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Cells isolated from animal tissues can be expanded in 
culture for use as a research tool, for the production 
of virus vaccines and various therapeutic proteins, 

and to generate functional cells or tissue analogues for 
regenerative medicine. Chemical engineers are actively 
involved in harnessing the full potential of mammalian cells, 
especially with regard to process design and optimization.
 In the past quarter century, cells derived from animals, 
especially mammals like rodents and humans, have become 
a major vehicle for producing biologics, a class of medi-
cations that includes vaccines and various proteins used in 
treating cancer, genetic diseases, and other ailments. 
 Mammalian cells can be made to produce vaccines 
through viral infection, and therapeutic proteins through 
genetic engineering. Many of these medicines are neces-
sary for patients who either lack the normal form of a 
protein or cannot produce it in sufficient quantity. For 
example, patients with Gaucher’s disease, a congenic 
disorder characterized by a lack of the functional enzyme 
β-glucocerebrosidase, can be treated with Cerezyme, a 
recombinant enzyme produced in mammalian cells (1). 
 Other therapeutic proteins include antibodies and 
specific binding proteins that neutralize disease-causing 
molecules within the body. For example, the drug Etanercept 

(trade name Enbrel) binds to tumor necrosis factor (TNF), 
thus preventing it from causing an inflammatory reaction in 
rheumatoid arthritis patients (2). 
 Human cells, in particular, are poised to enable oppor-
tunities in cell-based therapy and regenerative medicine. 
We now have the capability to derive stem cells from many 
sources and guide them to become specific cell types for 
clinical applications. 
 This article describes how mammalian cells are derived, 
their utility, and the processes that harness their full 
potential.

Normal life span and cell line derivation
 During the early stages of development, animal cells 
undergo extensive proliferation and differentiation while 
developing into different tissues and organs. In an adult, 
the vast majority of cells are quiescent; although they are 
metabolically active and perform their physiological roles, 
such as filtration in the kidneys or synthesis and chemical 
transformation in the liver, most are not actively dividing. 
Most normal adult cells only divide in response to stimuli 
to replenish old or damaged cells. Only cells in specific 
tissues, such as skin or epithelial intestinal cells, divide 
regularly. 

Mammalian cell culture is at the core of  
biomanufacturing therapeutic proteins and  

viral vaccines. Find out how mammalian cells are 
derived and cultivated, and what  

opportunities this field holds.
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 The body has over 200 different types of cells, many of 
which cannot be excised and grown in culture. Cells that 
are more amenable to culture include fibroblasts and certain 
epithelial cells. A first step in cell isolation is to explant a 
tissue in a physical and chemical environment suitable for 
those cells to survive and proliferate. 
 A permissive environment for cell growth requires a 
complex mixture of nutrients, including sugars, amino 
acids, vitamins, minerals, and growth factors such as 
insulin. Except for certain cell types in blood, cells derived 
from tissues are anchorage-dependent, meaning they do 
not grow as free-floating individual cells. Therefore, after 
being released from the tissue environment, cells require a 
surface on which they can attach, otherwise they will fail to 
survive and divide. 
 After attachment, cells grow and expand onto empty 
surfaces until the entire surface is covered in a layer that is 
one cell thick (i.e., a monolayer). At this point, they stop 
dividing and reach a state called contact inhibition. Next,  
an enzyme, such as trypsin, is used to degrade the pro-
teins that “glue” the cells to the surface, thereby releasing 
the cells into solution. Once detached, the cells can be 
transferred to a culture vessel with a larger surface area to 
resume growth.
 This cycle of attachment, cell expansion, and detach-
ment can repeat many times, with each cycle comprised of 
multiple cell divisions. However, most normal cells have an 
internal clock that counts their own doublings. Cell division 
stops once the so-called Hayflick limit is reached (3, 4). Most 
cells derived from tissues can divide up to 40–60 times before 
ceasing to proliferate (becoming senescent) and exhibiting 
abnormal appearance. Nevertheless, the number of doublings 
that these cells can sustain in culture is sufficient for vaccine 
production applications. 
 The senescence and contact inhibition exhibited by these 
cells are hallmarks of cells from normal tissues. Certain 
cells isolated from cancers, however, are immortal and can 
overcome contact inhibition. More than a half-century ago, 
scientists succeeded in isolating cells that survived senes-
cence (5, 6). These cells continued to divide after all others 
died. Interestingly, unlike cancer cells, some of the surviving 
cells still obeyed contact inhibition and looked morphologi-
cally normal. 
 These immortal cells that bypass the Hayflick limit and 
continue to divide are called cell lines and are immortal in 
culture, unlike cell strains isolated from normal tissues. Cell 
strains and cell lines differ in another important way: All 
of the cells in cell strains have normal chromosomes with 
two sets per cell, while cells from cell lines do not typically 
have two sets of chromosomes, even if they are normal 
morphologically.  

