 

in stirred  bioreactors, to high shear forces ( Lazar, 1989). In  large- 
scale or high-cell-density perfusion  cultures, air spar  oxygen-permeable 
silicone/polypropylene  tubing will provide  adequate  ae hevitz et al., 1989). 

ogeneous cell suspension; even supply of substrate  in  bioreactor 
 ont trolled cell environment (p , oxygen, nutrients) 

sy access to  r~presentative cell samples for viability/morphology check 
sy transfer of cells to the  next  scale-up  step 

xygen supply is the most critical parameter in large  bioreactors  or hi 
density cultures. Long oxyg~n-permeable  silico~e/polypropylene t ~ ~ i n g  will pro- 
vide bubble-free  aeration.  The  tubing may need to be anything from 

id volume, depending  upon  the oxygen re 
en  transfer by air  or oxygen sparging can be used ( 
be  detrimental  for  shear-sensitive hybridoma clones 
to hydrodynamic shear forces 

ir  or oxygen sparged  into  the  bioreactor  at  the  bottom drives circulation to kee 
cells in  suspension,  instead of a mechanical stirring device. To improve circula- 
tion  and oxygen input  and minimize  cell damage,  the height to diameter  ratio is 
n o r ~ a ~ l y  high in airlift fermenters  (Handa et al., 1 9 ~ ~ ) .  
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No need for long  silicone tubing for aeration 
Cell damage due  to  shear forces produced by disintegration of air bubbles 
Addition of non-ionic detergent may be necessary to prevent foaming, especially 
in media with a high protein content 
Cell circulation may be  enhanced with a mechanical stirring device to  minimi~e 
the necessary sparging rate  at low  cell densities to a level  sufficient to maintain 
dissolved  oxygen tension at  the desired level 

The following cultivation modes  have  been described for production of 
systems: batch, fed-batch, chemostat  and perfusion 

atch and fed-batch processes are  the most common 
re chemostat  and perfusion modes, which  allow a c 
S. All methods are  a~plicable in homogeneous  and 
tat,  non-homogeneous systems. 

In non-homogeneous systems and ~omogeneous perfusion systems,  cells remain 
in the ~rowth  chamber  and culture supernatant is  collected intermittently or 
continuously. The cell concentration is not affected by ~arvesting, in cont 
homogeneous systems where cells are harvested together with the antib 
the  following^ characteristics of holnogeneous s y s t e ~ s  are  describe^. 

ells are inoculated, grown up to a desired cell or roduct concentration and 
arvested. The duration of batch culture depends  on i culation ~ e ~ s i t y ,  cell line 

and characteristics such  as growth rate and a 
cell line. After  every  run the bioreactor must 
next run. 

of the cell suspension are with~rawn periodically. 
In fed-batch mode, cells are fed either  contin~ously or intermit 

cell density  compare^ with perfusion or   on-ho~ogeneou 
, less than 5 x 106 cells  ml-l) 

roduct concentration normally  less than 10 
batch  and 500 mg 1-l in fed-batch is  possible 
Low demand for process control 
Variable substrate  and (waste) product con cent ratio^ 

ad  ratio of production  time versus regeneration time in batc 

Cells are inoculated and grown to a certain density, as  in the batch mo 
~ubse~uent ly  the medium is continually pumped  into the bioreactor at a c o ~ s t a ~ t  
rate and  the cell susp~nsion containing antibodies is w i t ~ d r a ~ n  at  the same rate. 
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ution  rate can be varied within the  range of zero  (batch)  and maximal 
rate; higher dilution  rates  lead to wash-out of the cells. Cell density 

increases  until  one  or  several  substrates (e.g. glucose, nitrogen)  or waste products 
nia) limit cell growth and stea~y-state  co~ditions  are reached. ~n t ibody  
may be continued  for weeks or even months. 

hes the final concentration  reached in batch  cultures 

n  up to 300  mg  ml-1 ( euveny et al., 1986) 
t cultivation  conditions 

tlmlzation for  antibody  production  but  not  for biomass prod~ction is 

eters  under  steady-state  conditio 
S per  reactor volume and  unit tim 

low rate of m e ~ i u ~  and l i~uid  level in  bioreactor must be  controlled 

scribed more fully in  section 5.6. 

ostat  culture  but, 
tinuously separat 

nto the  bioreactor.  The increasing cell po~ulation is 
of medium pumped  into  the ~ioreactor. ~ o n t i n ~ o ~ s  
ining supernatant via a filtration device increas~s 
i ~ e s ~ r e a d  filtrat~on S stems are rotatin filter 
r in an external  loo 

1000 mg  l-1 ('lrelez et d., 1987) 
and  reactor volume 

aller  reactor ~olumes for  the  same  amount of mo~oclonal antibo 
tation is necessary to co~trol  
ion filters may limit cul t~re  ti 

p~oduction of ~ o n o c ~ o n a l  antibodies  in 

~oengineer~n~ 32:  993-1000. 

etri~ental effects of sparger  aeration on 
suspended ~ a ~ ~ a l i a n  cell  cultures  and 
their preven~ion. ~ r o ~ e e ~ i n ~ ~  of the 4th 
~ u ~ o ~ e a n  ~ o ~ g r e ~ s  on ~ ~ o t e c h n o ~ o ~ ~  3: 
601-604. 
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The  optimization of culture  parameters  and  the  scale-up of a human  hetero- 
hybridoma in a stirred  bioreactor are described in this section.  From  the viewpoint 
of scale-up  and  handling, a stirred  bioreactor is chosen as the most practical 

for  industrial-scale  production of monoclonal  antibodies 
ore,  stirred  bioreactors are very  flexible  with regard to  the  opti 

of culture  parameters, i.e.  oxygen supply (bubble  free,  air sparging) and  culture 
mode (e.g. batch,  fed-batch,  chemostat  and  perfusion). They also give  easy  access 
to cell samples at any time of culture,  and  keep cells homogeneously supplied 
with nutrients  and oxygen. 

The  optimization of culture  parameters is an  important  step  in scale-up. The 
growth rate,  the viability and  the  antibody  production of hybridoma cells largely 
depend  on  culture  conditions. Optim~ation studies  were  carried  out in a 1.5-1 bio- 
reactor,  equipped with p  and p 0 2  regulators,  that provides reproducible  culture 
conditions  and minimi~es medium requirements.  The  results were then  applied to 
a 12-1 bioreactor. 

: Iscove’s  modified  ulbecco’s medium 
ma Chemical Company, upplemented with 

human  hetero- 
rum and  5 x 

hybridomas has been described (Lang et al., 1990b). 

The heterohybrido~a (human x human x mouse) 4-8K 15, used for  scale-up, 
secretes  human  monoclonal IgM  specific for ~ s e ~ ~ o ~ o ~ ~ s  ~ e ~ ~ ~ i ~ o s a  lipopolysac- 

abs  serotype 4. The  generation  and char~cterization of human 
hybridomas is described by Lang et al. (11989, 1990a). 

Cell and Tissue Culture: ~ a b o r ~ ~ ~ r y  P ~ o c e ~ u r e s  in ~iotec~nology,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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ellco) of 500 m1 volume are placed  in an incubator aerated with 
air enriched with 5% CO,. Agitation speed was set at 100 or 150 rpm. 

engineering AG, Wald, tzerland) with a capacity 
growth  and  antibody  p ction conditions of the 
t-bottomed bioreactor is equipped with a marine 

impeller and a draft tube with diameters of 4.7  cm and 4.9 cm,  respectively. The 
height to diameter  ratio is 2:4  Temperature is regulated to 37°C  with a 800- 
heat finger.  Dissolved  oxygen tension and pH  are measured on-line with he 
sterilizable electrodes (Ingold esstechnik AG, Urdorf,  Swit~erland). Cultures are 
aerated  bubble  fre  ith air and 0, to maintain the ssolved  oxygen concentration 
at 40%, and the S adjusted with  CO, and Na H.  The bioreactor is steriliz- 
able in situ by heating water, filled to  the bioreactor, to 120°C. 

The  flat-botto~ed design of the 2000 bioreactor affords a highe * 

speed to prevent sedimentation of ce mpared with the round-bottomed 
bioreactor (see below). For cultivation of shear-sensitive cells, round-bottomed bio- 
reactors may be necessary. To avoid  high tem~eratures near 
control unit is used to restrict the  power to  the range 800-20 
ble to maintain a temperature of 37°C. In addition to this, 
intervals of a few seconds only and  the glass part of the bioreactor is insulated. 

The 12-1 NLF 22 bioreactor ( ioen~ineering AG, Wald, Switzerland) is equi~ped 
in the same way as the KLF 2000. The impeller and draft tube diameters are 7.9  cm 
and 10.9  cm, respectively. The bottom of the NLF 22  is spherically shaped. 
height to diameter ratio is  1:95, The  temperature is regulated through  an integr 
water-jacket. The NLF 22 bioreactor is steam sterilizable in situ by heating water, 
filled into  the bioreactor, to 120°C. Cultures are  aerated  bubble 
density, and at high  cell density are  inter ently sparged with  ai 
the dissolved  oxygen saturation at 40%. ble size and sparging rate were  not 
measured. 

1. Grow  hybridoma cells  in stationary cultures in  T-flasks and passage every 2-3 
days  in a ratio of  1:3 to 1:lO. 

2. From T-flasks, transfer 100 m1 of cell sus~ension  to a 500-m1 spinner flask and 
add 200 m1  of fresh medium. Initial cell density is about lo5 cells m1-l. Two 
days  later,  add  an a~ditional 200 m1  of fresh medium. 
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3. From  the  spinner flask, use 300-500  m1  of cell suspension at a concentration of 
3-6 x lo5 cells m1-1 as inoculum for  the 1.5-1 LF 2000 bioreactor  for  opti- 
mizatio~ experiments  (Table 5.5.1). 

4. For  cultures in the 12-1 NLF  fermenter, apply the  same  parameters as opti- 
mized for  the 1.5-1 KLF 2000 bioreactor  (Table 5.5.1). Only the  stirrer  speed, 
which  is strongly dependent  on  the vessel geometry,  has to be  re-evaluated in 
h 12-1 bioreactor. 

sfer 1500 m1  of cell suspension containing 7-43 x lo5 cells  ml-l from  the 
2000 to  the  NLF 22 bioreactor.  The  dilution  rate of spent to fresh medium 

should be l:$ and  the cell density after  inoculation should be  about 1 x lo5 
cells m1-l. 

6. The  scale-up  protocol is summarized in Table 5.5.2. 

Parameters  applicable to optimization  in  stirred  bioreactors 
Batch  Chernostat  Perfusion 
Inoculation  density 
Stirrer  speed 

pH 
PO2 Growth  rate p, 
Oxygen  supply 

Perfusion rate 
Circulatio~ rate 
Cell  recycle rate 
Oxygen  supply 

Scale-up of  human  hybridoma  4-8KH15  to  the  12-1 stirred  bioreactora 
Culture  system  Volume  Cultivation  time  Parameters  Parameters 

W )  (days)  measured  off-line  controlled  on-line 
T-flask  100  8-1 1 Cell  density 

Viability 
MAb  conc. 

Spinner  flask  500  11-15  Cell  density 
Viability 
MAb  conc, 
Glucose 
pH 

KLF 1500  14-18  Cell  density 
Viability 
MAb  conc. 
Glucose 
Lactate 
Cell  density 
Viability 
MAb  conc. 
Glucose 
Lactate 

NLF 12  000  18-22 

_. 

PH 
PO2 
rpm 
Temperature 

PR 
PO2 
rpm 
Temperature 

“Cells are thawed into culture medium and continuously processed from T-flasks to the NLF 22 bioreactor. At 
each level the parameters measured and  the cumulative cultivation time required are shown. The volume of cell 
suspension required to proceed to  the next step is given. 
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Perfusion culture results in the highest  yield Ab  per reactor volume * 

and  the highest product concentration achie in stirred bioreactors ( 
espite the need for sophisticated instrumentation to CO 

rocess, this mode  seems to  be  the  most favourable for large-scale 

Independent of the  chosen culture method, cells are inoculated a 
into stirred bioreactors initially  grown  in batch  mode. Inoculu 
ratio of fresh to conditi medium  and stirrer speed  are the first 
be o ~ t i m i z e ~  in or~al ly ,   con~uent  cell cult~res a 

sferring a portion of the cell sus~ension 
ernatively, cells can be centrifuged an 

etter in partially conditioned medium as  corn ared with 
at a cell density below 1-2 x lo5 
secutively a high ratio of conditi 

are necessary to ~ i n i -  
n  order  to  prevent cell 

sedimentation and cell da 

accumulation of dead cells and cell debris in the bioreactor. To  operate  the  perfu- 
a steady state,  the recycling rate can  be set to 
U, 1990) or filters with a large pore size shod 

accurnulation of cell debris. 

oxygen s ~ ~ p l y  of mammalian cell cultures is the most critical ~arameter  
evitz et al., 1989; Chapter 4, section 4.6). In high-density cultures or in large 

bioreactors, oxygen  supply  may be insufficient. Factors in~uencing oxygen transfer 
into  the ~ e d i ~ m  are  the oxygen concentration in the inlet gas, the stirrer speed 
and  the  area of the gas/liquid interface. The  area of the gas/liquid interface can 
be increased by air or oxygen sparging directly into  the culture. 



bubble-free aeration by osygen-permeab~e silicon or polyprop~lene tubing 
he medium  may be used. The  s~arging method can affect cell 

cause foaming in serum-sup~lemented media with a high protein 
n-permeable tubing in the range of 0.5 m 1-1 to more than 2 m l-1 
seems to be i~practical. Another critical parameter in stirred biore- 

shear forces produced by agitation or disintegration of 
Lazar, 1989; Shevitz et al., 1989; Chapter 4, sectio 
forces is clone specific and varies within a wide 
ng systems have  been  develo 
Lazar, 1989). The 
educed by the  ad 
sing height to diameter  ratio 

in continuo~s CUI 
any change in me 
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18-22 days are  required to grow cells from  the working cell bank to  pro 
scale. To reduce  the  time to  start a new culture in the produ~t io~   ~ ioreac tor ,  it 
is i~por t an t  to ~ a i n t a i n  a culture  at  the preliminary stages. 

Backer  MP,  Metzger  LS,  Slaber  PL,  Nevitt 
oder  GL  (1988)  Large  scale 

production of monoclonal  antibodies  in 
suspension  culture. ~iotechnology and 
~ioengineering 32:  993-1000. 

Handa-Corrigan A, Emery  AN &c Spier 
(1988)  Effect  of  gas-liquid  interfaces 
the  growth of suspended ~ammalian cells. 
~echanisms of  cell  damage  by  bubbles. 
Enzyme and ~icrobial  ~echnology 11: 

, Furer E, Larrick JW &c Cryz SJ Jr 
(1989)  Isolation  and  characterization of a 
human  monoclonal  antibody  that  recog- 
nizes  epitopes  shared  by ~ s e u d o ~ o n a s  
~ e r ~ g i n o ~ a  i ~ ~ u n o t y ~ e  1, 3 ,4  and 6 lipo- 
polysaccharides. Infection and ~ ~ m ~ ~ i t y  

E, Senyk G, Larrick JW & 
90a)  Systematic  generation 

of antigen  specific  human  monoclonal 
anti~odies with  therapeutical  activities 

230-235. 

