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Chapter 1

Introduction to Animal cell culture technology

1. Introduction

Culturing of animal cells outside the tissue (in vitro) from which they were obtained is
the process of animal cell culture. Animal cell culturing is carried out under strict laboratory
conditions of asepsis, sterility and controlled environment involving physico-chemical
parameters mimicing the in vivo environment, so that the cells shall survive and proliferate in
a controlled manner. Theoretically, cells of any type can be cultured upon procurement in a
viable state from any organ or tissue. However, all types of cells are not capable of survival
in such an artificial environment (media) because. of many reasons on which the artificial
environment may fail to mimic the biochemical parameters of the source environment. These
parametes include the absence of growth regulators, cell to cell signal molecules, etc. An
artificial environment (media) comprises an appropriate source of energy for the cells which
they can easily utilize and compounds which regulate the cell cycle. A typical media may or
may not contain serum. Both types of media have their own sets of advantages and
disadvantages. Under optimal conditions of maintenance, the cell culture established can be
sub-cultured (passaging) until ‘@ pure-culture of specific cell type is obtained. This should be
repeated to maintain as a cell-line. As a matter of fact, cell lines from cancerous tissues have
also been established. The presence of excess growth regulators or other factors may often
render the cells to undergo rapid uncontrolled proliferation resulting in a cancerous state.
Good examples of established cell lines are HeLa, BHK, Vero, CHO etc. Animal cell culture
can be explored a potential tool in drug testing prior to its usage on animals, production of
therapeutically significant biological compounds like hormones and proteins on an industrial
scale has been made simpler, faster and more efficient by the use of cell lines in the place of
the living animal themselves, production of vaccines against many viral infections and
diseases, studies on regenerative medicine, active research on stem cell culture, proliferation
leading to organogenesis. Animal cell culture also finds application in the preservation of
highly valuable cord blood cells which are nothing but stem cells specific to an individual
and also in assisted conception.

The historical development and methods of cell culture are closely interrelated to those
of tissue culture and organ culture. Animal cell culture became a common laboratory
technique in the mid-1900s, but the concept of maintaining live cell lines separated from their
original tissue source was discovered in the 19" century.

The 19th-century English physiologist Sydney Ringer developed salt solutions
containing the chlorides of sodium, potassium, calcium and magnesium suitable for
maintaining the beating of an isolated animal heart outside of the body. In 1885, Wilhelm



Roux removed a portion of the medullary plate of an embronic chicken and maintained it in a
warm saline solution for several days, establishing the principle of tissue culture. Ross
Granville Harrison, working at Johns Hopkins Medical School and then at Yale University,
published results of his experiments from 1907-1910, establishing the methodology of tissue
culture.

Cell culture techniques were advanced significantly in the 1940s and 1950s to support
research in virology. Growing viruses in cell cultures allowed preparation of purified viruses
for the manufacture of vaccines. The Salk polio vaccine was one of the first products mass-
produced using cell culture techniques. This vaccine was made possible by the cell culture
research of John Franklin Enders, Thomas Huckle Welter and Frederick Chapman Robbins,
who were awarded a Nobel Prize for their discovery of a method of growing the virus in
monkey kidney cell cultures.

2. Laboratory equipment in animal cell culture technology
2.1 Laboratory Design

The most under-rated aspect of cell and tissue culture is the need to design the facility
to ensure that a good quality material is produced in a safe and efficient manner. Tissue
culture is undertaken in laboratories that have been adapted for the purpose and in conditions
that are not ideal. However, since a few basic guidelines are adopted this should not
compromise the work.

There are several aspects to the design of a good tissue culture facility. Ideally work
should be conducted in a single use facility which, if at all possible should be separated into
an area reserved for handling newly received material (quarantine area) and an area for
material which is known to be free of contaminants (main tissue culture facility). If this is
not possible work should be separated by time with all manipulations on clean material
being completed before manipulations involving the ‘quarantine material’. Different
incubators should also be designated: The work surfaces should be thoroughly cleaned
between activities. All new material should be handled as ‘quarantine material’ until it has
been shown to be free of different microbial contaminants (particularly mycoplasma).
Performing tissue culture in a shared facility requires considerable planning and it is
essential that a good technique is used throughout to minimize the risk of microbial
contamination.

For most cell lines, the laboratory should be designated to at least Category 2 based on
the Advisory Committee on Dangerous Pathogens (ACDP) guidelines (ACDP, 1985)*.
However, the precise category required is dependent upon the cell line and the nature of the
work proposed. The guidelines make recommendations regarding the laboratory
environment including lighting, heating, the type of work surfaces and flooring and
provision of hand wash facilities. In addition, it is recommended that laboratories should be
run at air pressures that are negative to corridors to contain any risks within the laboratory.

2.2 Microbiological Safety Cabinets

A microbiological safety cabinet is probably the most important piece of equipment
because when operated correctly, it will provide a clean working environment for the
product, whilst protecting the operator from aerosols. In these cabinets operator and/or
product protection is provided through the use of HEPA (high efficiency particulate air)
filters. The level of containment provided varies according to the class of cabinet used.



Cabinets may be ducted to atmosphere or re-circulated through a second HEPA filter before
passing to atmosphere.
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Figure 1. Diagram of microbiological safety cabinet airflow patterns

Environmental monitoring, with Tryptose Soya Broth agar settle plates inside the
cabinet for a minimum of four hours should be a good indicator of how clean a cabinet is.
There should be no bacterial or fungal growth on such plates.

In most cases a class II cabinet is adequate for animal cell culture. However, each
study must be assessed for its hazard risk and it is possible that additional factors, such as a
known virus infection or an uncertain provenance, may require a higher level of
containment.

2.3 Centrifuges

Centrifuges are used routinely in tissue culture as part of the subculture routine for
most cell lines and for the preparation of cells for cryopreservation. By their very nature
centrifuges produce aerosols and thus it is necessary to minimize this risk. This can be
achieved by purchasing models that have sealed buckets. Ideally the centrifuge should have
a clear lid so that the condition of the load can be observed without opening the lid. This will
reduce the risk of the operator being exposed to hazardous material if a centrifuge tube has
broken during centrifugation. Care should always be taken not to over-fill the tubes and to
balance them carefully. These simple steps will reduce the risk of aerosols being generated.
The centrifuge should be situated where it can be easily accessed for cleaning and
maintenance. Centrifuges should be checked frequently for signs of corrosion.