Many cell lines induce tumor formation when injected 

into immunocompromised mice. However, because they can 
be cultured forever, cell lines can be genetically engineered 
to produce a product in virtually unlimited quantities. For 
this reason, all of the therapeutic proteins produced in mam-
malian cells employ cell lines. 

Stem cells
 With the appropriate chemical and physical environment, 
cells isolated from different tissues can retain their import-
ant functional properties. For example, for a period of time, 
cultured hepatocytes isolated from livers can continue to 
produce albumin and other proteins, as well as metabolize 
some xenobiotics. However, most of these differentiated 
cells have a very limited capacity for expansion in culture. 
They are valuable research tools, but their limited expansion 
capability diminishes their utility for transplantation back 
into patients with the goal of augmenting or replacing an 
ailing organ. 
 Many organs in the human body have a small amount 
of stem cells that can differentiate to become mature cells 
within the organ. Although few, these stem cells provide 
the body with some capacity for repair, maintenance, or 
even regeneration of tissue. Stem cells in adult tissues are 
somewhat restricted, as they can typically differentiate only 
to cells of their own lineage.
 The most notable stem cells are the hematopoietic stem 
cells in bone marrow. Four decades ago, scientists realized 
that the stem cells or progenitor cells in a patient’s bone mar-
row could be transplanted into another patient to repopulate 
the constituent cells in the recipient (7). 
 During a very early stage of embryo development, when 
the embryo contains only 70–100 cells, there is a special 
population of cells (stem cells) that have the capacity to 
differentiate into any cell type in adult organs. This qual-
ity, known as pluripotency, occurs before the embryo has 
implanted. These highly potent cells are transient; following 
a short period of limited expansion, they continue to differ-
entiate into all of the cell types in the developing embryo, 
and thus lose their pluripotency. 
 In the early 1980s, scientists succeeded in isolating pluri-
potent cells from early-stage mouse embryos and were able 
to culture and maintain them in a state that preserved their 
potency (8). These embryonic stem cells can be expanded 
in an undifferentiated state over tens of cell divisions, while 
maintaining the capacity to differentiate to all developmen-
tal lineages. Their chromosomes were normal and diploid, 
like classical cell strains, but they represented a distinct new 
class of cells. 
 It took over a decade before human embryonic stem cells 
were isolated and grown in culture (9). This advance offered 
great potential for regenerative medicine; scientists hoped 
that diseased tissues could be replaced with differentiated 
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cells or engineered tissues derived from stem cells. How-
ever, this technology faced significant ethical challenges, as 
the cells are derived from very early-stage human embryos, 
typically fertilized embryos that remain unused after in vitro 
fertilization procedures. 
 In spite of the controversy, our understanding of the 
human genome and epigenome has advanced over the 
past decades. Every cell in a person’s body has the same 
genome, but cells in different tissues express their genes at 
different levels, giving them tissue-specific physiological 
activities and functions. The cues for using or expressing 
the genome are embedded in epigenetics, which describes 
the different ways DNA can be packed, and specific 
chemical modifications that can occur on different genomic 
locations (10, 11). Only some regions of the genome are 
accessible for expression, whereas other regions are con-
densed and inaccessible. 
 In 2006, Shinya Yamanaka (Kyoto Univ., Japan) and 
his colleagues succeeded in changing the epigenetic state of 
differentiated cells to a pluripotent state by introducing four 
genes into the recipient cell (12). This new class of stem 
cells is called induced pluripotent stem cells (iPSC) (13). 
Since then, many methods of “reprogramming” various 
differentiated cells to pluripotent cells have been reported. 
This new technology of generating pluripotent cells without 
the use of embryos has altered the landscape of regenerative 
medicine. The prospect of deriving stem cells from adults 
for possible cell transplantation or other therapeutic uses is 
now possible. 