L 

human  onoc clonal antibodies  by  hybrid- 

omas  cultured  in  serum free media. 
~ybridoma 10:  401-409. 

and  procedure  for  production of  mono- 
clonal  antibodies  in  culture. In: 
(ed.)  onoc clonal Antibodies: 
and Application, Advances i 

lan  R.  Liss,  New  York. 

methods  for  their  effect on monoclonal 
antibody  yield  in  fermentors. ~o~rnaZ  of 

hybridoma  cell  line  in a p 



etermining the effect of individual parameters  on cell physiolog~ in batch 
cated by the exposure of cells to a continuously changing  envi- 
ecause a simple batch culture is a closed  system  in  which  cell 
ied by the depletion of nutrients and the accumulation of end 
in an  open system where  nutrient  consumption is ~alanced 
and cell and metabolite accumulation  are  balanced by re 

cells, it is  possible to achieve a steady sta 
bolite concentrations remain constant. This 

nstrated independently by 
f the  chemostat is based  upon  the pr 
rates less than the maximum, the S 

med by the concentration of a sin 
described the relationship between  the specifi 

oncentration u s i ~ g  an  equation  that t 
n  model of en~yme kinetics: 

ecific growth rate  that occurs  when the 

S equal to  the su~strate 
ined experiment all^ by 

t d  = In 2/p 

e culture volume is ke t constant by removing 
rate as the addition 

is a function of the cultu 
he rate of change of cell 

fic growth rate of the cell (p) and  the dilutio 

d .ddt=w-Dx 

that  the ~ilution  rate is  less than  the maximum specific growth  rate, the 
continue to grow until the  substrate concentration in the  fermenter 

Cell and Tissue  Culture: ~abopatopy Procedures in ~iotec~nology, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 



becomes limiting. At this oint, further cell growth is determin 
which substrate is added t the  fermenter,  and  at a constant dilu 
state is achieved. ecause at steady state  the cell concentration is constant (i.e. 

t = 0), it follows that p, = 13. Thus, at steady state  the specific growth rate can 
ontrolled by varying the dilution rate. 
owever, it is important  to  note  that  the specific  growt ate is  only equal to 

the dilution rate when  all  cells  in the population are viable 
the precise relationship between p, and L) is more complex 
described above, and a number of studies have shown that  the actual specific 
growth rate deviates from D, particularly at low dilution rates. This results from 
an increase in the  proportion of dead cells  in the population, which  in turn  can 
be related to  an increase in the specific rate of cell death (p,) at low 
specific death  rate  at a particular dilution rate is related to  the proportion of viable 
(x,) and non-viable cells (x,), where: 

Taking  into  account  the contribution from  the specific death  rate,  the actual rela- 
tion~hip between p, and 13 becomes: 

hereas the specific growth rate is determined by the  rate of addition of the 
rowth-li~it in~  su~strate,  the cell concentration in the  fermenter is determined 

by the concentration of the limiting substrate in the feed medium. At steady state 
the cell  yield (l') on the growth-limiting substrate  can  be represented by: 

where sR is the  substrate concentration in the  feed  medium, S is the residual 
substrate concentration in the  fermenter  and x is the  total cell concentration 

t steady state,  the concentrations of cells and metabolites are constant and 
thus calculation of specific utilization or production  rates for each metabolite is 
relatively simple. or example, the specific rate of uti l~ation of a nutrient qn at 
steady state is  given  by: 

(x, + x,). 

qn = D(n, - n)/x, 

re nR is the  nutrient concentration in the feed medium  and n is the  nutrient 

i~i lar ly ,  the specific rate of production for a cell product (qp) is  given  by: 
concentration in the chemostat. 

n summary, it can  be  seen  that  the  chemostat enables the study of steady-state 
cell  physiology at predetermined  growth  rates or biomass concentrations. 
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Most fermenter vessels suitable for suspension cell culture can  be readily adapted 
for chemostat culture. A device for maintaining a constant culture volume  will be 
required, the simplest and  most reliable of which  is a weir that allows the culture 
to overflow to a collection vessel. Alternatively, a dip tube  that  draws  medium 
from the surface of the culture can  be  mounted in the headplate of the vessel and 
the  medium  pumped to  the collection vessel. ost manufacturers supply modified 
tubes for chemostat  operation of their fermenters. 

S 

eristaltic pumps  are  most  convenient  because they can be used  in conjunction 
with sterile pump tubing (e.g. silicone or Viton). Constant  wear of the tubing can 
lead to changes in the flow rate or tubing failure, so provision should  be  made to 
change  the tubing regularly using sterile connectors. Alternatively, by using a long 
section of pump tubing that  can  be  advanced  through  the  pump  head when neces- 
sary, excessive wear of the tubing can  be avoided. 

The flow rate should  be  checked regularly and this be  achieved by fitting 
a graduated  pipette  on the reservoir side of the  pump.  ium  can  be  drawn  into 
the  pipette using a syringe, and  the flow rate calculated from the time  taken for 
a set volume of medium to  be  withdrawn. 

The feed reservoir and collection vessel are connected to  the inlet and  outlet lines 
using sterile connectors so that  they may be replaced as  necessary. A sampling 
port  should  be fitted to  the feed reservoir or  at some point in the inlet line to 
enable sampling of the feed medium. The feed reservoir should  be stored at 4°C 
to reduce degradation of labile medium  components such as glutamine. If product 
is to  be harvested, the collection vessel should also be refrigerated, Figure 5.6.1 
shows a typical set-up for chemostat culture. 

Cells can  be inoculated at a normal  inoculum level, e.g. 1-2 x lo5 cells  ml-l, and 
grown  as a batch culture until the  mid-exponential  phase of growth. The supply 
of medium  from the feed reservoir can  then  be  started  at a flow rate  that gives 
the required dilution rate.  In  order  that  the cells are  not washed out of the 
fermenter,  the initial dilution rate should  be below the maximum specific growth 
rate of the cells, although too low a dilution rate may result in  low  cell  viability 
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re 5.6.1 Chernostat  culture a~paratus. 

and oscillations in  cell numbers. A dilution rate of between 50% and "75% of p,,, 
is  usually a suitable starting point. 

An indication of the value of pmax for a particular cell line may be derived from 
batch culture experiments, and for most  mammalian cell lines it is  likely to fall 
in the range 0.02-0.06 h-l. If the dilution rate exceeds pmax, then cells  will be 
washed out of the  fermenter at a rate  that is a function of the dilution rate and 
maximum specific  growth rate.  Indeed,  the maximum specific growth rate can be 
determined experimentally by increasing D until wash-out occurs and  then 
measuring the  rate of cell wash-out. The maxim~m specific growth rate can  then 
be  determined using the following equation: 

(In x, - In xo) 
Fmax = + D  t 

where x. and xt are  the respective cell concentrations at  the  start and  end of the 
time interval and t is the time interval. 



250 CULTURE PROCESS~S AND  SCALE-UP 

The chemostat is a particularly powerful  tool  for examining the effect of different 
nutrient limitations on  the physiology of mammalian cells. Selection of the  growth- 
limiting substrate will depend  on a number of factors, but  most importantly it 
must  be a nutrient essential for cell growth, e.g. essential amino acids,  glucose, 
oxygen. The choice of substrate will also depend  on cell type, because  some 
nutrients will be essential for some cells but  not for others. For  example, gluta- 
mine  can  be  regarded as an essential nutrient for most  hybridomas  because cells 
of lymphoblastoid origin lack glutamine synthetase and are unable to  synthesi~e 
glutamine  from glutamate. Conversely, Chinese  hamster ovary  cells express glut- 
amine synthetase and will  switch to glutamine synthesis in response to gl~tamine 
 imitation. 

The concentration of the growth-limiting substrate in the feed me~ium should 
that it becomes limiting  while other nutrients are still present in relative 

mall-scale batch culture experiments in  which the cell  yield  is dete~mined 
nt initial substrate concentrations will  give some indication of a suitable 

substrate feed concentration (sR). nce at steady state, it can  be con~rmed that 
ells are limited by the  chose substrate because a change in the  substrate 
concentration should give a proportionate  change in the cell concentration. 

teady state is  achieved  when  cell (as measured by  cell number, biomass, 
r protein content)  and metabolite (e.g.  glucose, lactate, ammo~ia,  amino 

product) concentrations remain stable over a period of time. he attainment of 
steady state  should  be confirmed by measuring several parameters, because the 
~tabi~i ty  of a single parameter (e.g.  cell number) is not necessarily indicative of a 

he  time  taken  for a culture to adjust to a new steady state will depend  on  the 
dilution rate,  because it is advisable to allow  five culture volume changes follow in^ 
a change. Thus it takes 100 h to reach steady state when D = 0.05 h-l, but 500 h 
when D = 0.01 h-l. 

Once at steady state, several samples  should  be collected over a period covering 
at least three culture volume changes, to ensure that  the  data  generated  are  repre- 
sentative of the steady state. The volume of sample r e ~ o v e d  for analysis  will 
depend  on  the  number  and type of analyses to  be  performed  and  the f r e ~ ~ e n c y  

because this changes the volume of the culture and  thus affects the  di~ution  rate. 
Sample volumes of no  more  than 122% of the culture volume are  recommended 
and  the f r e ~ u e ~ c y  of sampling should  be  reduced at low dilution rates. 
should also be removed  from  the feed reservoir to check the composition of the 
feed medium. 

emoving large samples  from  the  fermenter  should  be avoi 
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e~tensive discussions of t theoretical aspects of chemos 
published elsewhere (e.g. erbert et al., 1956; Pirt, 1975; 

the theoretical principles applied to microbial chemostat cultures 
can  be applied successfully to animal cell cultures, although  there are a n u m ~ e r  
of instances where the behaviour of animal cells has been  reported  to deviate 
from the models used to describe microbial rowth kinetics (Tovey, 1980; 

ller et al., 1988). 
se differences may be ascribed to  the complex nutritional require- 

ments of animal cells,  which precludes the use of single carbon or nitrogen sources 
substrates. For this reason, the growth-limiting substrate is often not 
animal cell chemostat studies, although a number of studies using 

defined ~rowth-limit in^ substrates have  been publishe cose has been used 

S on  the effect of the specific 

- 
eath, 1995). 

total  cell  retention  in  a ~ltration- base^ Boraston R (1985) The  large  scale  cultiva- 
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For many years human diploid cells have  been utilized for the large-scale manu- 
facture of viral vaccines. With  the most r 
these cells are also capable of producin~ a variety of pr 
of esta~lishment, growth  and storage of human 
ten~iQe~y  investi~ated and well ~ocumented.  The 
fo r~a t ion  and adventitious viruses, a stable di 

f a wide range of viruses are  some of t 
oice for the production of 

f using this type of 
ellular ~ n v i r o n m ~  
in plastic tissue  cu 

ribes the  establishme~t  an 

eed  further similar vessels 
an diploid working  ce 

10% foetal bovine sera 

150-cm2 plastic culture vessels 
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arvest vessel 

lace frozen ampoule/vial of C-5/WI-38 from a worki 
cells at a predetermined population doubling level (P 
(3'7~0°C). 

2. Shake gently until the contents are entirely thawed. 
emove  thawed ampule/vial and  swab with '70% ethanol. 
ansfer contents aseptically,  with a pipette  and  pro-pipetter,  into a 150-cm2 

flask contain in^ 100 m1  of with 10% 
5. Incubate  at 37°C in a 5% C ~ ~ / 9 5 %  air incu 
6. Fluid change  the  medium the following  day and  observe cultures macroscop- 

e desired level of confluency  is achieved (4-6 days, 25-30 x lo6 cells), 

spent  medium  into a discard bottle, then wash  cell sheet with 20  m1 
and discard immediately. 
m1  of warm trypsin solution using a 10-m1 plastic pipette and pipetter. 
011 the solution over the cell sheet and  pour off the trypsin into  the 

~icroscopicall~ during the incubation period. 

ransfer the culture(s) from the incubator to a tissue culture cabinet, 

discard bottle. 
11. Incubate culture(s) at 37°C until cells have  loosened  and  separated. 
12. Transfer the culture S from  the incubator to  the cabinet and  break cells up 

with 10 m1 with 10% serum by pipetting up  and down. Transfer 
the suspens 

and transfer the suspension to  the harvest vessel. Pipette  up  and 
ensure  homogeneity. 

inse culture flask(s) with an additional 10 m1  of the cell-suspending me 

move 1 m1  of cell suspension into a disposable culture tube for a cell count. 
termine the cell concentration of the suspension by direct countin 

he follow in^ transfer is into 150-cm2 flasks, seed a mini mu^ of  3.0 x lo6 
onitor  the viability  using the Trypan blue exclusion test. 

viable  cells per flask. Incubate at 37°C  in a C environment (3-5 days). 

The following method describes the seeding, cultivation, trypsinization and inoc- 
ulation of human diploid cells  in Nunc 6000-cm2 multiplate ( 
units may be used to provide human diploid cells for vaccin roduction in essen- 
tially  two formats: cells  may be  provided as monolayer cultures in units 
for subse~uent viral infection; or cells  may be trypsinized out of the s and 
used to seed microcarrier culture systems or other  MP vessels. 
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~ R C - 5 / ~ ~ - 3 8  cells in exponential growth phase 
with 10% FIBS 

ate  unit with a 0.2-pm disk filter unit 

Seeding vessel  with connections,  air  filter  and magnetic bar 
Trypsin vessel (500 ml) with connections  and air filter 
Glass bell-end attachment 
~ultiple-end connection 

connectio~air filter and magnetic bar 

Spring or screw clamps 

its plastic packing and inspect visually for cracks, faulty 
seals,  etc. 

2. Under  sterile  conditions  in a tissue culture  cabinet,  remove  the  seal  from  one of 
the  adapter caps and  insert a sterile disk: filter (0.2 pm)  in  the  cap.  Remove  the 
seal  from  the second adapter  cap  and  insert a 5116-inch stainless-steel  connector 
into  the second cap,  The  stainless-steel  connector is part of a multiplate-end 
connection  (Figure 5.7.1) designed to facilitate  transfer of ingredients  and cells, 
as well as final harvest.  Each  and every end of this connection  contains  sterile 
wrapping and  should  be clamped individually using spring  or screw clamps. 

3. For  seeding,  each  unit  requires  2  l of diluted cell suspension,  prepared  in a 
sterile 2-1 Erlenmeyer flask equipped with a No. 10 rubber  stopper,  air filter 
and silicone tubing  (Figure 5.7.2). 

4. Secure  the  rubber  stopper  on  the  Erlenmeyer flask  with a piece of tape.  Then, 
aseptically connect  the  open  end of the silicone tubing  (Figure 5.7.2) to one 
of the 5116-inch stainless-steel  connectors of the  multi~late-end connection 
(Figure 5.7.1), and  elevate  the vessel on  an  overhead  platform. 

5. In  order to facilitate  the flow of all solutions by means of gravity, place the 
multiplate cell factory  unit in a position with the supply tube  to  the  bottom. 
To  start  the flow, a minimal amount of air pressure is applied  on the unit 
using a cautery  pump  (connected to filter in Figure 5.7.2).  Excessive air  pres- 
sure may result in damage to  the plastic seals. 

6. Allow the cell suspension to flow in and  ensure  that  an even level is achieved 
' ach and every chamber. Clamp off the supply. 

ate unit  through 90" in the  plane of the  monolayer  onto  the  short  side 
away from  the  inlet. 

ate  unit  through 90" perpendicular to the  plane of the monolayer so that 
it now lies flat on its base with the  culture  surfaces  horizontal. 

9. Incubate MP unit  culture  for 3-5 days at 37°C in a 5% c ~ ~ / 9 5 ~ 0  air incubator. 
10, When  manipulating a multiplate cell factory  unit, always  lift from  the sides 

or  the  bottom,  never by the  top  plate. 



Stainless-steel 
end 

Stainless-steel 
end \ \/ 
Stain1 
end 

I Stainless-steel 

Jtt 
Y-adapter 

~ u l t i ~ ~ a t e - e n d  connection. 

Stainless-steel 
end 

Stainless-steel 
end 

All tubing lengths are 10 inch 

1 Stainless-steel 
unit adapter 

U 

11. Prior to harvest  or viral infection, visually inspect the  multiplate cell factory 
for any  signs of contamination  and/or leaks. 

12. Connect  four  containers to  the multiplate-end  connection aseptically. The first 
vessel contains  the trypsin solution  and  the second contains  the growth 
medium required to dilute  the cells and  inactivate  the trypsin. The  third  and 
fourth vessels are used to capture  the  spent medium (supernata~t) and  the 
cell suspension, respectively. The  recommended  procedure for  connecti~g the 
vessels to  the multiplate-end  connection is described in detail  in  Steps 24. 

13. Open  the clamp of the supply tube  and  drain  the  spent growth medium by 
gravity. When the  entire  unit is empty, clamp off the  portion of the  tube 
leading  into  the discard vessel. 
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tub in^) 
c o ~ o n  -filled 
or 0.2 mrn 

Stopper ~onnection plus one plain end. 