2.4 Incubators



Cell cultures require a strictly controlled environment in which to grow. Specialist
incubators are used routinely to provide the correct growth conditions, such as temperature,
degree of humidity and CO; levels in a controlled and stable manner. Generally they can be
set to run at temperatures in the range 28°C (for insect cell lines) to 37°C (for mammalian
cell lines) and set to provide CO, at the required level (e.g., 5-10%). Some incubators also
have the facility to control the O, levels. Copper-coated incubators are also now available.
These are reported to reduce the risk of microbial contamination within the incubator due to
the microbial inhibitory activity of copper. The inclusion of water bath treatment fluid in the
incubator water trays will also reduce the risk of bacterial and fungal growth in the water
trays. However, there is no substitute for regular cleaning (Figure. 2).

i ol ! y\ - v
Figure. 2 An incubator box can be constructed to fit over the entire microscope and provide
temperature and CO, control for time-lapse microcinematography.

2.5 Work Surfaces and Flooring

To maintain a clean working environment the laboratory surfaces including benchtops,
walls and flooring should be smooth and easy to clean. They should also be waterproof and
resistant to a variety of chemicals (such as acids, alkalis, solvents and disinfectants). In areas
used for the storage of materials in liquid nitrogen, the floors should be resistant to cracking
if any liquid nitrogen is spilt. Refer to Section 7.3 for safety considerations on the use of
liquid nitrogen. In addition, the floors and walls should be continuous with a covered
skirting area to make cleaning easier and reduce the potential for dust to accumulate.
Windows should be sealed. Work surfaces should be positioned at a comfortable working
height (Figure. 3).
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Figuré: 3 Suggested floor plan for a standard tissue culture facility

2.6 Plastic ware and Consumables

Almost every type of cell culture vessel, together with support consumables such as
tubes and pipettes, are commercially available as a single use, sterile packed, plastic ware.
The use of such plastic ware is more cost effective than recycling glassware, enables a
higher level of quality assurance and removes the need for validation of cleaning and
sterilization procedures. Plastic tissue culture flasks are usually treated to provide a
hydrophilic surface to facilitate attachment of anchorage dependent cells.

2.7 Care and Maintenance of Laboratory Areas

To maintain a clean and safe working environment tidiness and cleanliness are key.
Obviously all spills should be dealt with immediately. Routine cleaning should also be
undertaken involving the cleaning of all work surfaces both inside and outside of the
microbiological safety cabinet, the floors and all other pieces of equipment e.g., centrifuges.
Humidified incubators are a particular area for concern due to the potential for fungal and
bacterial growth in the water trays. This will create a contamination risk that can only be
avoided by regular cleaning of the incubator. All major pieces of equipment should be
regularly maintained and serviced by qualified engineers.
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For instance

e Microbiological safety cabinets should be checked once in every 6 months to ensure
that they are safe to use in terms of product and user protection. These tests confirm
that the airflow is correct and that the HEPA filters are functioning properly.

e The temperature of an incubator should be regularly checked with a NAMAS
(National Accreditation of Measurement and Sampling, UK), or equivalent calibrated
thermometer and the temperature adjusted as necessary.

e Incubator CO; and O, levels should also be regularly checked to ensure the levels are
being correctly maintained.

3 Safety Aspects of Cell Culture and Biosafety levels

3.1 Risk Assessment

The main aim of risk assessment is to prevent injury, protect property and avoid harm
to individuals and the environment. The performance of risk assessment is a legal
requirement under the Health and Safety at Work Act, UK. There are other EC directives
covering Health and Safety at Work, you can visit the European Agency for Safety and
Health at Work website www.europe.osha.eu.int for information on legislation and standards,
or you should contact your on-site representative. Consequently risk assessments must be
undertaken before starting any activity. The assessment consists of two elements:

1. Identifying and evaluating the risks.
2. Defining ways of minimizing or avoiding the risk.

For animal cell culture the level of risk is dependent upon the cell line to be used and
is based on whether the cell line is likely to cause harm to humans. The different
classifications are given below:

Low risk Non human/non primate continuous cell lines and some well
characterized human diploid lines of finite lifespan (e.g., MRC-5).
Medium risk | Poorly characterized mammalian cell lines.

Cell lines derived from human/primate tissue or blood.

Cell lines with endogenous pathogens (the precise categorization is
dependent upon the pathogen) — refer to ACDP guidelines, 1985, for
High risk details.

Cell lines used following experimental infection where the
categorization is dependent upon the infecting agent.

A culture collection, such as ECACC will recommend a minimum the containment
level required for a given cell line based upon its risk assessment. For most cell lines the
appropriate level of containment is Category 2. However, this may need to be increased to
Category 3 depending upon the type of manipulations to be carried out and whether large
culture volumes are envisaged. For cell lines derived from patients with HIV or HTLV
Category 3 containment is required.

12



Containment is the most obvious means of reducing risk. Other less obvious measures
include restricting the movement of staff and equipment in and out of the laboratories. A
good laboratory practice and good bench techniques such as ensuring work areas are
uncluttered, reagents are correctly labeled and stored, are also important for reducing risk
and making the laboratory a safe environment in which to work. Staff training and the use of
written standard operating procedures and risk assessments will also reduce the potential for
harm. Training courses covering the basics of tissue culture safety are offered by ECACC.

3.2 Disinfection

Methods designed for the disinfection/decontamination of culture waste, work surfaces
and equipment represent important means for minimizing the risk of harm.

The major disinfectants fall into four groups and their relative merits can be
summarized as follows:

Hypochlorites (e.g., Chloros, Presept)

e A good general purpose disinfectant

e Active against viruses

e Corrosive against metals and therefore should not be used on metal surfaces e.g.,
centrifuges

e Readily inactivated by organic matter and therefore should be made fresh daily

e Should be used at 1000 ppm for general use surface disinfection, 2500 ppm in discard
waste pots for washing pipettes, and 10,000 ppm for tissue culture waste and spillage

NOTE: When fumigating a cabinet or room using formaldehyde all the hypochlorites
must first be removed as the two chemicals react together to produce carcinogenic products.