Cells as production vehicles:  
Therapeutic proteins and viral vaccines 
 The commercial value of biologics for both vaccines and 
therapeutic proteins exceeds US$100 billion/yr worldwide. 
 Most viral vaccines are produced by infecting cells with 
a virus, so that the cells produce large quantities of that 
virus. After isolation and product purification, but before 
formulation and final packaging, the virus is inactivated by 
treatment with formalin. Although the virus has been inac-
tivated, its surface antigen can still elicit immune response 
in humans, thus providing protection against future viral 
infection. In some cases, the virus is engineered so that it is 
not infectious to humans and no inactivation step is required 
during production. 
 Although the growth rate of mammalian cells is two 
orders of magnitude slower than that of fast-growing 
bacteria, mammalian cells are employed for protein pro-
duction when the protein requires complex modifications 
(e.g., oligo saccharide addition or the formation of complex 
protein structures) that cannot be accomplished in a micro-
organism. To produce a recombinant protein, a cell is first 
engineered to incorporate the product gene into its  

genome. After the introduction of the product gene, exten-
sive selection and screening isolate a high-production cell 
line for manufacturing. Today, a top cell line can produce a 
protein at levels that rival the protein secretory cells in our 
body, such as liver cells with albumin secretion or plasma 
cells with antibodies.
 Viruses are also used as delivery vehicles that shuttle 
DNA or RNA into cells of target tissues as a therapy to 
rectify genetic deficiencies in cells. The virus produced in 
culture is injected into the patient and delivered to a target 
tissue or organ where it enters the cells and produces the 
desired protein from the engineered virus’ genome. The 
exogenous protein, which, for example, may be an enzyme 
lacking in the patient, enables the recipient cells to perform 
normal physiological functions. 
 For such gene therapy applications, the amount of virus 
required is substantially larger than that for vaccination. 
The road to gene therapy has been arduous because a large 
dose of virus carries many off-target effects. Nevertheless, 
regulatory approval of gene therapy has been granted in the 
European Union. Accordingly, the use of cell culture for 
gene therapy applications will likely increase in the near 
future.

Cells as a product themselves: 
Cellular therapy
 While cell bioprocessing has traditionally focused on 
cells as production vehicles for proteins or viruses, there  
is a growing number of applications in which the cells 
themselves are delivered as the therapy. The concept of 
cellular therapy has been around for many decades; bone 
marrow transplants are performed routinely and involve 
the transfer of bone marrow stem cells from a donor to the 
recipient. 
 Many other tissues in the body contain stem cells that 
are not pluripotent, but rather multipotent, meaning although 
they cannot differentiate into any type of cell in the body, 
they are capable of producing multiple cell types within a 
specific lineage. These adult stem cells have a higher pro-
liferative capacity than fully differentiated cells within the 
tissue, though their proliferative capacity is still lower than 
that of pluripotent stem cells. 
 As the tools for isolating and controlling the behavior 
of iPSCs and adult stem cells improve, the use of these 
cell types as sources for cellular therapy will become more 
widespread. In 2013, there were 69 cell therapies at various 
stages of clinical trials (14), and this number will likely 
continue to grow. Given the unique bioprocessing chal-
lenges presented by growth, differentiation, and purification 
requirements of cell-based therapeutics, chemical engineers 
have a critical role to play in moving these therapies from 
the benchtop to industry.