14. 

15. 

16. 

Fill the multiplate cell factory unit with 170-2OOml of trypsin and rinse the 
cell growth surface of each and every chamber. iscard the excess trypsin, 

vide superficial moist~re. small volume that is just enough 
ff the portion of the tube leading into 
s prefer to wash the monolayers with 

prior to the addition of trypsin. When worlci 
units, this additional step becomes impractical. 
Incubate the multiplate cell factory unit at 37°C until the cells are observed 
to slide off the growth surface. 

ce cell detachment is obtained, open the clamp of the tube leading from the 
sel containing the growth mediu and pump 30~5OOml of cell growth 

medium inside the cell factory unit. otate the unit so that the medium will 
dislodge as many cells as possible. Close the clamp of the cell growth medium 
vessel and open the clamp of the portion of the tubing leading into the cell 
harvest vessel. The cell harvest vessel is equipped with a magnetic bar. For better 
cell dispersion and homogeneous cell sus~ension, the magnetic bar must be acti- 
vated as soon as the first volume of cell suspension reaches the harvest vessel. 
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epeat  Step 16 with an equal amount of medium,  making  sure  that  each  and 

ose off the tubing leading into  the cell harvest vessel and let the cell suspen- 

19. Connect a glass bell-end attachment to  the multiplate-end connection. 
essurize the harvest vessel and, via the glass  1-end, remove a s m ~ l l  volume 
cell suspension for a viable  cell count. An unit seeded with a mi 

of 70 x 106  cells  will  yield approximately 0.8-1.6 x 106 human diploid cel 
 rations involving viral infection instead of trypsinization, the follo~ing 

every chamber is properly rinsed. 

sion mix thoroughly for a few more minutes. 

S should  be considered. 

l seeding vessel to  the multipla 
contain the desired viral inocul 

be lead in^ from the viral seeding ve 
unit. Clamp off and incubate the in 

, proceed with down§tream processing of supernatant. 

have  been utilized  cla§sically as in vitro hosts for the 
ps, rubella, cytomegalovirus, va~icella-zoster, r 

S, parain~uenza and  any other vi 
try include large-scale cultivation for  the 
such  as h u m a ~  interferon beta. 

nes, the cultivation of cells and virus is 
are  expanded  on a compatible growt 

ency and  then subcultivated repeatedly until a suf~cient 
for large-scale cultivation. l[n order for the microcarrier culti- 

ess, critical inoculation and  rowth para~eter§  need 
to be identified et al., 1985; section 5.8). to  the l i ~ i t e d  in vitro 

cells and  for ~ractical rea 
m is utilized, Each  experime 

cells frozen in li~uid  ni~rogen, for a fixed n u m ~ e r  of su 
establish a small  working  cell bank, 3.0 X 10h cells per c 
m1-l) are frozen in containing 10% F and '7.5% dimethylsulphoxide, 
at a predetermined population doubling level (PDL) of 20-30. It has been estab- 
lished that microcarrier culture performance is largely in~uenced by the seeding 

or h ~ m a n  diploid cells the ~ a x i m u m  growth 
rate is achieved  with  lower  cell concentrations. Conversely, high  cell concentra- 
tions result in  an  extended lag phase  and  poor microcarrier culture growth. This 
phe~omenon appears  to  be related to  the synthesis of intrinsic growth inhibitors 
and is cell  type d e ~ e n d e ~ t .  



The use of Nunc cell factory technology for large~scale cell cul t~re  and viral 
vaccine production offers a variety of adv~ntages.  he^ utilized ~roper ly~  the 
units ~ e ~ ~ i r e  less than half the i n c ~ b a t i n ~  and storage space com~ared to 
T-flask or roller bottle system. There is also a reduced possi~ility for conta~ina- 

nce connected co~rectly~ the units are a closed sy$tem and do riot ~ e ~ u i ~ e  
n t ~ ~ i n a t e ~ ,  it can be 
unit is processed in a 

f r ~ ~ t i o r i  of the time required to process the 40 x 150 c d  T-flasks that it r e ~ l ~ c e ~  
i c a t i ~ ~ s  the units can be re-used, m ~ ~ i n ~  the activity e~tremely 
wever, the fact that the cell factory cannot be observed micro- 

closures or openings. If a unit is found to b 
ed easily from the remainder of the batch. An 

~ ~ o ~ i c a l l y  may be the only d ~ a w b a c ~ .  This tech~ical d i~cul ty  can be o v e ~ ~ o  
by pre~aring a single plate unit in con~unction with the ~ u l t i ~ l a t e  cell factory, 
carefully e ~ a ~ i n i ~ g  the single plate, the operator can determi~e the growth pattern 
and cell m ~ ~ ~ ~ o l ~ ~ ~ .  

u b o ~ t i ~ a l  quality of the raw ~ a t ~ r i a l s  may be detrim 
he most obvious co 

~ ~ e ~ ~ o ~ n ,  calf and a d u l ~ ~  appear to suppor 

I Iitm micro nc unit 

nt 
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for the  short  term  (two  or  three passages). Longer  term passaging requires 
s u p p l ~ ~ ~ n t a t i o n .  It is important to rescreen your  serum, ~ecause not all 

t the growth of human diploid cells. Attention  should also be given 
ity and washing practices of the cultureware and to  the  su~stratum 

( ~ a r a n i  et al., 1988). 

requirement  for  the  cultivation of  mam- 
malian  cells  on ~icrocarriers, ~iotech-  
nology and ~ioengineering 27:  585-595. 

E, Arvidsson  AC,   erg eland I &L 
D (1985) ~ubpassa~ing cells  on 

carriers:  the  importance for scaling 
up to production. ~ e v e l o ~ ~ e n t s  in 

(1988) The  effect of substrate  on  the 
~rod~ct ion of infectious  virus  by  cells  in 
culture, J ~ u r n ~ l  of ~ i o l a g i c u ~   S t ~ n ~ u ~ d i z u -  
tion 16:  333-3~8. 

ayflick L (1963)  diploid  cell  strains 
as hosts for . ~ers~ect ives   in  
V i r ~ ~ o ~ y  3: 213-237. 
ayflick L (1963) An analysis of the  poten- 
tial oncogenicity of human  virus  vaccine 

virus  vaccine  preparation  general  com- 
ments. ~ ~ t i o n u l  Cancer Institute ~ 0 ~ 0 -  
~ r a p h  29:  83-91. 
ayflick L (1969) A Consi~eration of the 
Cell Substrutes used in 
Vuccine ~ r e ~ u r u t i ~ n ,  Progress  in I~muno- 

* ical  Standardization  3, 

H L & Jacobs JP (1968) ~ ~ g ~ e s t e d  
methods  for  the  management  and  testing 
of a diploid  cell  culture  used  for  virus 
vaccine ~roduction. In: ~ r o c e e d i n ~ s  and 



icrocarrier culture, i.e. th owth of anchorage-dependent cells on small particles 
usually S heres) 100-300 n size suspended in stirred culture medium? has made 

on in the man- 
scale production was 

* to using  many replicate small cultures (flask and roller bottles) because 
S were  anchorage-dependent, a restriction that did not apply to veterinary 

vaccl~es, which were being produced in large scalable fermenter processes (a 
suspension cell line, , was  licensed for the p r o ~ ~ c t i o n  of veter 

similar unit scale-up process was a goal being sought for surfac 
ence the large range of process bioreactors described in section 5. 

sses (~riffiths, 1991). 

ezel( l9~7)  showed  that cells  would 
wever, the  chromatography-gra~e 
was unsuitable for consistent and 
fter considerable developmental 

macia, a range of s~itable microcarriers became avail- 
macia). The first industrial ~rocess   sin 

E. (1980) for foot and  mouth diseas 
tly a whole range of microcarriers b 
lulose, polyacrylamide and silica h 

factured to meet all sit~ations (Table 5. .l).  The key criteria were to get the surface 
ally and electrostatically correct for cell  attachment^ spreading and groWth. 
this ~evelopment in  full perspective the following facts illustrate the sheer 

ort~nity that this method gives the cell culturist: 

odex microcarrier has a surface area of 6000 cm2 an 
tion of 2 g 1-1 gives  12 000 cm2  l-l. This is equivalent to 8 large or 1 

small roller bottles. 
uspension culture systems, unlike bottles, etc., can  be environmentally con- 

trolled and  were  optimized in the  late 1960s to a minimum 100-1 capacity, i.e. 
a 1 x 100-1 fermenter was equivalent to ~00-1~00  roller bottles. The scale-up 
potential is 10 000 l (for suspension cells), although currently only 4000 Z has 
been used for microcarrier culture. 

The availability of microcarriers has not only opened  up industrial opportuni- 
ut also allowed the laboratory worker  to  produce substantial ~uantities of 

cells and cell products for research and  development purposes. 

Cell and  Tissue  Culture:  Laboratory  Procedures in Biotec~no~o~y,  edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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Examples of microcarriers 

Product  name an~facturer 
(cm2 g-l)  gravity 

iosilon 
Bioglas 
Bioplas 
Cytodex  1,  2 
Cytodex 3 
Dormacell 
Gelibead 
Micarcel G 
Microdex 
Ventregel 

unc 
Solihull  Engineering 
Solihull E~gineering 

Hazelton  Laboratories 
Reactifs  IBF 

Ventrex  Laboratories 
extran  Products 

Polystyrene 
Glassllatex 
Polystyrene 
Dextran 
Collagen 
Dextran 
Gelatin 
Polyacrylamide 
Dextran 
Gelatin 

255 
350 
350 

6000 
4600 
7000 
3800 
5000 
250 

4000 

1.05 
1.03 
1.04 
1.03 
1 .o 
1.05 
1.03 
1.03 
1.03 
1.03 

1. 

2. 

3. 

4, 

11s differ in their attachment requirements, and thus a range of microcarriers 
uld be assessed for suitability (see Table 5.8.1). 

t is critical to have  table culture equipment.  Spinner flasks should  have a 
special impeller (e.g. lco, Wheaton  and  Techne flasks are specifically designed 
for microcarriers) be e a magnetic  bar is unsuitable. The  shape of the vessel  is 
important  for homogeneous mixing,  as  is the stirring unit, which must  operate 
smoothly  without vibration at low revolutions (15-100 rpm). Culture vessels must 
be siliconized to prevent microcarriers sticking to  the glass,  as  well as the bottles 
used for preparing and storing microcarriers (see ~ r e l i m i n a ~  rocedure below). 

icrocarriers can  be  purc as dry powders or sterilized solutio 
powders are swelled  in g2+-free phosphate-buffered saline ( 
the  supernatant is decanted  and discarded and  then  the residual powder is 

d in the same buffer (50 m1 g-l) by autoclaving (15 lb  iw2, 
ing: do  not overheat. The powder microcarriers are 'softer' 

than glass and plastic and  can be used  in higher concentrations, thus giving 
surface areas (e.g. Cytodex, 6000 cm2 g"; glass/polystyrene, 

e microcarriers are available at different specific gravities 
.01 and 1,05), offering a choice depending  upon the stirring 

(or mixing)  system - roller bottles, shake flasks or airlift bioreactors can  be 
used - and process requirements (e.g. if mu l t i~ l e   med iu~  changes are  to 
be  made, the heavier beads  settle  out  more quickly and efficiently). 
Consideration may have to  be given to using a supplemented medium during 
the initial stages of culture to aid  cell attachment  and to offset the effects of 
low  cell density, which  will be  more critical in microcarrier than stationary 
culture. The supplementation may be simple, e.g. non-essential amino acids, 
pyruvate (0.1 mg ml-l), adenine (10 pg ml-l), hypoxanthine (3 pg ml-l) and 
thymidi~e (10 pg ml-l). Other supplements include tryptose phosphate  broth 

rum, unle factors are  added, may have to be used at S-10% initially 
mg ml-l), (5 mM), transferrin (10 mg  l-l) and fibronectin (2 pg ml-l). 

before being  reduced after 1-2 days of culture. 
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5. The conventional cell-counting procedure of trypsinizing cells and  then  counting 
in a  haemocytometer with Trypan  blue can be tedious  or even inaccurate  (due 
to problems  in removing cells from  the  microcarrier sludge). A  better  method 
is to use the  nuclei~counting  method  developed by Sanford et al. (1951). The 
microcarriers are suspended in 0.1 citric acid containing 0.1% crystal violet. 
The mixture can be vortex mixed left at 3'7°C for  at  least 1 h. An advan- 
tage is that samples can be  stored  for long periods  (at  least 1 week) a t '  4°C 
before being counted.  However,  it is a  total,  not viable, cell count. Cells can 
also be fixed and  stained  on  microcarriers  for microscopic examination using 
standard  procedures.  Haematoxylin is the most widely used stain. 

6. It is possible to re-use  some  microcarriers using good washing procedures  and 
re-equilibration  in PBS. Except  for glass microcarriers this is not  recommended, 
especially for  more  than  one re-cycle, because performance  drops significantly. 
There  are  reports of in situ re-colonization of microcarriers  (Crespi & Thilly, 
1981), which  is feasible  but again reduces  the efficiency of the process (lower 
yields and  heterogeneity in cell numbers  between  carriers). 

'7. Enzymic harvesting (e.g. trypsin) of some cells from  microcarriers  can  be diffi- 
cult or damaging. Consideration  can be given to digesting some  microcarriers 
(e.g. by dextranase, collagenase) because this gives a  far  quicker  and less 
damaging means of getting  a single-cell suspension. 

8. Microcarrier  culture  requires  more critical pre~aration than non-dynamic 
culture systems. To  ensure success it is  very important  that all experimental 
details  are  carried  out optimally. Of particular  importance is the  quality  of  the 
cell inoculum. This should  be rapidly dividing, not  stationary,  and cells should 
be in a good condition (i.e. not  trypsin-damaged)  and as near  a single-cell 
suspension as possible. It is good practice to feed  the  seed  culture 24 

lso ensure  that medium is pre~armed and  pre-equilibrated  for p 
during  attachment  are  extremely damaging). Due  to the  n 

manipulations in the process, extreme  care with aseptic  technique  should  be 
as many as possible of the  steps  carried  out  in  a tissue culture 
not  inoculate below the minimum number;  the  culture may not 

initiate  or, if it  does, will not  reach maximum cell density. 

(Merck or  Hopkin  and Williams (as 
1. Add  a small volume of silicon~ing fluid to clean glassware (spinner flask, bottles 

and  pipettes used for handling microcarri~rs) and wet all surfaces. 
off excess  fluid and allow glassware to dry. 
glassware in distilled water  (combination of three washes/prolonged 

immersion) . 
4. Autoclave. 
This siliconi~ation process will allow glassware to be used through many repeat 
processes but glassware should  be  re-treated at least annually. 
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Eagle's minimum essential ium ( ~ E ~ )  (or  equivalent  alternative) with 
10%  foetal bovine serum ( , Eagle's non-essential  amino acids and  other 
su lements  as necessary ( eneral Principles', point 4). 

e-dependent cell line (e.g.  -5) 
ier, e.g. Cytodex 3  (Pharm 

ted  for  microcarrier  culture (e.g. ellco or  Techne) 

complete medium to spinner flask  (200 m1 in 1-1 flask), gas with 5% C 
allow to equilibrate. 

sterilized stock solution of Cytodex 3  and  replace with 
growth ~ e d i u m  (1 g to 30-50 ml). Add Cytodex 3 to spinner vessel to give a 
final concentration of 2  g 1-l (use  in  range 1-3 g 1"). 

t  spinner  on ~agne t i c  stirrer  at 37°C and allow temperature  and physio- 
gical conditions to  e~uilibrate (minimum 1 h). 

d cell inoc~lum obtained by trypsinization of late log phase cells (pre- 
stationary  phase)  at over five cells per  bead (optim~m  to ensure cells on all 
beads is seven);  inoculate  at  the  same density per  square  centimetre as  with 
other  culture types, e.g. 5-10 x 104 cm-2. Cytodex  3  at  2 g 1-1 inoculated  at six 
cells per  bead gives: 

8 X lo6 microcarriers = 4.8 x lo7 cells 1-1 
9500  cmz = 5 x lo4 cells  cm-2 

200 m1 = 2.5 x lo5 cells ml-l 

lace  spinner flask on magnetic stirrer  and  stir  at  the minimum speed to ensure 
that all cells and  carriers are in suspension (usually 20-30 rpm). It is advan- 
tageous if cells and  carriers are limited to  the lower 60-70% of the  culture 
for this purpose.  Alternatively  either: 

Inoculate  in 50% of the final medium volume and  add  the  rest of the 
dium after 4-8 h, or 

lr intermittently  (for 1 min every 20 min) for  the first 4-43 h. 
only use this option  for cells  with  very poor plating efficiency because it 
causes clumping and  uneven  distribution of cells per  bead 

6, When  the cells have  attached  (expect 90% attachment),  the  stirring  speed  can 
be  increased to allow complete  homogeneity (40-60 rpm). 

pically and  carry  out cell (nuclei) counts. 
7. progress of culture by taking 1-m1 samples at  least daily; observe 

8. As the cell density increases  there is often  a  tendency  for ~icrocarriers 
to begin clump in^. This can be avoided by increasing the  stirring  speed to 

90 rpm. 
er 3 4  days the  culture will become acid,  Remove  the  spinner flask and 

re-gas the  headspace  andlor  add  sodium  bicarbonate (5.5% stock solution). 
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ith some cells, or  at microcarrier densities of 3 g l-1 or more, 
anges  should be carried out. Allow culture to  settle (5-10 

at least 50% (usually 70%) of the  medium  and replace with rewarmed  fresh 
medium  (serum  can  be  reduced or omitted at this stage). 
flask on  stirrer. 