Phenolics (e.g., Sudol, Hycolin)

e Not active against viruses
e Remains active in the presence of organic matter

Alcohol (e.g., ethanol, isopropanol)

e Effective concentrations 70% for ethanol, 60-70% for isopropanol

e Their mode of activity is by dehydration and fixation

e Effective against bacteria. Ethanol is effective against most viruses but not
nonenveloped viruses

e Isopropanol is not effective against viruses

Aldehydes (e.g., glutaraldehyde, formaldehyde)

e Aldehydes are irritants and their use should be limited due to problems of
sensitization

e Glutaraldehyde may be used in situations where the use of hypochlorites is not
suitable e.g., cleaning of centrifuge bowls or materials constructed of stainless steel
that may be attacked or corroded by using hypochlorite solutions.
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3.3 Waste Disposal

Any employer has a ‘duty of care’ to dispose of all biological waste safely in
accordance with national legislative requirements. Given below is a list of ways in which
tissue culture waste can be decontaminated and disposed of safely. One of the most important
aspects of the management of all laboratory-generated waste is to dispose of waste regularly
and not to allow the amounts to build up. The best approach is ‘little and often’. Different
forms of waste require different treatment.

e Tissue culture waste (culture medium) - Inactivate overnight in a solution of
hypochlorite (10,000 ppm) before disposal to drain with an excess of water

e Contaminated pipettes should be placed in hypochlorite solution (2500 ppm)
overnight before disposal by autoclaving and incineration

e Solid waste such as flasks, centrifuge tubes, contaminated gloves, tissues etc. should
be placed inside heavy duty sacks for contaminated waste and autoclaved before
incineration.

If at all possible waste should be incinerated rather than autoclaved.
3.4 Biosafety level

From the earliest days of microbiological research, it-was recognized that acquiring
infections from the agents manipulated was an occupational hazard. The most commonly
acquired laboratory infections were caused by bacterial agents; as microbiologists learned to
culture animal viruses, they also found ways to become infected with these agents.
Significant number of these infections was fatal and that most infections were of unknown
origin. Exposure to infectious aerosols was implicated in about 80% reported infections.

Guidelines evolved as a means of protecting microbiological workers based on these
data and an understanding of the risks-associated with various manipulations of many agents
transmissible by different routes. These guidelines work from the premise that safe work sites
result from a combination of engineering controls, management policies, work practices and
procedures, and, occasionally, medical interventions. The different biosafety levels developed
for microbiological and biomedical laboratories provide increasing levels of personnel and
environmental protection.

There is a definite hierarchy of administrative controls that need to be in effect. Upper
level management must set the general tone that safety is a high priority at their institute.
Although this is often expressed in broad policy statements, it must be supported by resource
allocation decisions: financial, personnel staffing, training, a safety performance reward
structure, etc. For each biosafety level there are also specific supervisory qualifications as
assurance that the laboratorians are provided appropriate role models and knowledgeable
mentors. Crucial to safe working conditions are various types of specialized equipment
available to serve as primary barriers between the microorganism and the laboratorian. These
range from simple gloves and other personnel protective equipment to simple (sealed
centrifuge heads) or complex (biosafety cabinets) containment devices.

A biosafety level is the level of the biocontainment precautions required to isolate
dangerous biological agents in an enclosed facility. The levels of containment range from the
lowest biosafety level 1 to the highest at level 4. In the United States, the Centres for Disease
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Contol and Prevention (CDC) have specified these levels. In the European Union, the same
biosafety levels are defined in a directive.

3.4.1 Levels
3.4.1.1 Biosafety Level 1

BSL-1 is appropriate for working with microorganisms that are not known to cause
disease in healthy humans. This is the type of laboratory found in municipal water-testing
laboratories, in high schools, and in some community colleges teaching introductory
microbiology classes, where the agents are not considered hazardous. The lay-out of a typical
BSL-1 laboratory is shown in.

There is a door that can be closed to keep visitors out of the lab while work with the
agents is in progress. Hazard warning signs may be posted on the door indicating any hazards
that may be present, including radioactive materials, laser lights, high noise emitting
equipment, or toxic chemicals. There is a hand-washing sink available, preferably near the
door. Waste materials are segregated according to hazard type, and there is an appropriate
chemical decon tray for collecting contaminated implements. Work is done on the open
bench, and plastic-backed absorbent pads can be placed on the work surface to collect splatter
or droplets associated with the work. The bench tops should be impervious to acid and all
furniture should be sturdy. If the windows can be opened in the laboratory, they should be
fitted with screens.

The lab should be constructed in such a manner that it can be easily cleaned and
decontaminated. At BSL-1 there is no-specific recommendation that the laboratory be
isolated from other parts of the building. Although there is no specific biological safety
reason for having more than six“air changes per hour in a BSL-1 laboratory, it may be
necessary if there are volatile or toxic chemicals in use. In general, inward directional airflow
is the ideal.

At BSL-1, standard microbiological practices include the use of mechanical pipetting
devices, having a prohibition on eating, drinking and smoking in the lab, and requiring hand
washing by all persons when they finish their work or when exiting the laboratory. Persons
working in the lab should wear a lab coat to protect their street clothes. It is a recommended
practice to wear gloves while manipulating the agents. Additional protective equipment may
include working behind a splatter shield or wearing eye or face protection. At BSL-1, no
special precautions are needed.

Hand washing is one of the most important procedures that can be used by
laboratorians to prevent removal of unwanted microbiological agents, radioactive materials,
or chemicals from the laboratory environment. Use of liquid soap is generally preferable to
bar soap; twenty seconds of vigorous lathering will remove most of these materials very
effectively. After drying your hands with a paper towel, you can use the towel to turn off the
faucets and thus prevent recontaminating your hands.

The scientist who provides overall supervision to a BSL-1 laboratory needs to have
general training in microbiology or a related science. The supervisor is responsible for
establishing the general lab safety procedures and for ensuring that each laboratorian is
properly educated in these procedures. Lab personnel, conversely, need to accept such
training and follow the proscribed protocols.

15



3.4.1.2 Biosafety Level 2

The facility, the containment devices, the administrative controls, and the practices and
procedures that constitute BSL-2 are designed to maximize safe working conditions for
laboratorians working with agents of moderate risk to personnel and the environment. The
agents manipulated at BSL-2 are often ones to which the workers have had exposure to in the
community, often as children, and to which they have already experienced an immune
response. Unlike the guidelines for BSL-1, there are a number of immunizations
recommended before working with specific agents. Most notable is hepatitis B virus
immunization which is recommended by the Occupational Safety and Health Administration
for persons, including laboratorians, at high risk of exposure to blood and blood products.
These agents are generally transmissible following ingestion, exposure of mucous
membranes, or intradermal exposure. Eating, drinking and smoking are prohibited in BSL-2
laboratories, and extreme precautions are taken while handling needles and other sharp
instruments.

The basic lay-out of a BSL-2 laboratory is depicted in. Access to the laboratory is
restricted by the supervisor, who establishes the biosafety level, the need for specified
personal protective equipment, the need for training, or other appropriate requirements. The
door to the laboratory is kept closed to minimize unnecessary access by casual visitors,
vendors, or persons not needing to be in the laboratory. There is no requirement for
directional inward air flow in a BSL-2 laboratory, except as may be required for chemical
odor control; however, many BSL-2 laboratories opt for this feature.