Copyright © 2016 American Institute of Chemical Engineers (AIChE)
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Surface requirements for cultivation
 The majority of cells isolated from tissues require a sur-
face for adhesion, although some are capable of growing in 
suspension, especially those isolated from blood (Figure 1). 
Although cultivating adherent cells is rather straight forward 
in the lab using Petri dishes or flat flasks, it can be a chal-
lenge in large-scale operations. For this reason, cells that 
are used to manufacture therapeutic proteins are modified to 
enable them to grow in suspension. 
 Taking cues from blood cells that can grow in suspen-
sion, scientists realized that cell lines of significance in the 
production of therapeutic proteins can be made to grow 
in suspension if they are gradually deprived of a surface 
and forced to grow. This realization meant that stirred-tank 
bioreactors could be leveraged for cell cultivation. A typical 
manufacturing process involves growing cells in suspension 
within a series of reactors with increasing scale to increase 
the number of cells until they reach the production scale, at 
which point the cells are maintained at a high enough con-
centration to allow for product accumulation.
 Unfortunately, many cells cannot be forced to grow in 
suspension and still maintain their differentiated properties 
or potency. For products manufactured in smaller quanti-

ties, flask-based or large flat-surface-based culture methods 
are still manageable and employed. This is the case for 
many vaccines and for patient-specific applications that use 
a patient’s own cells. For many other processes, a scalable 
cultivation method must be developed. 
 One method of growing anchorage-dependent  
in- suspension cells employs small beads called micro-
carriers. These microcarriers provide a surface for cell 
attachment and growth while allowing the bead-and-cell 
complexes to be suspended in a stirred-tank bioreactor 
(Figure 2). Due to their size — as well as their material 
composition and structure — the beads have a very slow 
terminal settling velocity and therefore require mini-
mal agitation to remain in suspension, which minimizes 
mechanical damage to the cells. Microcarriers are widely 
used in vaccine production and are becoming more useful 
for cell therapy applications. 

Product purification standards 
 Traditionally, cells are grown in a medium containing 
sugar, amino acids, and balanced salts, and are supplemented 
with animal serum, often fetal bovine serum. 
 Within a vaccine, the amount of antigen (i.e., virus) 
needed for each immunization is very small, just enough to 
elicit an immunogenic response. Given the small size of the 
required dose, any trace quantities of impurities or contami-
nating materials carried along with the product can be toler-
ated, eliminating the need for extensive purification prior to 
formulation of the final product. 

Adhesion Cells

Cells attach to the 
Petri-dish surface.

Suspension Cells

When the entire surface is 
covered, the cells reach a 
state of contact inhibition.

Many cells that are used to 
manufacture therapeutic 

proteins have been modified to 
enable them to grow in 

suspension.

p Figure 1. Most cells isolated from tissues are anchorage-dependent and
require a surface for adhesion. Cells that are used to manufacture thera-
peutic proteins are modified to eliminate their need for surface attachment.

p Figure 2. Human embryonic stem cells can be grown on beads called
microcarriers, which provide a surface for cell attachment and growth that
can be suspended in a stirred-tank bioreactor. In this figure, the micro-
carriers are completely covered by the stem cells.

Article continues on next page
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 This is not the case for therapeutic proteins. Often, these 
proteins are injected in large doses, up to grams of protein 
at a time. With a larger dose, the potential to carry over 
an intolerable amount of processing materials is higher. 
These materials may originate from medium components 
or be released by the cells. Thus, the biopharmaceutical 
industry has expended much effort to develop a completely 
chemically- defined (CD) medium, by not only removing 
serum (a regulatory requirement introduced two decades 
ago), but also by replacing any complex additives with struc-
turally defined compounds. These products also undergo an 
extensive purification process to meet purity requirements.
 Product purification is different for regenerative medi-
cine applications. In this case, healthy and potent cells are 
the products. These cells cannot undergo many unit opera-
tion steps or prolonged treatment because such processes 
may reduce the cells’ viability and potency. The key to 
achieving high purity is to prevent undesired contaminants 
from entering the process. In addition to eliminating tradi-
tional contaminants, process purification must remove any 
cells that do not possess the desired functionality or that are 
still undifferentiated and could possess tumorigenic poten-
tial. Manufacturing cells destined for therapeutic use is, in 
many respects, far more challenging than therapeutic protein 
production.