10. After 4 5  days  cells reach a maximum  cell density (confluency) at  the same 
level as in static cultures, although multilayering is not so prevalent. Thus a 
cell  yield of  1-2 x lo6 ml-l (2-4 x lo5 cm-2) can  be expected. 

11. Cells can  be harvested in the following  way: 
llow culture to  settle (IO min) 

medium as possible ( 9 0 % )  

llow culture to settle and  decant off as muc 
dd 0.25% trypsin (30 ml) and stir at 75-100 
llow the beads to settle  out (2 min).  ith her decant tryp§in plus cells or 

pour  mixture  through a sterile, CO sinter, glass filter or a specially 
designed filter such as the Cellector 
Centrifuge cells  (800 pend in fresh medium (with 
serum or trypsin inhibitor, e.g. soybean inhibitor at 0.5 mg ml-l) 

As a guide to calculating settled volume and  medium  entrapment by microcarriers, 
1 g of Cytodex, for example, has a volume of 15-18 m1 

The basic principles for using microcarrier culture are described, together with 
many notes on how to avoid problems  and get the  most out of this very powerful 
and useful technology. The description is suited to small-scale processes based  on 
spinner flasks (i.e. 200 m1 to 5 1) at levels that  do  not  need special adaptations for 
pe~fusion, etc. This does  not  mean  that scale-up is not possible;  in fact, it has been 
volumetrically  scaled up  to 4000 l for the production of interferon and viral 
vaccines. It has also been scaled up in density by the use of s~in-filters  (~riffiths 
et al., 1987) to allow continuous perfusion of the culture and thus operation at 
microcarri~r concentrations up  to 15 g l-1 and cell densities over IO7 m1-I. 

Crespi  CL & Thilly  WC  (1981)  Continuous 
cell  propagation  using  low-charge  micro- 
carriers. Biotechnology  and Bio- 
engineering 23:  983-993. 

Griffiths JB (1991)  Cultural  revolutions, 
Che~istry and ~ndustry 18:  682-684. 

Griffiths JB, Cameron DR & Looby I) 
(1987)  A  comparison  of  unit  process 

systems  for  anchorage  dependent  cells. 
Develop~ents  in Biological Standardi~a- 
tion 66:  331-338. 

Meignier B, Mougeot H & Favre H (1980) 
Foot  and  mouth  disease  virus  production 
on  microcarrier~grown  cells. Develop- 
~ e n t s  in Biological Standar~i~ation 46: 
249-1256. 
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tissue  cultures  by enu~eration of  cell 
nuclei. Journal of the ~ational Cancer 
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strains  and  primary  cells on microcarriers 
in ~omo~eneous culture. ~ a t ~ r e   ondo don) 
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Pharmacia  (1981) ~icrocar~ier  cell cultu~e: 
~ ~ i n c i p l ~ s  and ~ethods.  Pharmacia  LKB 
Biotechnology,  5-75182  Uppsala,  Sweden. 
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~ammalian Cell  Culture ~echnolog~,  
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Porous  microcarrier technology is currently  the most successful scale-up  method 
for high-density perfused  cultures.  The technology was pioneered by the  Verax 
Corporation (now Cellex Biosciences Inc.) and systems are available from  16 m1 
to 24-1 fluid~ed-bed bioreactors  (Runstadler et al., 1989; y et al., 1990). The 
smallest system in the  range,  Verax System One, which  is enchtop  continuous 

idized-bed  reactor, was designed for process assessment and  devel- 
S that  the  results achieved in  the 

em 2000. The process is based on  th 
pendent  and  suspension) in porous collagen micro- 
ighted (specific gravity 1.6) so that  they  can  be used 
ycle  flow rates (typically 75 cm min-l). The micro- 

spheres  (Figure  59.1)  have  a sponge-li~e  str~cture with a pore size of 20-40 pm 
5%, allowing the im~obilization of cells to high density 

The culture system is based on  a ~uidi%ed-bed bioreactor contain in^ the micro- 
spheres,  through which the  culture fluid  flows upward at  a velocity sufficient to 
suspend  the  microspheres in the  form of a si For oxygenation the medium is 
recycled t~rough a  membrane  oxygenator. s y s t e ~  is run  for long culture 

typically over 100 d uously removing the  harvest  and 
it with fresh medium 
tocols for using the  ne  are supplied with the  culture 

unit  and  have  been published previously (Looby, 1993). The  culture productivity 
data  presented in Tables 5.9.1 and 5.9.2 demonstrate its capability in comp~rison 
with other systems and  during scale-up. 

An alternative commercial system that is  now available is the ~ytopilot  
eiter et al., 1990,  1991),  which  is a  stem using polyethylene 
e)  that  supports  up to 1.2 x lo8 G 1 cells  ml-l carrier.  The 

range of porous  microcarriers available is  given in Table 5.9.3. 
Porous ~icrocarrie can  be used in stirred  tank ( 

bed  cultures (Looby ~ r i f ~ t h s ,  1989; Looby et al., 
well  as the  more commonly used fluidized beds. 
still  very developmental,  even  though  the design us microcarriers 
such  as Immoba~il (Table 5.9.3) is ensuring  rapid 
bed  culture is  given in detail. 

Cell  and  Tissue  Culture: La~ora~ory Procedures in B~otechnology, edited by A. Doyle and J.B. Griffiths. 
0 l998 John Wiley & Sons Ltd. 



h of Verax ~ i c r o s ~ h e r e  ~ i t ~ o ~ t  cell 

chematic ~ i a ~ ~ a m  of Verax  culture  system. 



270 CULTURE  PROCESSES AND SCALE-UP 

Comparison of h.ybridoma  culture  productivity  in  different 
culture  systemsa 
System  Max.  cell  Monoclonal  antibody 

number  viable  productivity  average 
(x1010 I-l)b (mg  1-1 day-l)b 

Verax  System  One 15.00  540.0 
Chemostat 0.12  24.5 
Airlift 0.12  18.5 
Stirred  reactor 0.19 25.5 
aData from Looby et al. (1992) 
bResults are normalized to per litre reactor active volume (i.e. volume containing most of 
the cells). 

redicted  scale-up of ~ y b r i d o ~ a  growth.  and  antibody produ~tivity of Verax 
~uidi%ed bedsa 

Cell  numbers 
(xlOiO viable) 

aData from Looby et al. (1992). 
b ~ s s u ~ i ~ g  linear scale-up. 

orous microcarri~rs 
~~ufacturer iameter (pm) 

Cellulose 800-1000 
180-210 

~00-5000 
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Characteristics of Siran  porous  glass  spheres  suitable 
for  fised-bed  reactors 
Material  Borosilicate  glass 
Average  diameter 

e  size 
e  volume 
a1 surface  area 
compatible 

Steam steril~ab~e/autoclavable 
Re-usable 

3-5  mm 
60-300  p.,m 
60%  open 
'75 m2 I-la 
Yes 
Yes 
Yes 

aSurface area based on fixed-bed volume. 

The system consists of a reactor vessel containing  the  carriers  for cell growth 
and a reservoir vessel for medium (Figure 5.9.3). A recycle flow of medium from 
40 ml, increasing with cell growth to 450 m1 (per  litre  packed  bed volume per 
~ i n u t e ) ,  is pumped  up  through  the  bed  and  returned to the  reservoir  for oxygena- 
tion. The system can be  operated in batch,  repeated  batch  feed and harvest,  or 
co~tinuous mode. 

The  operation of a 1.0 1 reactor will be described  here.  he  reactor vessel  is 
custom made  from  borosilicate glass  with a water-jac~et for t e ~ ~ e r a t u r e  control. 

L 

2 

L 

Reservoir  vessel Packed bed reactor 

10 

Schematic  diagram  of  fixed-bed  porous-glass-sphere  culture  system: (1) packed 
bed  of  porous  glass  spheres; (2) sampling  port; (3) medium  fed  in; (4) aidoxygen.  sparge; 
(5) off-gas  filters;  (6)  pH  probe; (7) dissolved  oxygen  probe; (8) peristaltic  pump; (9) inoc- 
ulation  port; (10) harvest. 
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(11 1 working volume) ~pp l ikon  stirred  tank, or e~uivalent, reactor is used 

the  beads  in distilled water  for 2  h. 
ly in distilled water. 

3. Place beads in an oven to dry (ap~roximately 4 h  at 100°C). 
4. Rinse  thoroughly in distilled water. 
5. Place beads in an oven to dry  (approximately 4 h  at 100°C). 

peat  Steps 4 and 5 three times. 
ce dry beads  in  a  beaker, cover with foil  and  seal with autoclave  tape. 
rilize the  beads with dry  heat  at 180°C for 2 h. 

the  reservoir  and  reactor in 4% 
thoroughly in distilled water. 

1. Calibrate  the pH probes  (Ingold) according to  ~anufacturer’s instructions. 
2. Calibrate  the  polarographic DO probes  (Ingold) with N~/air-saturated medium 

(at 37°C) according to manufacturer’s  instructions. 

Air filter and  vent filter 

and  female  stericonnectors 
orous glass spheres  (Schott  Claswerke) 

~ o t e :  ~ a i n t e n a n c ~  of sterility  during all steps involving additions  or  connections 
to sterilized e ~ u i p ~ e n t  is essential. 
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1. Attach air filter with  silicon tubing to sparge  tube. 
2. Attach  air filter with  silicon tubing to top  air  tube. 
3. Attach  vent filter with silicon tubing to air condenser, 
4. Insert Ingold polarographic DO probe  into DO holder, 
5. Insert Ingold pH probe  into pH holder. 
6. Prepare  the  medium-out recycle tube, i.e. silicon tubing  (5 mm diameter) with 

a  short piece of marprene  tubing  inserted  for  the  peristaltic  pump,  and  a  male 
stericonnector with blanking plug attached to  the  end of the  tube. 

7. Attach  the  medium-out recycle tube to  the  medium-out  tube (long tube). 
ttach  short piece (50  cm)  with a  female  stericonnector  and blan~ing 

the medium recycle return  tube  (short  tube). 
9. Attach  three  short pieces of silicon tubing with female  stericonnector§  and 

blanking plugs,  i.e. for  base  and medium addition, with one  spare  entry  port. 
10. Place a  Universal  bottle  on  the sampling plot. 

ttach two pieces of silicon tubing with female  stericonnectors  and blanking 
pieces to Y-piece with single piece of tubing to inlet at base of reactor, i.e. for 
the  medium-out recycle tube  from  reservoirs  and  inoculation vessel. 

2. Attach silicon tube with male  stericonnector  and blanking piece to  the medium- 
out recycle port  on  the  reactor  (cut  to sufficient length to reach  the medium-in 
recycle tube  on  the  reservoir vessel). 

3. Attach silicon tubing with male stericonnector  and blanking plug to harvest 
port. 

4. Insert  probes (DO polarographic  and  pH)  into  probe  holders. 
5. Attach vent filter. 

1. Add 200 m1  of distilled water to reservoir  and 100 m1  of distilled water to culture 

2. Cover stericon~ectors with foil. 
utoclave at 121°C for 30 min. 

vessel. 

1. Place the  reactor  in  a tissue culture  cabinet, 
ay the  headplate with  70% ethanol. 

ove the  headplate. 
ove the foil from  beaker. 
beads  into  the  reactor. 

ace the  headplate. 
7. Autoclave  at 121°C for 30 min. 
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Thermocirculator 
controller 
controller 

1. Attach  thermocirculator with silicon tubing  to  reactor  and  reservoir, fill  with 

2. Connect medium recycle stericonnectors. 
3. Place marprene  tubing in the  peristaltic  pump  head. 
4. Add  prewarmed medium to the  reservoir vessel. 
5. Leave  for  4  h to equilibrate. 
6. Take  a  sample  from  the  reservoir  and  measure  p using an  inde~endently 

water  and  set  temperature to 3’1°C. 

o  manufacturer,^ instruc- 

r  set  points to desired values. 

spend inoculum (5.0 x IO9 cells l-1 bed volume) in 800 m1 (bed void volume) 
medium. 
to inoculation vessel. 

3. Connect to reactor vessel. 
4. Gently swirl the  inoculation vessel to ensure  an even cell suspension. 
5. Slowly pump  the inoculum into  the  bed with air  pressure  (hand  pump), being 

l  not to introduce  air  bubbles  into  the system. 
and refill the  bed twice. 
spension cells, start perfusing  mediately at 40 m1 min-l or  at  a  linear 

or  anchorage-dependent cells, leave  stationary  for 2-4 h  for  the cells to attach 
flow  velocity of 2 cm m i d .  

before perfusing at 40 m1 min-l. 

un  the  culture  until  the ma~imum product  concentration is reached. 



The  reservoir medium volume (11 1) is changed when the glucose concentration in 
the medium falls below 2 mg  ml-l,  i.e. daily in steady/pseudo-steady~state culture. 

The  dilution  rate (medium feed  rate) is adjusted to give a medium glucose concen- 
tration of appro~imately 2 mg 1-l. 

Take  a 10-1111 sample daily from  the  reservoir,  and  perform  the following: 

Viable cell count  (free cells) 
Glucose assay 
Lactate assay 
Product assay 

atch,  repeated  batch  feed  and  harvest  modes 

Glucose consum~tion rate  (GCR): 

Lactate ~roduction rate  (LPR): 

Product  production rate (PPR): 

Continuous  perfusion 

Glucose consum~tion  rate  (GCR): 
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when: 

Lactate production rate (LPR): 

when: 

roduct prod~ction rate (PPR): 

when: 

- v 3  - 
At (12 - $3) 
” 

See  Table 5.9.5 for definitions of the above  terms. 