Some work may be done on the open bench by persons wearing appropriate protective
clothing or gear. Any work that may produce splatters or aerosols of infectious materials
should be done inside a biological safety cabinet (BSC) or other containment device, such as
aerosol-containing centrifuge cups. Waste materials need to be segregated into chemical,
radioactive, bio-hazardous, or general ‘waste streams. Infectious waste should be
decontaminated (by treating with chemical disinfectants or by steam autoclaving).

As the biosafety level increases, all those microbiological practices and procedures
delineated for the lower level(s) are carried forward to the next higher level. Thus, the
standard microbiological practices found at BSL-1 are still in effect at BSL-2, with emphasis
on wearing gloves, using mechanical pipetting devices, and attention to handling sharps. In
any situation, do not break or bend needles; in most situations it is prudent to use single-use
needles and syringes. Do not recap needles. Needles and syringes, butterfly needles and
associated tubing, and similar devices should be discarded intact into a puncture- and leak-
proof container. Other sharps items (such as broken glass) should not be handled by hand.
Consider substituting plastic ware for glass laboratory items.

Specific policies and procedures regarding access to the BSL-2 laboratory should be
developed and posted. On the one hand, it is prudent to allow entry to repair technicians or
engineers only if they are very familiar with the activities of the lab or are escorted by a
laboratorian that is. Conversely, it needs to be emphasized that the posting of a BSL-2
biohazard sign on the door does not mean that the agent is everywhere in the room; rather, the
agent is normally confined to the BSC, an incubator or refrigerator or freezer. It is prudent to
schedule entry by non-laboratorians to times when there is no active work with the agent
being conducted.
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A leak proof box, preferably equipped with a gasket seal lid, should be used for
transport of infectious materials from one location to another. This is particularly important
when moving samples from patient care areas to laboratories, or from an off-site collection
centre to the lab.

Storing a base-line serum sample may be required before working in certain
laboratories. This sample can be used at to compare with future serum samples to determine
any changes in immunological response to the agents used in the laboratory. Alternatively, a
base-line serum sample may be drawn at the time of a possible exposure, then compared to a
future sample for possible rising antibody titer. In any event, written employee informed
consent must be obtained before obtaining the sample and for subsequent testing. Informed
consent is also needed for any immunizations that are offered.

Other special practices include: decontaminating work surfaces after completing the
work with the infectious materials, keeping non-research animals out of the laboratory, and
reporting all spills and accidents. An incident log book is a useful means for recording events
that have gone wrong; it is important to document these events, not for punitive action, but to
be able to better understand what happened with an eye to preventing similar events in the
future.

At BSL-2, all work that might create aerosols. of infectious materials should be done in
containment. The most common device is the biological safety cabinet, and the most common
cabinet in use is referred to as a Class II, type A BSC, shown in cross-sectional diagram in.
Room air is drawn in at the face opening and is immediately drawn through the front grille
(A) and under the work surface. The air-is then blown (F) through the rear air plenum (E) to
the top of the cabinet where it is divided into two chambers (D). Thirty percent of the air is
exhausted out of the cabinet (C) through a high efficiency particulate air (HEPA) filter into
the laboratory room. The remaining seventy per cent of the air (B) is directed through another
HEPA filter down onto the work surface in a laminar flow directional air pattern. The typical
HEPA filter removes 99.97% of all particles that are 0.3 micron or larger in size, which
means that all microbial agents will be trapped in the filter. The air returned to the laboratory
and delivered to the work surface is virtually sterile, which means that an open flame (Bunsen
burner) is not needed within the BSC.

Before materials are introduced into the BSC, they should be wiped with 70% alcohol
to remove any external contaminants. Experience has shown that clean materials should be
kept to one side of the work surface, dirty items on the other. Management of workflow
within the BSC is crucial to preventing cross-contamination. Rapid air movement outside the
cabinet (caused by co-workers walking past, air supply vents directed across the face of the
BSC, etc.) will interrupt the rather fragile air curtain, which may cause air-borne
contaminants in the cabinet to be drawn into the lap of the worker. The chair should be
adjusted so that the lower portion of the sash is even with the worker’s armpits.

Any paper or plastic materials introduced into the BSC should not be allowed to
interfere with air flow through the front or rear grilles. The downward airflow from the
supply filter "splits" about one third of the way into the cabinet; in the front third, air moves
to the front grille, with the remainder of the air flowing to the rear. This means that aerosol-
generating activities should be performed towards the rear of the cabinet to provide further
worker protection.
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Infectious waste materials should be chemically disinfected or, preferably,
decontaminated in a steam autoclave. Infectious waste materials to be removed from a BSC
should be placed in a pan or tray that can be covered during transport to the autoclave, or
placed in a biohazard autoclave bag. By placing an inch or two of water in the bag before
sealing it by transport, steam will be generated within the bag during the autoclave cycle.

The supervisor of a BSL-2 laboratory should be a competent scientist who has a
technical understanding of the risks associated with the microbiological agents in use. The
supervisor limits access to those persons who have received the appropriate immunizations
and establishes the personal protective standards for the laboratory; he/she is also responsible
for developing the lab’s biological safety manual. Laboratory personnel should be aware of
the potential hazards associated with the work and be proficient in the specified practices and
procedures.

3.4.1.3 Biosafety Level 3

BSL-3 is suitable for work with infectious agents which may cause serious or
potentially lethal diseases as a result of exposure by the inhalation route. BSL-3 laboratories
should be located away from high-traffic areas. Examples of agents that should be
manipulated at BSL-3 are M. tuberculosis (research activities), St. Louis encephalitis virus,
and Coxiella burnetii.

There are some specific secondary barriers needed at BSL-3, that tend to set these
laboratories apart from BSL-2. At CDC the current main BSL-3 laboratories are located in a
unique high containment building that also houses the BSL-4 laboratory. A typical BSL-3
laboratory lay out is shown in. These laboratories are characterized by having a double-door
entry (shown here as an ante-room; other configurations are also used). Because the agents
manipulated at BSL-3 are transmissible by the aerosol route, particular attention is given to
air movement in these labs. Air moves from areas of lesser contamination to areas of higher
contamination, such as from the corridor into the laboratory. Air movement is also single
pass; exhaust air is not recirculated to other rooms. Exhaust air does not have to be HEPA
filtered, unless local conditions are such that reentrainment into building air supply systems is
unavoidable.