Biomanufacturing processes
 Fixed reactor processes. The processes for generating 
various cell culture products bear much resemblance to one 
another (Figure 3). Once a cell line for production is estab-
lished, it is expanded and distributed into thousands of indi-
vidual ampules that can be frozen and stored until needed 
for protein manufacturing. For each manufacturing run, an 
ampule from the cell bank is withdrawn from frozen storage 
and thawed to initiate a culture. As the culture grows, it is 
successively expanded into larger volume reactors until the 
production scale is reached. After the production phase is 
over, the contents of the production reactor are filtered to 
remove cells, and the broth is subjected to recovery steps 
for the isolation of purified product.
 A typical manufacturing plant takes over two years 
to plan and construct, with an additional year required to 
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(a) Workflow for conventional therapeutic protein production
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t Figure 3. Mammalian cell-culture processes include many similar steps. 
This is an example workflow for the production and recovery of (a) thera-
peutic proteins and (b) cellular therapy products. While similar bioreactor
operations can be used to increase the cell population for both processes, 
the maximum scale for cellular therapy products is much lower than that
of therapeutic proteins. Additionally, products for cellular therapy will often
undergo differentiation and/or activation steps to become a specific cell
type (such as skin cells) or to become activated. Though therapeutic protein
products are recovered and purified through a series of unit operations (i.e., 
centrifugation, membrane, and chromatographic processes), cell products
can only be minimally processed to maintain acceptable viability.
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prepare and train workers to ensure smooth operation. In 
between each run, the entire facility is thoroughly cleaned, 
examined, and verified; the reactors and related equipment 
must be steam sterilized. The entire core manufacturing 
area must meet the quality criteria before another run can be 
initiated. 
 The capital investment for a manufacturing plant is high, 
often in the hundreds of millions of dollars, because of the 
high cost of permanent fixtures such as reactors and their 
auxiliary equipment (Figure 4). The cost of recondition-
ing the facility prior to each operation cycle is also very 
high. Steep costs have prompted the search for alternative 
approaches to cell culture manufacturing. 
 Single-use, modular equipment processes. In the past 
decade, a trend of employing disposable reactors and aux-
iliary equipment has taken hold. These single-use reactors 
and supplies are prefabricated and certified by their com-
mercial supplier. They can be designed as modules, with 
separate single-use equipment for each unit operation ready 
to be assembled and put into operation. In some cases, the 
entire manufacturing line can be assembled from single-use 
equipment. Modularity offers a higher degree of operational 
flexibility, lower capital investment, and faster turnaround 
time, as well as a shortened lead-time for plant construction.
 Continuous processes. Traditional cell culture processes 
are run in batch mode, sometimes with periodic additions of 
medium or nutrient mixtures during the process. For vaccine 
manufacturing, after reaching a high concentration, cells 
are infected with a virus to initiate virus propagation. This 
infection and subsequent virus replication often causes the 
cells to become sick and leads to cell lysis and decreased cell 
viability. The culture process is operated for a period of time 
to allow for virus accumulation before product recovery. For 
protein manufacturing, concentrated nutrients are added to 
the culture to prolong the amount of time that cells continue 
to secrete the product. 
 A typical manufacturing plant has multiple reactors. 
Each reactor can be sized between 10 m3 and 30 m3 and 
operated on a 10–15 day cycle. New single-use bio reactors 
are fabricated with reinforced polymers and coated with 
materials to prevent the leaching of plasticizer during 
manufacturing. The largest available single-use reactor that 
can sustain mechanical stability during stirred-tank opera-
tion is about 2 m3. This volume is not large enough to meet 
manufacturing demands for biologics unless a large num-
ber of reactors is used. However, using many reactors will 
increase operating costs, and thus makes single-use reactors 
uneconomical. 
 A possible solution is to operate the smaller disposable 
reactors in a continuous mode at much higher cell concen-
trations. Continuous processing may also have the advantage 
of steady-state operation, which could generate product 