GCR 
LPR 
PPR 
AC 
AL 
AP 

Glucose  concentration  before  medium  change - current (mg ml-l) 
Glucose  concentration  after  medium  change - previous  (mg  ml-l) 
Glucose  concentration - current  (mg  ml-l) 
Glucose  concentration - previous  (mg  m1-I) 
Glucose  concentration  in  feed  medium  (mg  ml-l) 
Total  medium  volume  in  reactor  and  reservoir  (ml) 
Time  of  previous  sample  (days) 
Time  of  current  sample  (days) 
Lactate  concentration  before  medium  change - current  (mg  ml-l) 
Lactate  concentration  after  medium  change - previous  (mg  ml-l) 
Lactate  concentration - current  (mg  ml-l) 
Lactate  concentration - previous  (mg  ml-l) 
Recycle flow rate (m1 mid )  
Product  concentration  before  medium  change - current  (mg  ml-l) 
Product  concentration  after  medium  change - previous  (mg  ml-l) 
Product  concentration - previous  (mg  ml-l) 
Product  concentration - current  (mg  mi-l) 
Medium  feed rate (m1 day1) 
Glucose  consumption rate (mg day1) 
Lactate  production  rate  (mg  day-l) 
Product  production  rate  (mg day1) 
Change  in  concentration of glucose  (mg  ml-l) 
Change  in  concentration of lactate  (mg  ml-l) 
Change  in  concentration of product  (mg  ml-l) 
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50 F- l 50 

0 2 4 6 8 

Time (days) 

Glucose cons~~pt ion  rate ( ) and  lactate  production  rate ( 

A graphic  presentation of a murine  hybridoma grown in a fixed-bed bioreactor 
under  batch  mode is  given in Figures 5.9.4 and 5.9.5. The medium used in  these 
examples was Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g 1-1 glucose, 
4 mM glutamine  and  5%  foetal calf serum (FCS). 

1. 
2. 
3. 
4. 
5. 
6. 
?* 
8. 
9. 

Switch off DO controllers. 
Switch off pH controllers. 
Switch off thermocirculator. 

Drain  water  from the water-jacket. 
Remove  beads  from  the  bed. 
Take a 20-m1 sample of beads. 

rain  remaining mediu~/harvest from  the system. 

utoclave vessels and medium bottles. 
o a cell count  on  the 20-m1 sample of beads  (as  below). 

Cc! 

of beads  into a 250-m1 conical flask. 
2. Add 100 m1 of 0.1% citric acid and 0.2% Triton X-100. 
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0 
0 1 2 3 4 5 6 7 8 

Time (days) 

Product  production  rate in batch  mode. 

3. 
4.. 
5. 
6. 
7. 

8. 

Place the flask in an  orbital  shaker  at 37°C and  shake  at 150 rpm for 2 h. 
Remove all supernatant  and  measure volume. 
Wash the  beads with phosphate-buffered  saline (PBS). 
Add crystal violet (10%) to  the supernatant to give a final concentration  of 
0.1 Yo * 
Count  the nuclei in a  haemocytometer. 

The  productivities of the  different  culture systems are compared  in  Table 5.9.6, 
with reference to viable cell numbers  and  monoclonal  antibody  productivity.  Table 
5.9.7  gives a  prediction of the  scale-up of hybridoma growth and productivity in 
fixed-bed Siran porous-glass-sphere reactors. 

Fluidized bed technology is ideally suited  for  the production. of secreted cell prod- 
ucts in  long-term  culture.  It can also be used for lytic virus production; however, 
because  this is a  batch process, it is not ideally suited to fluidized beds. It must 
also  be emphasized that this technology is not  suitable  for cell-associated prod- 
ucts, e.g. some viruses. 
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Comparison  of  culture  productivity  in  different  culture 
systems" 
System Max.  cell Monoclonal  antibody 

numbers  viable productivity  average 
(x1010 1-1)b (mg 1-1 day-l)b 

Fixed  bed 
Chemostat 
Airlift 
Stirred  reactor 

2.75 
0.12 
0.12 
0.19 

166.0 
24.5 
18.5 
25.5 

aData from Looby et al. (1992). 
hResults are normalized to per litre reactor active volume (i.e. volume containing most Of 
the cells). 

0.1 275.0 1 .o 15.0 
1 .O" 2750.0 10.0 150.0 
2.5  6875 .O 25 .O 375.0 
100.0  275 000.0 1000.0  15 000.0 
nData from Looby et aE. (1992). 

great  deal of effort has gone  into  the  development of hi~h-d~nsi ty  immobi- 
perfusion culture systems,  which can  be  operated continuously. The limitation 

e systems  (e.g.  hollow fibre) is that, whilst they achieve  very 
ty (ty~ically IOs ml-l), they do  not scale up well ~olumetrically. 
been  overcome by the use of porous carrier immobilization 

high unit cell density can  be  combined with good volumetric 
nd long-term  continuous operation. 

ure systems have  been in exist 
binson et al., 1980; ~ h i t e s i d e  
al., 1988); however, they have  not achieve 

inly because they have a low surface area  per unit volume 
(0.7  m2 l-1 for 5"m spheres) and they are  not suitable for the immobilization of 

ion cells. These disadvantages were  overcome by the introduction of the 
d ~orous-glass-s~here  (~iran) culture system, which has a very large 
area  per unit volume (74 m2  l-l) and is suitable for suspension as  well  as 

anchora~e-~epen~ent  cells ( rown et al., 1988; Bohmann et al., 1992). This has 
led to  an increased interest in the potential of d glass-sphere culture 
systems for the production of animal cell products ann et al., 1 9 9 ~ ) ~  
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The classical cell culture  method (which  is  still used) is  very simple but lacks effi- 
cient process control  strategies.  There is an  incubator, providing reaso~ably good 
temperature  control,  and  a CO,-enriched atmosphere  that  interacts with a 
carbonate-buffered system to keep  the pH within an  acceptable  range. 
meters  for  the  regulation of the  culture  are  taken off-line, mainly relying upon 
microscope observation by experienced  operators. This strategy is appropriate  for 
laboratory use, where  a fully controlled,  probably  automated, process and good 
economy are  not  the main issues. For  production processes, and  for many inves- 
tigative purposes where high reproducibility? high  efficiency or high safety level, 
or all three, are needed,  then  more  control  and  regulation of the  environment is 
~ecessary. 

g on  the  features  needed,  there is a wide range of possibil 
mmercial suppliers.  The m i n i ~ u m  configur 
et  measuring  (and  controlling)  temperature, 

evices. This may be sufficient for cell  mass or  product  generation  purposes using 
laboratory"scale, lo~-cell-densit~ cultures.  There  should  be  no  intention of creating 
a high-e~ciency production process from such a set-up,  because  the very  high cell 
densities are very sensitive to a balance  between  the physiological status of the 

ironmental  parameters. This cannot  be achieved by set  point 
ditional  measurements  and auto~at ic?  very  quick and  accurate 

control  loops  are  needed  for such processes, which are mainly dedicated to indus- 

eeds  for  the  different levels of process sophistication is the first 
rerequisite  for  creating  the  appropriate  set-up. To facilitate this some of t 
rincipal features of processes and  their  control  are 

insight into process design, sensors  and  electronic dev 
are  recommende  a), Fleischacker et al. 

uetemeyer et al., 1994). 

rocess control  for animal cell fermentation  should  at  least include a set  point 
control of temperature,  p , p 0 2  and  agitation  rate. 

Cell and Tissue Culture: Laboratory Procedures in ~ i o t e c h ~ o l o ~ y ,  edited by A. Doyle and J.B. Criffiths. 
0 1998 John Wiley & Sons Ltd. 
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S a conse~uence of low stirring rates, and  the long  mixing time  inherent in animal 
cell fermentation, there is a high  risk of localized overheating when  using stan- 
dard microbiological fermentation devices. Therefore,  the best solution is a 
water-jacketed vessel fitted with  warm water circulation, with the te~perature  
limited to a value just 1-3°C higher than  that of the reactor by a 
overriding the reactor loop. Use  hot  water or low-energy electric heat 

han  steam injection as the energy source to ensure minimum 

ternatively, for vessels up  to 10 1, an elect heating band  (barrel 

s inside the reactor be used, because 1 
the low stirring rate, will cause  unfavou 

the reactor should  be a ~uick-response sen 
t100  with a thre~-wire connection) and a 

e used, havin a ower of ap~ro~imately 30 

m ~ e ~ a t u r e  constancy. In no case S 

during operation (d~ring initial 
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1 

I 
I 
I 

= optical  density. 

tric  electrodes ~ e a n s  that  there is  now a  stable  and 
accurate ~ e ~ § o r  suitable  for  long-term animal cell fermentations. 
are still several shortcomings: 

cycle between  the  regular is l i ~ i t e ~  to 6- 
on  the oxygen tension. 

e housings or by the use of a sec0  ectrode, which is 
inning of the  run  but  connecte 
rode to save ~easur ing  capacit 

still in o~eration. 
he  start of the fer~entation 
for  these  electrodes is in  t 



ese drawbac~s with  high-density cultures, a   ell-balance 
on system is necessary. The gas volume of the s y s t e ~  

control valve to  the sparger outlet sho~ ld  be as low  as  possible to av 
titration. The ~ ropor t io~a l  controller should  have a self-optimi~ation 
allows adaptation of the control  characteristic^ to  the electrode, pn 

, an overriding limitat 
and restrict f o a ~ i ~ ~ .  
eedle valves or by  usi 

cultivation of cells at high densities andlor for long perio 
ith respect to productivity and  economy.  Therefore, these 
~ a i n l y  for processes that  are  intended  for  ind~strial produc- 

h  eth hods need not only a more detailed and safer process control, but 



also  additional  measures  for  meeting  the  requirements of good ~anufacturing 
practice. 

ocess control  at high cell density is much more  critical with regard to o ~ y g e ~  
above)  and  nutrient supply as  compared with standard  batch  and  continuous 

cultures.  The  more  intense use of medium contributes to the economy of the 
, but leaves a deficit in nutritional buffer capacity. This causes 
on of cells after relatively small alterations in speci 

Therefore, cell number  estimation, liquid flowllevel control a 
of specific medi~m  co~ponents  and osmotic pressure will be  dealt with 

devices with a flow range as low as 1-5 I h-? 
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I 
I I 
I I Product 

t 

Level  control  by  electronic flow meter  with  a  set  point  control  loop. 0 
optical  density. 

gneto-inductive principle: Turbo  esstechnik,  Cologne, 
ermoelectric principle: h id  Components, Inc., San 

n  alternative is  provide^ by steril~able metering pumps, but  t 
they  are sensitive 
flow measurement 
Co., u s i ~ g  a mem e valve combina 

third possibility is the use of an 
all intermediate vessel that is p1 

computer  for  control of the valves. This is a very accurat 
adjusted to very small feeding  steps down to a  minute  range, resembling an almost 
continuous medium supply. 

Liquid level 

Liquid level measurement may be accomplished in several ways. The classical way 
is the use of a liquid level sensor,  either based on con~uctivity  or on  electrical 
capacity. They can  be supplied by all fermenter companies. 0th  are affected by 
foam. 

Another well-established method is to place the  fermenter  on an electronic 
ba st manufact~rers offer such systems. They are very accurate as long 
as no changes with the  peripheral  installation  (tubing,  stoppers,  etc.). 
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Two other useful methods  should also be  noted  here: 

easurement of the  differential  hydrostatic  pressure by two piezoelectric 
sensors  mounted  at  the  top  and  at  the  bottom of the  react 
pressure  difference  corresponds to  the liquid height 

esstechnik,  Vienna,  Austria;  Bioengineering AG, Wald, Switzerland). 
easurement by depth  sounding using an  ultrasonic device is also possible, but 
use is dependent  on a special mounting  plate  for  the  sonar  head  on  the 

bottom of the  fermenter  (X'SONA Oore Electronics Inc., 

CO 

With high-e~ciency processes it may be beneficial or  even necessary to control 
the process by a distinct, critical medium parameter,  either  for adjusting the 
optimum  feeding  rate  or  for defining a distinct state of the process (harvest  time, 
switching point, etc.). The  parameter may be sugar level,  concentration of a distinct 
amino acid, free  ammonia,  etc.  For  the  state of the  art of measuring techniques, 
see  Chapter 3, section 3.4. 

As  the  metabolic  behaviour of cell lines changes with  many parameters, such 
as growth rate, cell density,  pH, p02, glucose concentration  and  probably  other 
physicochemical parameters,  it may be useful to monitor  more  than  one of the 
medium components. This will allow correct modification of the medium compo- 
sition/environmental  conditions.  The goal may be  directed to cost-effectiveness  or 
to favour  the  enhanced  generation of a distinct isoproduct (~onstantinov et al., 
1996; Ozturk et al., 1997). 

The osmolarity of the cell suspension increases  during a fermentation process as 
a result of metabolic  events  (@yam, 1989). The influence on  the cells and  the 
product is still unclear.  Therefore, with each  development of a new cell culture 
process, a study  on  the  importance of this parameter must be performed. 
Unfortunately,  there is no  on-line  measurement system commercially available, 
although  sterile  installation of a membrane  osmometer should be possible. 

Currently,  the  standard  method is off-line measurement using a free~ing-point 
osmometer  (Fiske,  Needham  Heights, MA, USA;  Gonotec,  Berlin,  Germany; 
Knauer, Bad Homburg,  Germany).  For maintaining constant osmolarity, a second 
medium inlet system for distilled water must be installed  and  adjustments  made 
occasionally according to sample readings. 

A rather  more  futuristic  aspect of fermentation  control is the use of complex para- 
meters, calculated from basic and biochemical parameters  (Fenge et al., 1991; 
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Glacken, 1991). These  include growth rate,  uptake  and  production  rates as  well 
as  intracellular  metabolites. Such parameters directly monitor  the physiological 
state of the cells and would  allow  very reliable  and  fast  control of the process 
(~rammatikos, 199’7). 

The  automatic calculation of growth rate  from two density measurements  and 
the flow rate is not very useful because of the long time  intervals necessary for  a 
reliable calculation; this inherently  leads to a  retrospective value. A better possi- 
bility in this respect is the measur~ment of specific intracellular A 
correlates with the growth rate. This can be done by automatic off-ves 
analysis of total ATP using com~ercial  kits (Packard Chemicals, Groningen,  The 
Netherlands),  the  actual cell number  from  an  on-line  sensor  and  a calculation 
model  (Figure 5.10.3). This value allows continuous  fermentation  at  a  constant 
growth rate by nutrient  manipulation  or  temperature  regulation. Productivity may 
be  a  function of growth rate  (Merten, 1988b), so this may lead to an  improve- 
ment in process economy. 

Our own unpublishe~ results show a  correlation  between glucose uptake rate 
and  monoclonal  antibody  production rate with a hybridoma. However,  due to 
limited technical resources,  it has only become possible recently to use this 
phenomenon within a  production process. Nevertheless,  the autorn 
on-line  measurement of glucose, twice per  hour,  can be established ( 
An  in-line glucose measurement system has been  developed  recently, based on 

.10.3 Calculation of cell  mass  by  on-line  measurement of ATP,  allowing a constant 
growth rate to be  maintained.  OD = optical  density; EDP = electronic  data  processing. 
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near-infrared  measurement  (Ed  rabant,  Etten-Leur, 
The  etherl lands). 

A very interesting  task would be  automatic  measurement of the  product  and 
the calculation of production  rates. This would  allow automatic optim~ation of 
the process by a computer  program  that varies all relevant  parameters,  probably 
by multi~arameter analysis, to find the  best  production  conditions. As long as 
there  are  no  product  sensors available, the main problem  m  be  the  time neces- 

for  the  measurement of an automatically taken  sample owever, the use of 
C  methods  can give accurate  results within 20 min, high-performance 

'S time of 5 min, could be  intro- 
, personal commu~icatio~; and 
ment is necessary before  these 

her  parameters may include specific amino acid uptake  or  production  rate, 
e specific release  rate of intracellular enzymes such as lactate  dehydrogenase 

or glutamate  oxaloacetate  transaminase,  both  in  nt para~eters  for changing 
viability and  particularly useful for  alarm settings. me of these possibilities are 
feasible  today by using an  automatic sampling de , either  on a filtration  base 
or  free suspension sa ing with an  automatic analyser ~Figu 5.10.3). For  amino 

ids, a system calle tronic LC5001 has been described uzsaky et al., 1989; 
ymes, a modified  clinical analyser tern could be used; 

(e.g. monoclonal  antibodies)9  PLC  methods can be useful 
991; Okturk et al., 1995). 

methods can be used routinely  for  automatic  fermentation analysis. 

n summar it can be  seen  that basic process control may be satisfactory for  labo- 
ations, where the feasibility of the process should be investigated and 

ount of material bas to be  generated  without  too much att~ntion 
rol will be necessary where either high 
lities are  the goal and  the  manufacturi 
rect  control  on  the chemical/physical level will 
ases, but  there is a clear advanta~e for process 

optimization in introducing  control  at  the  metabolic level. er, this may be a 
labour~intensive  and costly task, which  may  pay back only oducts achievin~ 
full production capacity for long periods of time. 

ov K & Naveh  Bliern  R Bt Katinger H (1988a) Scale-up 
for  monitoring  engineering  in  animal  cell tec~nology: 
processes.  In:  Part 1. ~ i b t e c ~  6: 190-195. 