All work that may create aerosols or splatter is done inside a biological safety cabinet.
Wall, ceiling and floor penetrations are sealed to keep aerosols in and to keep gaseous
decontaminants in. The floor is monolithic, and there are continuous cove moldings that
extend at least 4" up the wall. Acoustic tiles are not used in BSL-3 laboratories; ceilings
should be waterproof for ease of cleaning Centrifuge tubes are placed into containment cups
or heads in the BSC, transferred to the centrifuge, spun, then returned to the BSC to be
unloaded. In some laboratories the centrifuges themselves are enclosed in a vented area to
minimize possible aerosol exposures created in the event of a centrifuge failure. Vacuum
lines are protected with HEPA filters so that maintenance personnel are not exposed to
infectious aerosols.

Standard microbiological practices are the same as for BSL-1 and BSL-2 laboratories.
Class II type A biological safety cabinets are suitable in BSL-3 laboratories. Sometimes Class
II type B3 cabinets are installed, requiring thimble connection to the building exhaust
systems. Depending on the nature of the work being done in the BSL-3 laboratory, additional
personnel protective devices may be worn, such as respirators. When pulmonary protection is
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required, the laboratorians need to have appropriate medical evaluations and be trained in
proper fit testing and care of their respirators.

Supervisors of BSL-3 laboratories should be competent scientists experienced in
working with the agents. They establish criteria for entry into the laboratory, restrict access,
develop appropriate practices and procedures, and train the laboratorians. They are also
responsible for developing the laboratory safety manual. The lab personnel must rigorously
follow the established guidelines, demonstrate proficiency in performing their various
procedures, and receive appropriate training. They must participate in specified medical
surveillance programs, and report all incidents that constitute potential exposures.

3.4.1.4 Biosafety Level 4

This level is required for work with dangerous and exotic agents that pose a high
individual risk of aerosol-transmitted laboratory infections, agents which cause severe to fatal
disease in humans for which vaccines or other treatments are not available, such as Bolivian
and Argentine hemorrhagic fevers, Marburg virus, Ebola virus, Lassa fever, Crimean-
Congonhemorrhagic fever, and other various hemorrhagic diseases. When dealing with
biological hazards at this level the use of a Hazmat suit and a self-contained oxygen supply is
mandatory. The entrance and exit of a Level Four biolab will contain multiple showers, a
vacuum room, an ultraviolet light room, and other safety precautions designed to destroy all
traces of the biohazard. Multiple airlocks are used and are electronically secured to prevent
both doors opening at the same time. All air and water service going to and coming from a
biosafety level 4 lab will undergo similar-decontamination procedures to eliminate the
possibility of an accidental release.

Agents with a close or identical antigenic relationship to Biosafety Level 4 agents are
handled at this level until sufficient data is obtained either to confirm continued work at this
level, or to work with them at a lower level.

Members of the laboratory staff have specific and thorough training in handling
extremely hazardous infectious agents and they understand the primary and secondary
containment functions of the standard and special practices, the containment equipment, and
the laboratory design characteristics. They are supervised by qualified scientists who are
trained and experienced in working with these agents. Access to the laboratory is strictly
controlled by the laboratory director.

The facility is either in a separate building or in a controlled area within a building,
which is completely isolated from all other areas of the building. A specific facility
operations manual is prepared or adopted. Building protocols for preventing contamination
often use negatively pressurized facilities, which, if compromised, would severely inhibit the
containment of an outbreak of acrosol pathogens.

Within work areas of the facility, all activities are confined to Class III biological safety
cabinets, or Class II biological safety cabinets used with one-piece positive pressure
personnel suits ventilated by a life support system. The Biosafety Level 4 laboratory has
special engineering and design features to prevent microorganisms from being disseminated
into the environment. The laboratory is kept at negative air pressure, so that air flows into the
room if the barrier is penetrated or breached. Furthermore, an airlock is used during personnel
entry and exit.
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The guidelines presented in the CDC/NIH publication Biosafety in Microbiological and

Biomedical Laboratories present standard and special practices,

safety equipment

recommendations, and performance standards for the facilities that, taken together, should be
considered as optimal for most laboratory situations. There may be instances where unique
needs, unknown hazards associated with unknown pathogens, or other contributing
requirements will cause supervisors or biosafety professionals to seek higher biosafety
requirements. These can be established after appropriate risk assessments have been

conducted.
Table 2. List of Biosafety levels
Name Location Level Description
Virology Laboratory | Australia,
of the Queensland | Queensland, Coopers
Department of Health | Plains 4
Australian Animal | Australia, Victoria,
Health Laboratory Geelong 4
Infectious  Diseases
Unit, St.John's | India, Bangalore
Research Institute 3
One of the” premier research institute &
All India Institute of conducts ' studies on major pathogenic
Medical Sciences India, New Delhi organisms. Has been contributed in discovering
1 novel strains & vaccines.
National JALMA
Institute for Leprosy
& Other
Mycobacterial India, Agra
Diseases This facility deals with the Mycobacterial
(NCJILOMD), Agra 3 strains & their pathogenicity & epidemiology.
National High Security Laboratory Operates
National High | Australia, Victoria, under the auspice of the Victoria Infectious
Security Laboratory North Melbourne 4 Diseases Reference Laboratory.
Curtin University of | Australia, Western
Technology Australia, Bentley 3
Fundagdo  Oswaldo | Brazil, Rio  de It is unclear whether this facility operates as a
Cruz Janeiro 3 BSL-4. Brazil doesn't have any BSL-4 facilities.
University of Sdo It is unclear whether this facility operates as a
Paulo Brazil, Sdo Paulo 3 BSL-4. Brazil doesn't have any BSL-4 facilities.
Instituto Adolf Lutz Brazil 3
Instituto Butantan Brazil 3
British Columbia
Centre for Disease | Canada, British The British Columbia Centre for Disease
Control Columbia 3 Control, operates three biosafety level 3 labs.
Located at the Canadian Science Centre for
National Human and Animal Health, it is jointly operated
Microbiology Canada, Manitoba, by the Public Health Agency of Canada and the
Laboratory Winnipeg 4 Canadian Food Inspection Agency.
Centre National de
Biologie Canada, Quebec, Located at the Institut national de la recherche
Expérimentale Laval 3 scientifique.
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National Institute for