of more consistent quality. Efforts to develop continuous 
operations using single-use biomanufacturing equipment 
are ongoing, but will likely become the norm for cell-based 
therapy processes. The scale for these applications will 
likely be smaller and well within the range of disposable 
supplies. For more information on continuous processing 
in bio pharmaceutical production, see the SBE Supplement: 
Biopharmaceuticals (CEP, Dec. 2015, pp. 29–46).

The opportunities 
 In the past decade, the manufacturers of therapeutic pro-
teins have adopted standardized biomanufacturing platforms. 
By standardizing the way cell lines, media, and processes 
are developed, all new products can be produced using the 
platform protocol with relatively small tweaks. 
 Advances in therapeutic protein manufacturing tech-
nology aim to enhance robustness in product quality. Over 
the past three decades, tens of millions of doses of protein 
thera peutics have been administered to patients with no 
deaths due to biomanufacturing process irregularity. This 
excellent product safety record is now being extended to the 
control of product quality attributes, such as the structure 
of glycan (sugars) on the protein. Glycan structure can 
improve drug efficacy so that less of the active ingredient 
can be used within each dose, and it can improve the half-
life of the drugs so they can be administered less frequently. 
 For new protein biomanufacturing processes, robust cell 
lines, media, and processes are the norm. Medium compo-
nents are extensively screened based on design of experi-
ment (DOE) and quality by design (QbD) principles.
 For protein biomanufacturing, opportunities exist that 
employ genome engineering tools to drastically alter cells 

p Figure 4. A typical biomanufacturing plant can take over two years to
design and construct, and must be thoroughly cleaned in between every
product run. The manufacturing plant shown here produces therapeutic
proteins in bio reactors that measure 25 m3. Image courtesy of Bristol- 
Myers Squibb.
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to best suit process needs. Because cells have evolved to 
serve as members of the organism from which they are 
derived, their genetic, biochemical, and structural machin-
ery is not optimized for biomanufacturing. In fact, their 
metabolic behavior is unfavorable for optimal reactor 
performance. Genome engineering tools give engineers 
the ability to modify genes and genomes to tune their 
metabolic characteristics and synthetic capacity for robust 
manufacturing. 
 The manufacturing process for cell-based therapies is 
still in its infancy. The development of cell biomanufactur-
ing processes can potentially benefit from the advances 
made in protein biomanufacturing. 
 Cell biomanufacturing processes face additional chal-
lenges because the cells themselves are the product, and 
they require complex nutrients, growth factors, and sur-
face adhesion. For applications involving a patient’s own 
cells (autologous cell therapy), each individual’s cells are 
likely to behave differently. A rapid process development 
scheme that can be adapted for individual differences must 
be created. At the end of cell expansion and recovery, cells 
intended for cellular therapy must be in a state ready for 
rapid use; if they need to be cryopreserved, any recovery 
process must minimize traumatic shock to the cells. Ideally, 
the cells should also be in a mixture amenable for delivery 
to patients.

Concluding remarks
 Mammalian cell culture is central to biomanufacturing 
of therapeutic proteins and viral vaccines. Given current 
advances in cell-based therapy, the role of mammalian-cell 
bioprocessing in therapeutic applications will only increase 
in the next decade. The genome engineering toolkit will 
empower engineers and scientists to generate cells with 
more desirable biological traits, providing better control of 
product quality and enhanced productivity. This evolution 
requires an in-depth and systematic understanding of a cell’s 
genome and intrinsic regulatory mechanisms. Chemical 
engineers are poised to help advance this trend by contrib-
uting their knowledge of process control and model- based 
optimization principles.
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