Merten OW Bt Griffiths  B  (eds) A ~ i ~ ~ l  Cell Bliern  R & Katinger H (1988b) Scale-up 
w ~ e v e ~ o ~ ~ e ~ ~ ~  and New engineering  in a~irnal cell tec~nology: 
uwer,  Dordrecht, in press. Part 11. ~ i b t e c ~  6: 224-230. 



CONTROL  PROCESSES 291 

Buetemeyer  H,  Marzah  R & Lehmann  J 
(1994) A direct  computer  control  concept 
for mammalian  cell  fermentation. Cyto- 
technology 15:  271-279. 

Buzsaky  F,  Lie K & Lindner-Olsson E 
(1989)  Amino  acid  utilization  by  hamster 
cells  during  continuous  perfusion.  In: 
Spier RE, Griffiths  JB,  Stephenne  J & 
Crooy  PJ  (eds) Advances  in  Animal  Cell 
Biology  and ~echnology for Bioprocesses, 
pp.  252-256.  utterw worth, Oxford. 

De  Gouys  V,  Menozzi  FD,  Harfield J, Fabry  L 
& Miller AOA (1996)  Electronic  estima- 
tion  of  the  biomass  in  animal  cell  cultures. 
Chi~ica Oggi 14: 33-36, 

Duval D, Geahel  A,  Dufau Al; & Hache  J 
(1989)  Effect  of  amino  acids  on the  growth 
and  productivity  of  hybridoma  cell 
cultures.  In:  Spier  RE,  Griffiths  JB, 
Stephenne  J & Crooy  PJ  (eds) Advances  in 
A n i ~ a l  Cell Biolo~y and ~echnology for 
Bioprocesses, pp.  257-259.  Butterworth, 
Oxford. 

Einsele A, Finn  RK & Sarnhaber  W  (1985) 
~i~robiologisc~e  und ~iochemische 
~erfahrenstechnik. VCH  Verlagsgesell- 
schaft,  Weinheim. 

Fenge  C, Frame E & Schiigerl  K  (1991) 
Physiological  investigations  in  high  density 
perfusion  culture  of  free  suspended  animal 
cells.  In:  Spier RE, Griffiths  JB & Meignier 
B  (eds) ~roduction of ~iological~ from 
Animal  Cells  in Cult~re, pp.  262-265. 
Butterworth-Heinemann,  Oxford. 

Fleischacker  RJ,  Weaver JC & Sinskey  AJ 
(1981)  Instrumentation  for  process  control 
in  cell  culture. Advances  in Applied 
~ic~obiology 27:  137-167. 

Glacken MW  (1991)  Bioreactor  control  and 
optimization.  In: Ho CS & Wang DIC  (eds) 
Animal  Cell  Bioreactors, pp.  373-404. 
Butte~orth-Heinemann, Oxford. 

Gramrnatikos  SI,  Tobien K, No6  W & 
Werner  R  (1998)  From  applied  research 
to  industrial  applications:  the  success 
story of  monitoring  intracellular  nibo- 
nucleotide  pools.  In:  Griffiths B & Merten 
OW (eds) Animal  Cell ~echnology: 
New ~evelo~ments  and  New  Applications. 
Kluwer,  in  press. 

Handa-Corrigan A (1990)  Oxygenating 
animal  cell  cultures:  the  remaining  prob- 
lems.  In:  Spier RE & ~ r i ~ t h s  JB  (eds) 
Animal  Cell  Biotechnology, vol.  4,  pp. 
123-132.  Academic  Press,  London. 

Harris  JL & Spier RE (1985)  Physical  and 
chemical  parameters:  measurement 
and  control.  In:  Spier RE & Griffiths  JB 
(eds) Animal  Cell  Biotechnology, vol. 1, 
pp.  283-319.  Academic  Press,  London. 

Holmberg  A,  Ohlson S & Lundgren  T  (1991) 
Rapid  monitoring of monoclonal  antibod- 
ies  in  cell  culture  media  by  high  perfor- 
mance  liquid  affinity  chromatography 
(HPLAC).  In:  Spier  RE, ~ r i ~ t h s  JB & 
Meignier B (eds) P~oduction of Biologicals 
from Animal  Cells  in Culture, pp.  594-596. 
Butterworth-Hei~emann,  Oxford. 

Jenkins  N  (1994)  High  resolution  separa- 
tion of recombinant  human  interferon- 
gamma  glycoforms  by  unicellar  electro- 
kinetic  capillary  chromatography. 
Analytical ~iochemistry 222:  315-322. 

Katinger HWD, Scheirer  W & Kromer  E 
(1979)  Bubble  column  reactor  for  mass 
propagation of animal  cells  in  suspension 
culture.  erm man Chemical ~ngineering 2: 
31, 

Konstantinov  KB,  Tsai Y, Moles D & 
~atanguihan R  (1996)  Control of long- 
term  perfusion  Chinese  hamster  ovary  cell 
culture  by  glucose  autostat, Biotechnology 
Progress 12:  100-109. 

Kretzmer  G,  Ludwig A & Schiigerl  K  (1991) 
Determination of the  ‘critical  shear  stress 
level’  for  adherent  BHK  cells.  In:  Spier  RE, 
Griffiths  JB & Meignier  B  (eds) Prod~ction 
of Biologicals from Animal  Cells  in  Culture, 
pp.  244-246.  Butterworth-Heinemann, 
Oxford. 

Merchuk JC (1991)  Shear  effect  on sus- 
pended  cells. Advances  in  Biochemical 
~n~ineering Biotec~nology 44:  65-95. 

Merten OW (1988a)  Sensors  for  the  control 
of ma~malian cell  processes.  In:  Spier RE 
& Griffiths  JB  (eds) ~ n i ~ a l  Cell Bio- 
tech~ology, vol.  3,  pp.  75-140.  Academic 
Press,  London. 

Merten OW (1988b) Batch  production  and 
growth  kinetics  of  hybridomas. 
Cytotechnology 1: 113-121. 

Merten  OW,  Palfi GE, Staheli  J & Steiner 
J  (1987)  Invasive  infrared  sensor  for  the 
determination of the  cell  number  in  a 
continuous  fermentation of hybridomas, 
~evelopments in  Biological  Standardiza- 
tion 66: 357-363. 

@yaas K, Berg  TM,  Bakke 0 & Levine  DW 
(1989)  Hybridoma  growth  and  antibody 

James  DC,  Freedman  RB,  Hoare M 



292 CULTURE  PROCESSES AND SCALE-UP 

production  under  conditions of hyperos- 
motic  stress.  In:  Spier  RE,  Griffiths  JB, 
Stephenne J & Crooy  PJ  (eds) Advances in 
Animal Cell Biology and ~echnology for 
~io~rocesses,  pp.  212-220.  Butterworth, 
Oxford. 

Oiturk SS, Thrift  JC,  Blackie  JD & Naveh D 
(1995)  Real-time  monitoring  of  protein 
secretion  in  mammalian  cell  fermentation: 
measurement  of  monoclonal  antibodies 
using  a  computer~controlled  HPLC-system 
(BioCad/RPN).  Biotechnology  and  Bio- 
engineering  48:  201-206. 

Oiturk SS, Thrift  JC,  Blackie JD & Naveh D 
(1997).  Real-time  monitoring  and  control 
of  glucose  and  lactate  concentrations  in  a 
mammalian  cell  perfusion  reactor. Bio- 
technology and Bioengineering 53:  372-378. 

Pelletier,  F,  Fonteix  C,  Lourenco-~a-Silva 
A, Marc A & Engasser JM (1994)  Soft- 
ware  sensors  for  the  monitoring  of  perfu- 
sion  cultures:  evolution of the  hybridoma 
density  and  the  medium  composition  from 
glucose  concentration  measurements. 
Cytotechnology 15:  291-299, 

Scheirer W & Merten  OW  (1991)  Instru- 
mentation of animal  cell  culture  reactors. 
In: H0 CS & Wang  DIC  (eds) Animal Cell 

Bioreactors, pp.  405443.  Butterworth- 
Heinemann,  Oxford. 

Schiigerl K (1988)  Measurement  and  bio- 
reactor  control.  In:  Durand  G,  Bobichon 
L & Florent J (eds), Proceedings of 8th 
~nterna~onul Biotechnology S y m ~ o s i ~ ~ ,  
Paris, 1988,  pp.  547-562.  Societk  Frangaise 
de  Microbiologie,  Paris,  Cedex  15, 

Van  t’Riet K & Tramper J (eds)  (1991) 
Basic  Bioreactor Design. Marcel  Dekker, 
New  York. 

Webb  C & Mavituna F (eds)  (1987) Plant 
and A n i ~ a l  Cells: Process  Possibilities. 
Ellis  Horwood,  Chichester. 

Werner RG & Noe W (1993a)  Mammalian 
cell  cultures.  Part  I:  Characterization  mor- 
phology  and metabo~sm. Arzneimit~el 
Forsch~ng 43:  1134-1139. 

Werner RG & Noe  W  (1993b)  Mammalian 
cell  cultures.  Part 11: Genetic  engineering, 
protein  glycosylation,  fermentation  and 
process  control. Arzneimittel Forschung 

Werner RC & Noe W (1993~) Mammalian 
cell  cultures,  Part 111: Safety  and  future 
aspects, A r ~ n e i ~ i t t e l   ~ o r s c h ~ n g  43: 

43:  1242-1249. 

1388-1390. 





This Page Intentionally Left Blank



There is a range of re~ulatory guidelines relevant to  the utilization of cell lines 
or their products in the  manufacture of both biotherapeutic and diagnostics. 

uality assurance by means of strict quality control of all aspects of a cell culture 
process has always been of prime importance, given the sensitivity of cells to sub- 
optimal  medium  and  environmental factors and  the ease with  which  cells can 
become  contaminated with  viruses and  other  microorga~isms.  The potential for 
~iological changes in scale-up of cell culture processes demands  even  greater stan- 
~ a r d ~ a t i o n  and testing of the system. 

The first in vit~o development processes for the manufacture of vaccines  utilized 
primary  primate cells * substrate. However,  contamination of these cells 

e need for stocks of the cell substrate 
ardized procedures only became reality when 

) line WI-38, derived from  foetal lu 
of human vaccines (World 

mor, 1990). This cell line was sh 
ogenous  and adventitious), to  be g ~ ~ e t i c a ~ y  
ubling  levels  (which have  been increased in 
r, 1990) and to retain a diploid karyotype. 
d  under the headings of identity, senescence 
nd rationalized quality assurance parameters 
ardized process, from  seed  banks to final 

ystem to a unit process in either multiple 
ur-inte~sive and inefficient productio~ 

~ethodology.  In S ays it was unfortunate  that  the  parameters set by the 
characterization o then  appeared  to  become  the ‘norm’ by  which 0th 
cell types were a S a result it was  highly  unlikely that in the develo 

nt of cell-based biotherapeutics more ~ ~ o ~ ~ ~ t i o n  ~ ~ e ~ ~ ~ Z e  cell  lines  would 
receive ready accept e by the regulatory ies, given that genetic instability 
and the presence of entially oncogenic in transformed cells  could  give 
the regulators cause for anxiety. 

This situation has now altered with increasing acceptance of alternative cell 
substrates, includin~ both  ~enetically manipulated  and  spontaneously  rmed 
(but stable) cell lines for production processes. A good  example is the  Vero 

Cell  and  Tissue  Culture: ~aboratory Procedures in ~iotechnology, edited by A. Doyle and J.B. Griffiths. 
0 1998 John Wiley & Sons Ltd. 
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distribution cell bank held at  The  European Collection of Cell Cultures  (ECACC) 
and  the  American  Type  Culture Collection (ATCC), which  is  fully authenticated 
for vaccine manufacture (WHO, 1989). 

Nine times out of ten, cell line  derivation occurs during  a  research  programme 
and many properties of the cell may  well be  different  after 2-6 months of contin- 
uous cultivation. It is important  therefore to re-start  cultures  from the original 
cell bank every 2-3 months  in  order to avoid this problem.  Also, cell lines and 
clones are usually selected  on  the basis of their growth ability, rather  than as a 
targeted  attempt to address  particular  requirements  for  protein  products.  The diffi- 
culties that  this can present  are gradually being redressed in an  attempt  to avoid 
the  problems  encountered in the  past  due to provision of inappropriately  prepared 
cell substrates  from such research programmes. The  introduction of good labora- 
tory  practice (~epartment  of Health, 1996) and associated diligent record  keeping, 
~nhanced by accreditatio~  to international  standards (e.g. I S 0  9001, IS 
EN~500), ensure  that  the risks of cross-contamination  between cell lin 
potential  for  introduction of adventitious  agents are kept to a minimum. 
in practice, tissue culture work at  the research level is often  performed 
than  ideal  conditions in cramped  laboratories with multiply-used facilities that  can 
lead to di~culties at  a  later  date. 

In many cases insufficient thought is  given to  the  eventual  regulatory implications 
concerning the choice of starting  materials, which are commonly cho 
because  they are readily available in  the  organization  concerned. With 
and  heteroploid cells there is no  element of ‘choice’ - the  starting  ti 
derived  from  normal  healthy individuals (or  foetal  material)  and is thus in some way 
seen to be  free  from  contaminating organisms. Where  heteroploid  tumour-derived 
cells are  under  consideration,  there are obvious parameters concerning the  status  of 
the  patient  or animal providing the tissue (e.g. HIVI titis)  and in human 

st be reflected in the  testing  regi  e final master cell bank 
ogics Evaluation  and  Research ( 

In  the  derivation of monoclonal  antibody-secreting hybridomas and  the  genera- 
tion of genetic  recombinant cell lines there is an  element of ‘choice’ of starting 
material  and valued judgments  regarding safety and reliability can  be  made  on  the 
final selection of cells. Mouse myelomas developed  for hybridoma preparation must 
be  obtained  from  reputable  sources  and  undergo  routine  quality  control  procedures 
prior to their use. Many laboratories  have  decided to use rat myelomas in preference 
to mouse because they lack the  endogenous  C-type virus particles ~ r e ~ u ~ ~ t l y  
observed in mouse myeloma cells. However,  both mouse and  rat cells from  labora- 
tory  strains may represent  an  infection  hazard.  These are important  considerations 
if the protein  product is destined  for in vitro human use. Identification of certain 
viruses, designated  Group l (Table 6.1.1) (Minor, 1994)  would contraindicate  the 
use of the associated cells whilst viruses designated to  Group 2 (Table 6.1.1)  may be 
satisfactorily eliminated  in  downstream purification of the  product. 
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present  there is no human myeloma available that  can  be 
domas with the  same efficiency as  the mouse or  rat system. 

the  development of several  heteromyelomas  (mouse x human, e. 
immortalizing fusion partners,  although  their use may lead to concerns  regarding 
the possible generation of recombinant  or  reactivated viruses in the resulting 
hybrid cells. An alternative is to use Epstein-~arr virus 
lymphoblastoid cell lines secreting  antibody,  but  in this ca 
concerning  the oncogenic potential of the cellular and viral 
in the final product. 