Finland, Tilkanmaki,

Document from National Institute for Health

Health and Welfare Helsinki 3 and Welfare that mentios the facility.
Jean Meérieux laboratory is a co-operation
between the Pasteur Institute and INSERM.
Laboratoire P4 Jean | France, Rhone- Note that in France, it is P4 for Pathogen or
Mérieux Alpes, Lyon 4 Protection level 4.
Centre International This facility is operated by a research
de Recherches organization  supported by the French
Médicales de government, operates West Africa's only BSL-4
Franceville Gabon 4 lab.
The facility was licenced for construction by
Robert Koch Institute | Germany, Berlin 4 City of Berlin on November 30, 2008.
Bernhard Nocht
Institute for Tropical
Medicine Germany, Hamburg | 4
Philipps University of The facility is licenced to work with genetically
Marburg Germany, Marburg 4 modified organisms
Friedrich Loeftler
Institute on Island | Germany, Island
Riems Riems 4 Deals especially with virology
Evangelismos Greece, Athens 3
Crete University,
Pagne hospital,
Clinical bacteriology
lab Greece, Heraklion 3
High Security Animal This facility deals especially to zoonotic
Disease  Laboratory organisms and emerging infectious disease
(HSADL) India, Bhopal 4 threats.
Operated by Institute of Tropical Disease -
Institute of Tropical | Indonesia, East Java, Airlangga University, Build Cooperation with
Disease (ITD) Surabaya 3 Japan.
A university hospital in Polo Universitario; it
Azienda Ospedaliera | Italy, Lombardy, contains two special vehicles for transporting
Ospedale Luigi Sacco | Milano 4 infectious persons.
This facility, (trans.) National Institute of
Istituto Nazionale Infectious Diseases, operates within the Lazzaro
Malattie Infettive Italy, Rome, Rome 4 Spallanzani Hospital.
Institute for Medical This facility is able to conduct research and
Research (IMR), | Malaysia, Kuala tests on acarology, bacteriology, medical
Ministry of Health Lumpur 3 entomology, parasitology and virology.
Located at National Institute for Infectious
Diseases, Department of Virology I; this lab has
the potential of operating as a BSL-4, however
it is limited to perform work on only BSL-3
National Institute for agents due to opposition from local residents
Infectious Diseases Japan, Kantd, Tokyo |3 and communities.
Institute of Physical
and Chemical | Japan, Kanto,
Research Tsukuba This is a non-operating BSL-4 facility.
Netherlands National
Institute for Public Currently under construction, it is planned to be
Health  and  the | Netherlands, finished by the end of 2009. It is planned to
Environment (RIVM) | Bilthoven 3 operate as a BSL 3 and a BSL 4 facility.
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Wuhan Institute of
Virology of  the
Chinese Academy of

People's Republic of
China, Hubei,

Wuhan Institute of Virology already hosts a
BSL-3 laboratory. A distinct BSL-4 facility is
currently being built based on P4 standards, the
original technology for confinement developed
by France. It will be the first at level 4 in China,

Sciences Wuhan 3 under the direction of Shi Zhengli.
State Research Center
of  Virology and It is one of two facilities in the world that
Biotechnology Russia, Novosibirsk officially hold smallpox. The other Russian
VECTOR Oblast, Koltsovo 1 BSL-4 facilities have been dismantled.
Defence Science Organization goal is to
conduct autopsies during a potential deadly
epidemic outbreak. Singapore also has a mobile
Defence Science BSL-4 autopsy facility, perhaps the only one of
Organization (DSO) | Singapore 4 its kind in the world.
National Institute for Communicable Diseases
National Institute for of Special Pathogens Unit is one of only two
Communicable South Africa, BSL-4 facilities in Africa but the only suit
Diseases Johannesburg 4 laboratory on the continent.
The NPHL is established to develop laboratory-
National Public based surveillance systems for infectious
Health ~ Laboratory diseases of epidemic and pandemic potential as
(NPHL), Ministry of | Malaysia, Sungai part of an early warning system and response
Health Buloh, Selangor 3 strategies for outbreaks of infectious diseases.
Swedish Institute for
Infectious  Disease Swedish Institute for Infectious Disease Control
Control Sweden, Solna 4 is Scandinavia's P4 facility.
Institute of Virology This facility only deals with animal diseases
and which do not transmit to humans, and is the
Immunoprophylaxis | Switzerland, only P4 facility where complete isolation suits
(IVI) Mittelhdusern 4 are not used.
High  Containment Under construction, it will start operations in
Laboratory DDPS 2010. This laboratory will comply with BSL-4
(SiLab) Switzerland, Spiez 4 standards.
Preventive  Medical
Institute  of ROC
Ministry of National | Republic of China
Defense (Taiwan) 4
Kwen-yang
Laboratory Center of | Republic of China Part of the Department of Health Republic of
Disease Control (Taiwan) 4 China.
Health Protection
Agency's Centre for | United  Kingdom,
Infections Colindale 4 Located in the Viral Zoonosis unit.
National Institute for | United Kingdom,
Medical Research London 4
Chemical and
Biological ~ Defence | United Kingdom,
Establishment Porton Down 4
Centers for Disease | United States of Currently operates in two buildings. One of two
Control and | America, Georgia, facilities in the world that officially hold
Prevention Atlanta 4 smallpox.
George Mason | United  States of This facility is currently under construction on a
University America, Virginia, | 3 10-acre site adjacent to George Mason

22




Biomedical Research
Laboratory

Manassas

University's Prince William Campus. It is
scheduled to be fully operational in the Spring
0f2010.

Georgia State

University

United States of
America, Georgia,
Atlanta

Is an older design "glovebox" facility.

Integrated Research

United States of
America, Maryland,

Under construction. This facility will be
operated by National Institute of Allergy and
Infectious Diseases (NIAID), it is planned to

Facility Fort Detrick 4 begin operating at 2009 at the earliest.
National Biodefense
Analysis and | United States of
Countermeasures America, Maryland, Under construction, it will be operated for the
Center (NBACC) Fort Detrick 4 Department of Homeland Security.

United States of
National Institutes of | America, Maryland, Located on the NIH Campus, it currently only
Health (NIH) Bethesda 3 operates with BSL-3 agents.
US Army Medical
Research Institute of | United States of
Infectious  Diseases | America, Maryland,
(USAMRIID) Fort Detrick 4 Old building
US Army Medical
Research Institute of | United States  of
Infectious  Diseases | America, Maryland, New  building, currently under design
(USAMRIID) Fort Detrick 4 construction

United States  of
National ~ Emerging | America, Under construction by Boston University,
Infectious  Diseases | Massachusetts, building and staff training complete, waiting for
Laboratory (NEIDL) | Boston 4 regulatory approval.
NIAID Rocky | United  States of
Mountain America,- Montana, Under construction, it is planned to begin
Laboratories Hamilton 4 operation in 2009 at the earliest.
Stony Brook Operated by State University of New York at
University  Centers Stony Brook, a BSL-3 facility studying Borrelia
for Molecular | United ~ States of burgdorferi (Lyme Disease), Yersinia pestis
Medicine Center for | America, New York, (Bubonic plague) and Francisella tularensis
Infectious Diseases Stony Brook 3 (Rabbit fever)

United States of
University of | America, Ohio, University of Cincinnati Medical Sciences
Cincinnati Cincinnati 3 Building

United States of
Battelle Memorial | America, Ohio, West
Institute Jefferson 3
National United  States  of
Biocontainment America, Texas, Opened in 2008, facility is operated by the
Facility Galveston 4 University of Texas Medical Branch.