Categorization of viral  contaminants of murine 
hybridoma  cells" 
Group 1 

Group 2 

Hantavirus 
Lymphocytic  choriomeningitis  virus 
Reovirus  type 3 
Sendai  virus 
Ectromelia  virus 
IC virus 
Lactate  dehydrogenase  virus 
Minute  virus of mice 
Mouse  adenovirus 
Mouse  cytomegalovirus 
Thielers  virus 
Mouse  hepatitis  virus 
Mouse  rotavirus 
Pneumonia  virus of mice 
Polyoma  virus 
Retroviruses 
Thymic  virus 

aSee Minor (1994) 

Several  hosthector systems are available for  the  preparation of recombinant cell 
lines. The choice of host system is based on  the ability to insert genes into a host 
cell, which  will permit  integration of the  foreign DNA. This very permissiveness 
reveals  a  lot  about  the cell and  therefore  the  long-term stability of the cell line 
constructs  generated.  For  example,  the  generation of CH0 ~HFR-stains (Urlaub 
et al., 1983), which permit  transfection  and amplification of vectors carrying inserts 
encoding protein  products, was directly enabled by the high level of genomic insta- 
bility of CH0 cells. This means  that  there is  still a  question mark over  the 
long-term  stability of such recombinant cell lines, which  must be  considered when 
assessing their safety and  regulatory acceptability. 
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S 

The ground  rules  for cellular characterization  were  set with human diploid cells 
and  these  particular  substrates  for vaccines are subject to guidelines developed by 

0 (199’7). In  turn,  W 0 guidelines have  provide  the  parameters for 
characterization of heteroploid cells (WHO, 198’7). It is therefore  a  natural 
progression that this level of characterization  should also provide  the basis for  the 
characterization of master  and working cell banks  (see  Chapter l, section 1.3), 
even  though  this  does  present  problems. 

In  particular,  the  relevance of some of the  procedures is questionable (e.g. 
karyology) because a  lot of the cells are inherently  unstable  and  a  certain  amount of 
controversy  surrounds in vivo tests involving animals that  are now considered 
‘redun~ant’. For  example, if it is accepted  that every hybridoma is capable of pro- 
ducing tumours in model systems, what is the  point of repeating  the exercise with 
newly derived hybridomas? ~nfortunately, what has tended to happen is that  each 
new test  that is added as technology advances is a~~itionaZ rather  than  a r e ~ Z a c e ~ e ~ t .  
This leads to an  ever-increasing  number of quality  control  tests to be performed  and 
thus  adds to  the  expense of validation  studies  and is a growth in dust^ in itself. 

S 

Identity  testing 

~nsuring that  the cells in culture are in fact what they are meant to be is a fairly 
important  validation  step, however obvious it may seem. The analysis of the 
chromosomal  make-up of a cell line by karyology remains  a key tool in cell line 
identity  testing  and  for  determining  the stability of cell cultures (C 

ever,  the use of this  technique  for establishing stability is questionable in the 
of inherent  drift in the  chromosomal  complement of animal cells in  culture 

S is also a key regulatory  requirement in the 
general this technique is used to exclude 

ination of a cell line with  cells from  another species 
ecently, however, significant progress 

lar  techniques  for cell 
ngerprinting  (Gilbert et al., 1990; 

Z., 1988; Stacey et al., 1997) and  random 
methods (Williams et d . ,  1990 
a  unique identi~cation  patt 

many other animal an 
Southern  blot analysis 

ques  have received intensive validation 
t to come through  rigorous scrutiny, 

ologies are promising 
ided that convincing 

validation  data  are  produced  for  these new technologies, it may be  that  other  test 
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procedures (~aryology and isoenzyme analysis) will be gradually replaced (see  also 
Chapter 1, section 1.3). 

~dventitious agents 

In  practice, most animal cell-derived biotherapeutic  products  are  evaluate 
series of meetings with experts  from  the  regulatory  bodies to discuss results  and 
thus ~ u i l d  up  an ov~rall  picture of the cell line  and  its  product. In ~articular, virus 
testing  procedures are important to exclu contami~ation of therapeuti 
and  therefore have to be exhaustive. authorities may 
extended  range of tests, inc lu~~ng retr 

a and  proliferate within animal cells should  not  be  disregarded  from  the 
point of  view  of safety: in  particular mycoplas~as, which can ~roliferate within 

viruses are  the major concern,  other common organisms t 

ntative of patho~ens 
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~pplication of DNA ~ngerprints for  cell 
line in~i~i~ualisation. A ~ e r ~ c ~ ~  ~ o ~ r ~ ~ 2  

67-73. 

~ ~ e ~ r c ~  40: 1443-144~. 

~ n g e ~ r i ~ t i n ~ .  In: Burke T, Jeffreys 

cell aut~enti~ation. ~ ~ t ~ r e  ( ~ o ~ ~ o ~ )  391: 
261-262. 

405-4412. 

p o l y ~ o r p ~ i s ~ s   a m p l i ~ e ~  by arbitr~ry 
primers  are  useful as genetic  markers. 



The first animal cell product  prepared in vitro was  Salk polio vaccine (1954), 
produced in a pot of magnetically stirred primary cells.  Now there  are  over 200 
licensed (or in the process of being licensed) cell products, including  vaccines, 
immunoregulators  and  growth factors, therapeutic  monoclonal antibodies and a 
range of therapeutic proteins (e. , blood factor VHI, hC 
(see Chapter 5, section 5.1). Fur se  are produced in a range of highly 
controlled and sophisticated bioreactors (at scales up  to 20 000 l or at  tiss~e-like 
cell densities) in optimized  and defined edia. The engineered cell lines that  have 
been  developed  represent the of molecular biology. A 
degree of regulation required sing authorities to ensu 
the  product (as well as the process) means  that  a safe and effect 
produced utilizing these advanced  molecular  and engineeri 
a long-term perspective of such phenomenal progress, a 
number  and  range of products, one  can derive a de  ree of satis 
has been well done  and successfully completed.  wever,  there are still many 
~provements  that can  be  made to 
and in fact to allow some  product 
sion highlights the  approaches currently being made to give these i 
and  develop new products. 

n  terms of both volumetric an cific productivity, yields are well  below 
those obtained using competing such as bacteria and yeasts. 
of core p~rameters, such as a tion of slow growth  rate, lo 
density, critical environmental (particularly physical) factors and  the 
(and  expense) of culture media, conspire to  make cell culture a low-p 
high-cost  process. Fortu~ately for animal cell technologists, b ~ c ~ u s e  th 
the product is very  much higher than  that  from  comp systems, and cell 
products are of low concentration/high 
if not  the only, option for many product 
tive because the disproportionately hi 

to reduce  the  impact of the actu 
ow can the productivity probl 

1.  he s y s t e ~ :   evel lo pi^^  ore ~ ~ c i e n t  ~ioreactors  an^ ~ ~ o c e s s e s ,  i.e. the c h e ~ i c a l  
e e r i n ~   a ~ ~ r o a c h  with  the u ~ t i ~ a t e  goal of r e ~ u c i n ~  
ach has been very effective over  the past 20 years 

of microcarriers, scale-up of stirred tanks to over 10 000 l and airlift to 2 0 0 ~  1, 
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and the introduction of high-density (100 million  cells ml-l) p e r ~ s i o n  systems. 
In particular, the d i ~ c u l t  problem of oxygen limitation has been alleviated by 
man innovative techni~ues. owever,  apart  from  improving process control, 

and integrated  owns stream process in^ (to improve on low recovery 
d product), this approach in future will probabl~ be less r e w a r ~ i ~ ~  

than  others in terms of the  order of ma~nitude of expected  return. 
cell: cell ~ e v e l o ~ ~ e n t  via the cell e n ~ i n e e r i n ~  a ~ ~ r o a c ~ ~  
ession  levels to in  vivo values that  can  be  maintained ov 



nutrition  and oxygenation, and  perhaps  even  more  importantly  protection  from 
immune ‘rejection’. Test systems are now so well advanced that this is undoubt- 
edly going to be  the most dynamic area of cell biotechnology in the next few 
years. 

istory has proved  that advanced technologies have a  habit of cropping  up in 
areas  where only science fiction writers once held sway; cell technology is  by no 
means  an  exception to this rule. 

A. Doyle  and J. 
~ a n a g i n ~  E ~ i t ~ r ~  
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any people  wonder why one  should  spend  time worrying about scientific termi- 
nology when, it is said, people will continue to use terms with  which they are 
comfortable in spite of any  communication difficulties that  occur or action taken 

ization ~ommittees.They often point out  that  major discoveries have 
been,  and continue to be, made in spite of any problems with communication. 
the  contrary? it should  be a major  concern of scientists that their ideas be 
conveyed to  others ccording to  the dictionary, to communicate is to ‘impart or 
ive information’. ny feel that scientists have  not  done partic~larly well in 

communicating with the lay comm~nity (Schaeffer, 1984; Iglewski, 1989). That this 
has become a major  problem is  exemplified by the difficulties that  the  scientifi~ 
community encounters when attempting to influence legislation dealing with 
funding for research. There has been a continual erosion of the  money allocated 
to biomedical research, on a worldwide  scale, and this has created a virtual crisis 
in research and training of future scientists. It may also be  argued  that a si~nifi- 
cant aspect of the  poor  communication with the lay community  stems  from  the 
fact that scientists do  not  communicate as well as they should with each  other. 
This can  be  seen in the microcosm of the larger scientific comm~nity  constit~ted 
by researchers using the techniques of cell and tissue culture. 

~ommunication within  scientific  disciplines has long been efficient  via a system 
of jargon. Individuals within particular fields communicate efficiently but individ- 
uals outside the field or discipline  find that jargon is simply, as defined in the 
dictionary? ‘unintelligible talk’. Some feel that this is not a major  problem in  fairly 
circumscribed  fields because  there is little necessity for ‘outsiders? to U 
technical presentations. This may be  true  for such  fields of research. 
difficulties arise when  areas of research become interdisciplinary. Then  the jargon, 
techni~ues and body of information must  be  understood widely and in diverse 
disciplines. Terminology  adopted by individuals  who have  not previously used  it 
is often changed  and misused,  causing confusion. That  the  above is so is confirm~d 
by the confusion in the fields of vertebrate,  invertebrate  and plant cell culture 
(hereafter referred to only as cell culture), molecular biology and  molecular 
genetics over the use and  abuse of terminology. 

There is hardly a field of biological investigation in  which  cell cultures or  the 
techniques of molecular biology and  molecular genetics are  not used. These tech- 
nologies are  being  employed by an ever-widening group of researchers who are, 
therefore,  communicating  more globally  via  scientific presentations, publications 
and research proposals. Unfortunately, often the communicator  and reci 
represent different areas of specialization and  have  been  brought together by the 
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common technolo y used  in their work. 
can  prove unfort ate indeed, leading t 
or  the notion of relative incompetence in 
project, or problems in  publishing a pa 
There  needs to  be a major standardiz 
culture, molecular biology and  molecular genetics lest the situation becomes  eve 
worse. 

nt for a commission,  such as the Society for In 

ht  than any  used  in an individual publication. 
is widespread  and is probably a result of i n ~ i v i ~ ~ ~ l  vis-a-vis colle 
In  oral  commun 

In  the interest of helping to alleviate the problems  mentioned above, the 
compendi~m of terms, CO 
n Ter~inology  ~ommittee 

sary 1s reprinted with the permission 
Culture ~ssociation), Lar 

eveloping from  unusual points of origin, such as 
or embryos  from sources other  than zygotes. 

also be  used to describe a ents  that  contaminate cell cultures. 
: Cells, or cultures derived from  them, 
n only  when attached to a surface such 

as glass or plastic. The use of this term  does  not imply that  the cells are  normal 
are or are  not  transformed ~eop las t i c~ l l~ .  
: The situation that exists  when the nucleus of a cell does  not contain 

an exact multiple of the haploid n u ~ b e r  of chromosomes;  one or more  chromo- 
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will suffice. In any ~ u b l i s h e ~  ~escription of a cell strain,  one must 
make every a t t ~ ~ ~ t  to publish the character~ation or history of the  strain. 



The  state of the cell  in  which all chro~osomes, except sex chromo- 



orrect to use 
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cell that has been mi to tic all^ 
f~nction as foci for the 

tecture andlor function. 
: In animal cell cultures, the evolution, from ~issociated cells, of 

stances for which the target cells,  expressing the  corre~ponding recep- 

The transfer or transplantation of cells,  with or witho~t  dilution, from 
one culture vessel to another. It is understood  that any time cells are transferre 
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from  one vessel to  another, a certain  portion of the cells  may be lost and,  there- 
fore,  dilution of cells, whether  deliberate  or  not, may occur. This term is 
synon mous with the  term S 

r: The  number of times the cells in the  culture have been  sub- 
ed. In descriptions of this process, the  ratio  or  dilution of the 

cells should be  stated so that  the  relative  cultural age can  be  ascertained. 

encom assed the  terms 

is not sufficiently descriptive of what is taking place. See  also 
g’, ‘Cloning’ and ‘Colony forming efficiency’. 
The number of cells per  unit  area  or volume of a culture 

m in a suspension culture, 
opulation dou~lings of a cell 

line  or  strain since its initiation in  vitro. A formula to use for  the calculation of 
‘population doublings’ in a single passage is: 

N u ~ b e r  of pupulation  doublin~s = log 
10 ~ N ~ N * ~  x 3.33 

where N = number of cells in  the growth vessel at  the  end of a period of growth 
and No = number of cells plates in the growth vessel. It  is best to use the ~ u ~ b e r  
of v~able cells or n u ~ b e ~  of a t ~ a c ~ e ~  cells for this d e t e r ~ ~ n a t i o n .  Population 

S with the  term 
The  interval cal ase 

of growth. in which, for  example, 1.0 x IO6 cells increase to 2.0 x IO6 cells. This 
mous with the te 
A culture  starte  organs  taken directly 
primary culture may be  regarded as such until  it is  success- 

the first time. It  then becomes a 
is describes the  condition where th  r of chromosomes 
t, as a result of chromosomal  rearrangements,  the  karyotype 

The viable cell reconstructed by the fusion of a karyoplast with a cyto- 

e ma~imum cell number  attainable,  under specified culture 
vessel. This term is usually expressed as the  number of 

cells per  square  centimetre  in a monolayer  culture  or  the  number of cells per 

  elation ships may be  disrupted. 

cu suspension  culture. 
See  ‘Attachment efficiency’. 

he study of genetic  phenomena of somatic cells. The 

from  the fusion of animal cells derived 
ce 

from  somatic cells that differ genetically. 
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vitro fusion of animal cells derived from 

lant cultures, this  is the process by  which the 
then transferred into fresh culture medium. 

ed  from a strain by isolating a single  cell or 
arkers  not  shared by all cells of the  parent 

re: A type of culture in  which  cells, or aggregates of cells, 
ended in liquid medium. 
brid cell that results from the fusion of the nuclei it carries. 
he  maintenance or growth of tissues, in vitro, in a way that 
iation and preservation of their architecture andlor function. 

A cell characteristic in which the potential for  forming all the cell 
rganism  is retained. 
transfer, for the purposes of genomic integration, of naked, 
ells  in culture. The traditional ~ i e r o ~ i o Z o g i c ~ 2  usage of this 

term implied that  the  DNA being transferred was derived from a virus. The defi- 
nition as stated  here is that which  is in use to describe the general transfer of 
DNA irres ective of its source. See also ‘Transformation’. 

plant cell culture, the introduction and stable genomic inte- 

modification. This definition is the traditional microbiological de~nition. For 
animal cell culture, see ‘In vitro transformation’, ‘In vitro neoplastic transforma- 
tion’ and ‘Transfection’. 

: A culture exhibiting a stable phenotypic change, whether genetic or 
e 

om specified  viruses based  on tests designed to detect the 
presence of the organisms  in question. 

strain. 

gr NA  into a plant cell by any means, resulting in a genetic 

Committee  for  a  Standardized  Karyotype of 
~attus  no~egicus (1973)  Standard  kary- 
otype of the  Norway  rat, ~attus norvegicus. 
Cytogenetics  and Cell Genetics 12:  199-205. 

Committee  on  Standardized  Genetic 
Nome~clature for  Mice  (1972)  Standard 
karyotype of the  mouse, Mus ~usculus .  
Journal of ~ e r e d i ~  63: 69-72. 

Iglewski  B  (1989) Commu~icating with  the 
public:  a  new  scientific  imperative. ASM 
News SS(6): 306. 