United States of

America, Texas, Operated by the University of Texas Medical
Shope Laboratory Galveston 4 Branch (UTMB).
Southwest United States of
Foundation for | America, Texas, San
Biomedical Research | Antonio 4 The only privately-owned BSL-4 lab in the US.
Division of | United States of This facility is part of the Department of
Consolidated America, Virginia, | 4 General Services of the Commonwealth of
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Laboratory Services Richmond Virginia). It is so called "surge" BSL-4
capacity.

United States of Facility to be operated by the Department of
National Bio and | America, Kansas Homeland Security, and replace the Plum Island
Agro-Defense State University, Animal Disease Center. Planned to be
Facility (NBAF) Manhattan, Kansas operational by 2014.

United States of Facility scheduled to be replaced by the
Plum Island Animal | America, New York, National Bio and Agro-Defense Facility.
Disease Center Plum Island Researches zoonotic pathogens only.
Saint Louis | United States of Saint Louis University's new center for
University Doisy | America, Missouri, biomedical research. Monkeypox is the primary
Research Building Saint Louis BSL-3 agent studied.

The UC Berkeley BSL3 Facility is currently

United States of housed in a single location but will be expanded
University of | America, California, in 2011 to include a second site (in a building
California, Berkeley | Berkeley under construction).
University of | United States,
California, Los | California, Los
Angeles Angeles
Instituto Nacional de
Tecnologia
Agropecuaria, Argentina, Buenos
Buenos Aires Aires, Castelar 3 Campo agricola.
Veterinary Research
Institute (VRI), This ~ facility created a breakthrough in
Department of | Malaysia, Ipoh, identifying the Nipah virus, which is classified
Veterinary Services Perak 3 internationally as a BSL-4 agent.

4 Sources of Cell Lines

Large numbers of cell lines look identical. Cell lines with very different origins and
biological characteristics typically cannot be separated on grounds of morphology or culture
characteristics. Infection or contamination of a cell line with an adventitious virus or
mycoplasma may significantly change the characteristics of the cells but again such
contamination will be inapparent. Cell lines will also change with time in culture, and to add
to all these natural hazards it is all too easy to mis-label or cross-contaminate different cell
lines in a busy cell culture laboratory.

The opportunities for inadvertently introducing error into a cell line are limitless and
ever present. It is in the nature of the science that, once introduced, an error will be
propagated, compounded, consolidated and disseminated.

The integrity and biological characteristics of a cell line have to be actively maintained
by a well-organized system of “husbandry” based on systematic cell banking supported by
testing regimens in a structured quality assured environment. Such a controlled environment
will only prevail in a dedicated professionally organized cell culture laboratory or cell bank.
A small research laboratory with a high throughput of short-term research students, a
minimum of permanent laboratory staff and no formal quality management program will
find it difficult to maintain its cell lines unchanged over many years.
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For all these reasons it is strongly recommended that new cell lines should only be
acquired from a specialist, reputable culture collection such as ECACC. Moreover, if a
laboratory believes it already has a certain cell line in its liquid nitrogen store, the identity
and purity of such a cell line should be questioned in the absence of a well-recorded culture
history and recent test data. If there is a doubt, it is straightforward and cost effective to
replace such cell stocks with authenticated material from a Culture Collection.

When a Cell Culture Collection “accessions” a new cell line it will characterize the
cell line using techniques such as isoenzyme analysis and DNA profiling so that the identity
of the cell line can subsequently be verified. The Collection will then establish a hierarchy of
Master and Working cell banks, cryopreserved in liquid nitrogen, that are demonstrated free
from microbial contamination including mycoplasma. Customers are supplied from this
authenticated Working Cell Banks (WCB). Replacement WCB's are manufactured from the
original Master Cell Bank (MCB) and the new WCB will again be fully tested.

5 Main Types of Cell Culture

5.1 Primary Cultures

Primary cultures are derived directly from excised, normal animal tissue and cultured
either as an explant culture or following dissociation into a single cell suspension by enzyme
digestion. Such cultures are initially heterogeneous but later become dominated by
fibroblasts. The preparation of primary cultures is labor intensive and they can be
maintained in vitro only for a limited period of time. During their relatively limited life span
primary cells usually retain many of the differentiated characteristics of the cell in vivo.

5.2 Continuous Cultures

Continuous cultures comprised a single cell type that can be serially propagated in
culture either for a limited number of cell divisions (approx. 30) or otherwise indefinitely.
Cell lines of a finite life are usually diploid and maintain some degree of differentiation. The
fact that such cell lines senesce after approximately thirty cycles of division means it is
essential to establish a'system of Master and Working banks to maintain such lines for long
periods.

Continuous cell lines that can be propagated indefinitely generally have this ability
because they have been transformed into tumor cells. Tumor cell lines are often derived
from actual clinical tumors, but transformation may also be induced using viral oncogenes or
by chemical treatments. Transformed cell lines present the advantage of almost limitless
availability, but the disadvantage of having retained very little of the original in vivo
characteristics.

5.3 Culture Morphology

Morphologically cell cultures take one of two forms, growing either in suspension (as
single cells or small free-floating clumps) or as a monolayer that is attached to the tissue
culture flask. The form taken by a cell line reflects the tissue from which it was derived e.g.,
cell lines derived from blood (leukaemia, lymphoma) tend to grow in suspension whereas
cells derived from solid tissue (lungs, kidney) tend to grow as monolayers. Attached cell
lines can be classified as endothelial such as BAE-1, epithelial such as HeLa, neuronal such
as SH-SYS5Y or fibroblasts such as MRC-5 and their morphology reflect the area within the
tissue of origin.
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There are some instances when cell cultures may grow as semi-adherent cells e.g.,
B95-8 where there appears to be a mixed population of attached and suspension cells. For
these cell lines it is essential that both cell types are subcultured to maintain the
heterogeneous nature of the culture.