Mueller S, Renfroe M, Schaeffer  WI,  Shay 
JW, Vaughn J & Wright M (Tissue  Culture 
Association  Terminology  Committee 

Members)  (1990)  Terminology  associated 
with  cell,  tissue  and  organ  culture,  molecu- 
lar  biology  and  molecular  genetics. In 
Vitro  Cellular  and ~evelop~ental  Biology 

Paris  Conference  (1971),  Supplement  (1975) 
Standardization  in  Human  Cytogenetics. 
Birth  Defects:  Original  Article  Series,  XI, 
9,  1975,  The  National ~oundation, New 
York.  Reprinted  in: Cyto~enetics  and Cell 
Genetics (1975) 1s: 201-238. 

Schaeffer W1  (1984)  In  the  interest  of  clear 
communication. In Vitro  Cellular  and 
~evelop~ental  Biology 25: 389-390. 

26:  97-101. 
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eckman Instru~ents io-Rad  Laboratories 
Griffin Avenue 

USA USA 

-Rad  Laboratories (U 

rdshire HP2 7T 
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edfordshire  LU3  3AN 
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Allentown 
PA 18103 
USA 

California 2112 
USA 

USA 

Cellon 
22 r nier 
Sol 

u ~ e ~ ~ o u r ~  

Chemap,  Inc. 

Colla~orativ~ Res.  Inc. 
Two Oak  Park 
Bedford 

USA 
assachusetts 01730 

Collagen Corp. 
2500 Faber  Place 

California 94303 
USA 

Corning  Ltd 
Stone 

USA 

305a 1171 VC 

The  Netherlands 

Coulter  Corp 

FL 33012 
USA 
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UM 
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Envair Ltd 
York ~ v e n ~ ~  
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Loughborough 
Leicestershire  LE11 0 
UK 

USA 

Pall Gelman Sciences 

Northa~pton NN4 OE 

Pall  Gelman Sciences Inc. 
600 South Wagner 
Ann  Arbor 

USA 

on of Life Technolo~ies, Inc. 

USA 

Life Technologies 

Gibco  Laboratoires 
Grand Island Biological Go. 
3175 Staley  Road 
Grand  Island 
NY 14072 
USA 
Gilson Medical Electronics ( 
SA.. 
72 Rue Gambetta 
BP 45 
F-95400 Villiers le 
France 
Gilson Medical Electronics, Inc. 
3000 West Beltline 

~ idd le ton  
W1  53562 
USA 
Grant Instru~ents (Gambridge) 
Barrington 

Aire  Cool  House 
Spring Gardens 
London  Road 

UK 

Heraeus E~uipment 
111A Corporate 
South Plain~eld 
NJ 07080 
USA 

Heraeus  Equipment  Ltd 
Unit 9 

Brentwood 
Essex 
UK 
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USA 
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USA 
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yClone Europe S.A. 
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U 

ICN Biomedicals 

USA 

ICN/Flow Laboratories 
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Second Avenue  Industrial  Estate 
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U 

Imperial  Laboratories  (Europe)  Ltd 
West ~ortway 
Andover 

Urdorf 

Innovative Chemistry Inc. 
PO Bos 90 
~arshfield 

A 02050 
USA 

Irvine Scientific 
2511 Daimler  Street 
Santa  Ana 
CA 92705 
USA 

Jencons  (Scientifi~)  Ltd 

Stanbridge  Road 
Leighton Buzzard 

ay ~n~us t r i a l  Estate 

edfordshire LU7 8UA 
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Adaptation  to  serum-free,  5,  89, 92-98 
Adenovirus, 8, 12-13 
Adhesion, 116-117 
Adventitious  agents,  3,  19,  85,  299 
Aeration  systems,  195 
Aeration,  membrane,  198,  236 
Aeration,  surface,  194,  204 
Ag~regates, 5 
Aging,  18 
Agitation,  195,  202-204,  208,  210,  236, 

244,  285 
Airlift  culture,  10,  12,  205,  222,  226,  270, 

279,  301 
Albumin,  87,  95 
Amino  acid  analysis,  101 
Amino  acid,  specific  uptake  rate, 

Amino  acids,  essential,  87,  100,  160 
Amino  acids,  non-essential,  100,  263 
Ammonia,  131,  133,  162,  238 
Ammonia  production,  specific rate  of, 

Anchorage  dependent  cells,  11,  111,  119, 

Antibiotics,  38,  50-52,  85 
Antifoam,  193,  197,  232 
Apoptosis,  132,  179,  181-185 
Apoptotic  bodies,  179-180 

290 

161,  166,  170,  172 

222,  265 

ATCC,  3,  9,  49,  296,  325-326 
ATP,  56,  151-152,  154-155,  194,  289 
Attachment  factors,  95 
Authentication, 25-27,  296 

B  cells,  10 
Bacteria,  19, 47-52 
Baculovirus,  6 
Batch  culture,  133,  142,  163,  171,  225, 

237,  242 
BHK-21  cells,  12,  14,  192,  262,  302 
Binding  proteins,  95 
Biochemistry,  cell,  131,  302 
Bioreactor,  stirred,  133-134,  164,  203, 

224,  236,  241-242,  244,  270,  279, 
285,  301 

Bovine  serum  albumin,  216 
ubble  column  reactor,  196,  215 see also 
airlift  culture 

Carbos~methylcellulose  (CMC),  215,  232 
CD7,8 
Cell  bank (see also MC 

298 
Cell  culture  suppliers,  326 
Cell  death  kinetics,  179-186 
Cell  death,  11,  162,  210 (see also 

Apoptosis  and  Necrosis) 
Cell  factory  (multitray),  119,  226,  230, 

Cell  lysis,  55,  140,  175,  180,  202 
Cell  nuclei  count,  55,  264 
CellCube,  226,  230 
Cell  number  count, see Haemocytometer 
Center  for  Biologics  Evaluation &L 

Research  (CBER),  18,  296,  298 
Chemostat,  135,  142,  163,  225,  237, 

CH0 cells,  5,14,  95,  192,  197,  213,  250, 

Chromosomes,  25-26,  35,  298 
Clonogenic  assay,  76 
CMRL  1969  medium, 11 
Collagen,  124 
Co-cultivation,  123 
Collagenase,  264 
Colorimetric  methods, 76-81 
Company  addresses,  315-324,  326 
Contact,  cell,  131 
Contaminants (see Bacteria,  Fungi, 

254-261 

242-244,  246-252,  270,  279 

297,  302 

Mycoplasma,  Adventitious  agents, 
Viruses) 

Contamination,  elimination, 50-52 
Continuous  culture, see Chemostat 
Coomassie  blue  stain,  68 
COS 1lCOS 7  cells,  7 
Coulter  counter  (see  Electronic  counting) 
*Cre/*Crip  cells, 15 
Cryopreservation,  3,  20 
Crystal  violet  stain,  76, 78-79 
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Culture  collections, 1, 325-326 
Culture  control  processes, 282-291 
Culture  systems,  comparison,  226 
Cytodex  microcarrier, 262-263,  265-266 
Cytogenetic  analysis,  25,  27,  31 
Cytoline  microcarrier,  268,  270 
Cytopathology,  35,  65 
Cytotoxicity,  65,  68, 80 

Detaxification,  123,  187-189 
Dextran,  112,  207,  211,  215-216 
Dextranase,  264 
Dienes  stain, 40 
Dih~drofolate reductase,  6,  297 
Dilution  rate,  136,  139, 246247, 249-250, 

DMSO,  23,  78,  259 
DNA  fingerprinting,  19,  23,  29-34,  298 
DNA  polymerase,  42 
DNA  stain (see Hoechst) 
DNA  transfection, 8 
DON  cells,  106 
Doubling  time,  151,  244 
Dry  weight, 55 
Dulbecco’s  modified  MEM, 8, 100,  277, 

275 

254 

Eagle’s  basal  medium,  11,  12 
Eagle’s  MEM,  9,  11,  94,  100,  164 
EBV,  297 

EDTA,  76 
Electronic  counting,  56,  77,  78,  93 
Endotoxin,  93 
Ethanolamine,  95 
Exponential  growth  phase,  187 
Extended  cell  bank, 20 
Extracellular  matrices,  112,  121 

ECACC,  3,  6,  9,  25,  35,  296,  325-326 

F-12  medium, 5, 90 
Fed-batch  culture,  133,  225,  237 
Fetuin,  89,  95 
Fibronectin,  87,  112,  117,  263 
Filterwell,  123 
Fixed  bed  culture,  268-281 
Flow  cytometric  analysis,  26 
Flow rate, 246 
Fluidized  bed  culture,  268,  278-279 
FMDV,  262 
Fungi,  19,  47-52 

Gene  therapy,  13,  302 
Genomic  DNA,  31-32 
GH3  cells,  15 
GLP,  21,  296 

Glucose,  131,  146-152,  153,  160-164,  251, 

Glucose consum~tion, specific  rate, 55, 
275 

133-4,  161,  170,  172,  275,  289 
Glucose-~p~osphate dehydrogenase, 

25-26 
Glutamine,  131,  133,  160-164,  250 
Glutamine,  rate of degradation,  161,  163 
Glutamine  consumption,  Specific rate of, 

161,166,  170,  172 
Glycolysis,  151-152 
Glycoprotein,  117 
Glycosylation, 5, 302 
GMP,  21 
Good  laboratory  practice (see GLP) 
Good  manufacturing  practice (see GMP) 
Gram  stain,  52 
Growth  rate,  specific,  134-137,  144,  154, 

161-163,  166,  170,  172,  174,  176, 
246-247,  249,  289 

Growth  factors, 87-88,  93,  131 
Growth  limiting  substrate, 246247, 250 
Growth  yields, 55 

Haematoxylin  stain, 264 
Haemocytometer, 55, 57-61,  77-78,  93,  164 
HAT  medium, 10 
HeLa  cells,  8,  25 
Henry’s  law  constant,  151 
Hepatocytes,  122-123,  192 
HEPES  buffer, 85, 263 
Heteromyeloma  cells,  297 
Hoechst  stain,  4,  19,  36,  38,  40 
Hollow  fibre  culture, 10, 226,  235 
Hormones, 95 

Human  diploid  cells  (HDC),  11,  18,  20, 
HPLC,  105-106,  290 

254-262,  296,  295-298 (see also MRC-5, 
WI-38) 

Hybridization,  30,  33,  42,  225 
Hybridama  cells,  10,  14,  19,  57,  95,  156, 

164,  172,  192,  203,  213,  235-245,  250, 
270,  289,  297 

Identity  testing,  25-28,  298 
ImmobaSil  microcarrier,  268,  270 
Immobilized  culture,  10,  133,  144,  155-157, 

Immortalization, 10, 297 
Impeller,  195,  197,  203-205,  208,  211,  224, 

Indicator  cell  lines,  39 
Insulin,  89,  94-95,  98 
Integrated  shear  factor,  203 
Integrity  tests,  21 

222,  234,  268-281 
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Interferon,  6,  14,  221,  259,  266 
IS0 9001,  21,  296 
Isoenzyme  analysis,  19,  25-27,  29,  31,  299 
ITS,  95 

J558L cells,  9,  14 

Karyology,  19,  26,  298-299 

Kinetic  model,  160-178 
&,a, 134,  191,  193,  195 
Kolmogorov  eddy,  203-204,  207-208 

aryotype, 25, 

Lactate,  71,  148,  150,  152-153,  162-164, 

Lactate  de~ydrogenase  (LDH), 55, 

Lactate  production,  specific  rate  of,  161, 

L 71-74,  175,  202 
L  2 
L 
L 
Liquid  flow  control, 
Liquid  level  control, 
Lysosomes,  65-66 

275 

140-142,  202 

166,  170,  172 

Mitotic  index, 55 

Mixing,  202-209,  210,  222,  231 
~odelling, see Kinetic  model 
Moloney  murine  leukaemia  virus,  15 
Monoclonal  antibodies,  10,  14, 1 

MRC-5  cells,  11,  14,  111,  254,  265 
MTT,  56,  62-44,  76,  79,  80 
~ultilocus DNA,  26,  34,  298 
Mycoplasma,  3-4,  19,  35-46, 50-52, 299 
Myeloma  cells,  9,  89,  296 

Namalwa  cells,  12,  14 
Necrosis,  132,  179,  181-182 
Neutral  red,  56, 65-70,  '76,  78-79 
NIH/3T3  cells, 8, 14 
NSO cells,  10,  14 
Nuclear  magnetic resonanc~, 153 
Nutrient  uptake,  specific  rate,  162 

Oligonucleotide  probes,  32 
Osmotic  pressure,  162,  288 
Oxygen,  12,  131,  151,  153,  190-199,  222, 

O~ygenation, 190-199,  205,  236 

187,  237,  325 

226,  243,  286 

xygen  consumption  rate, 55, 151, 
190-192 

Oxygen,  dissolved 
242,  284-285 

Oxygen  tension, 1 
Oxygen transfer, 194,  198, 

olyvinylpyrro~don~s, 213 
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Porous membrane  culture,  113-114 
Porous microcarrier,  119,  123,  206,  226, 

Process  control, 282-286 
Productivity,  278-279,  301-303 

268-281 

Quality  control,  3,  18-19,  23,  29,  31,  40, 
295 

Rabies  virus,  12 
adiochromium,  56 
APD, 298 

Rate limiting  factors,  174 
Recombinant  cell  lines, 
Recombinant  proteins, 

187,  221 
Redox,  56 
R e ~ u l a t o ~  guidelines,  29 

esidual DNA, 299 
eynold’s  number,  204 
obotics,  230 
oiler  bottle  culture,  10,  118-119,  222, 

otating  wall  vessel,  12 
oux  bottle,  116,  164 
PM1  1640  medium,  10,  12,  94,  100,  164 

228-230,  262 

Sarcoma  virus,  8 
Scale-up,  119,  221-227,  242,  278 
Schneider-2  cells,  7 
Seed  lot  system,  18,  22 
Seleniu~, 94-95,  98 
Semi-continuous  culture,  139 
Sendai  virus,  12 
Sensors,  282 
erum,  85,  87,  213 

Serum  factors,  117 
Serum~free medium,  7,  87-99 
Serum,  substitution,  88-90,  94-95 
Sf9  cells,  7 

Siliconi~ation, 233,  263-264 
Siran glass spheres, 270-279 
SOP, 22,  23 
Soybean  trypsin  inhibitor,  93,  266 
S~arging, i f ,  194, 196197, 203, 205-20~, 

222,  236,  244 
Specific  death  rate,  134,  162,  166,  170,  172, 

Specific  product  formation  rate,  145,  156, 

Specific rate of antibody  production,  161, 

175-176,  247 
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166,  170,  172,  289 
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Specific  utilization  rate,  55 
Spheroids,  121-123,  144 
Spin  filter,  223,  226,  238,  266 
Spinner  culture,  7,  205,  222,  231-234 
Spinner  flasks,  118,  208,  231-234,  241,  263, 

Standard  operating  procedure (see SOP) 
Steady-state,  140,  238,  247,  250-251 
Sterility  tests,  19 
Stirrer  speed,  234,  243-244,  265,  285 
Stoichometric  coefficient,  172 
Subculture,  23 
Sulphorhodamine B stain,  76, 78-79 
Suppliers, see Company  Addresses 
urfaces,  tissue  culture,  109-120 

SV40, 8, 295 

Temperature  control,  283 
Terminology,  305-313 

265 

TGF-P,  89 

Trace  elements,  95 
Transfected  cell  lines,  5 
Transferrin,  94-95,  9 
Transformatio~, 13,  35 
Trypan  blue,  55,  57-61,  77-78, 80, 179,  202 
Trypsin,  77 
Tryptose  phosphate  broth,  12,  263 

UV radiation,  69 

Verax  system,  268-270 
Vero  cells,  9,  39,  134,  192,  295 
Viability,  19,  55-62,  65,  67,  76,  136,  140, 

Viral conta~nants, 92,  297 
Viral  vaccines,  9,  11,  14,  221,  254-262,  266, 

Viruses, 49 
Vital  stains,  55 
VNTR’s,  27 

WCB,  18,  20,  22,  245,  254-255,  259,  298 

210,  286 

295 

CC,  326 
WHO,  18,295-296,298-299 
WI-38  cells,  11,  14,  254,  295 
Working  cell  bank (see WCB) 

Yield,  cell,  154,  247 
Yield,  product,  157 