6 The Cell Environment (including types of culture medium)

In general terms cultured cells require a sterile environment and a supply of nutrients
for growth. In addition, the culture environment should be stable in terms of pH and
temperature. Over the last 30 years various defined basal media types have been developed
and are now available commercially. Originally balanced salt solutions were used to
maintain contractility of mammalian heart tissue and Tyrode’s salt solution was designed for
use in work with primary mammalian cells. These have since been modified and enriched
with amino acids, vitamins, fatty acids and lipids. Consequently media suitable for
supporting the growth of a wide range of cell types are now available. The precise media
formulations have often been derived by optimizing the concentrations of every constituent.
Examples of the different media and their uses are given in the table below (Table 3).

Table 3. Different types of culture medium and their uses

Media type Examples Uses

Balanced salt

solutions Hanks BSS, Earles salts Form the basis of many complex media

MEM Primary and diploid cultures.
Modification of MEM containing increased
level of amino acids and vitamins. Supports
a wide range of cell types including
Basal media DMEM hybridomas.
Glasgows modified MEM was defined for
GMEM BHK-21 cells
Originally derived for human leukaemic
cells. It supports a wide range of mammalian
RPMI cells including hybridomas
Further enriched modification of DMEM
. Iscoves DMEM which supports high density growth
Complex media Leibovitz L-15 Designed for CO, free environments
TC 100, Designed for culturing insect cells

Grace's Insect Medium,

Schneider's Insect Medium

Serum Free Media

CHO

For use in serum free applications.

Ham F10 and derivatives,
Ham F12, DMEM/F12

NOTE: These media must be supplemented
with other factors such as insulin, transferrin
and epidermal growth factor. These media
are usually HEPES buffered
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Sf-900 II SFM, SF Insect- Specifically designed for use with Sf9 insect
Insect cells Medium-2 cells

6.1 Basic Constituents of media

o Inorganic salts

o Carbohydrates

* Amino acids

« Vitamins

o Fatty acids and lipids
 Proteins and peptides
o Serum

Each type of constituent performs a specific function as outlined below:
6.2 Inorganic Salts

The inclusion of inorganic salts in media performs several functions. Primarily they
help to retain the osmotic balance of the cells and help regulate membrane potential by
provision of sodium, potassium and calcium ions. All of these are required in the cell matrix
for cell attachment and as enzyme cofactors.

6.3 Buffering Systems

Most cells require pH conditions in the range 7.2 - 7.4 and close control of pH is
essential for optimum culture conditions. There are major variations to this optimum.
Fibroblasts prefer a higher pH (7.4 - 7.7) whereas, continuous transformed cell lines require
more acid conditions pH (7.0 - 7.4). Regulation of pH is particularly important immediately
following cell seeding when a new culture is establishing and is usually achieved by one of
two buffering systems; (i) a "natural" buffering system where gaseous CO; balances with the
COs3 / HCOs content of the culture medium and (ii) chemical buffering using a zwitterion
called HEPES.

Cultures using natural bicarbonate/CO, buffering systems need to be maintained in an
atmosphere of 5-10% CO; in air usually supplied in a CO; incubator. bicarbonate/CO, is low
cost, non-toxic and provides other chemical benefits to the cells.

HEPES has superior buffering capacity in the pH range 7.2 - 7.4 but is relatively
expensive and can be toxic to some cell types at higher concentrations. HEPES buffered
cultures do not require a controlled gaseous atmosphere.

Most commercial culture media include phenol red as a pH indicator so that the pH
status of the medium is constantly indicated by the color. Usually the culture medium should
be changed / replenished if the color turns yellow (acid) or purple (alkali).
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6.4 Carbohydrates

The main source of energy is derived from carbohydrates generally in the form of
sugars. The major sugars used are glucose and galactose however some media contain
maltose or fructose. The concentration of sugar varies from basal media containing 1g/1 to
4.5g/1 in some more complex media. Media containing the higher concentration of sugars are
able to support the growth of a wider range of cell types.

6.5 Vitamins

Serum is an important source of vitamins in cell culture. However, many media are also
enriched with vitamins making them consistently more suitable for a wider range of cell
lines. Vitamins are precursors for numerous co-factors. Many vitamins especially B group
vitamins are necessary for cell growth and proliferation and for some lines the presence of
B12 is essential. Some media also have increased levels of vitamins A and E. The vitamins
commonly used in media include riboflavin, thiamine and biotin.

6.6 Proteins and Peptides

These are particularly important in serum free media. The most common proteins and
peptides include albumin, transferrin, fibronectin and fetuin and are used to replace those
normally present through the addition of serum to the medium.

6.7 Fatty Acids and Lipids

Like proteins and peptides these are important in_serum free media because they are
normally present in serum. For example, cholesterol and steroids essential for specialized
cells.

6.8 Trace Elements

These include trace elements such as-zinc, copper, selenium and tricarboxylic acid
intermediates. Selenium is a detoxifier and helps remove oxygen free radicals.

Whilst all media may be made from the basic ingredients this is time consuming and
may predispose to contamination. For convenience most media are available as ready mixed
powders or as 10x and 1x liquid media. All commonly used media are listed in the Sigma-
Aldrich Life Science Catalogue. If powder or 10x media are purchased it is essential that the
water used to reconstitute the powder or dilute the concentrated liquid is free from mineral,
organic and microbial contaminants. It must also be pyrogen free, water, tissue culture
grade). In most cases water prepared by reverse osmosis and resin cartridge purification with
a final resistance of 16-18Mx is suitable. Once the media is prepared, it should be filtered and
sterilized before use. Obviously purchasing 1x liquid media direct from Sigma eliminates the
need for this.

6.9 Serum

Serum is a complex mix of albumins, growth factors and growth inhibitors and is
probably one of the most important components of cell culture medium. The most commonly
used serum is fetal bovine serum. Other types of serum are available including newborn calf
serum and horse serum. The quality, type and concentration of serum can all affect the
growth of cells and it is therefore important to screen batches of serum for their ability to
support the growth of cells. In addition there are other tests that may be used to aid the
selection of a batch of serum including cloning efficiency, plating efficiency and the
preservation of cell characteristics.
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Serum is also able to increase the buffering capacity of cultures that can be important
for slow growing cells or where the seeding density is low (e.g., cell cloning experiments). It
also helps to protect against mechanical damage which may occur in stirred cultures or whilst
using a cell scraper. A further advantage of serum is the wide range cell types with which it
can be used despite the varying requirements of different cultures in terms of growth factors.
In addition serum is able to bind and neutralize toxins. However, serum is subject to batch-
batch variation that makes standardization of production protocols difficult. There is also a
risk of contamination associated with the use of serum. These risks can be minimized by
obtaining serum from a reputable source because suppliers of large quantities of serum
perform a battery of quality control tests and supply a certificate of analysis with the serum.
In particular serum is screened for the presence of bovine viral diarrhea virus (BVDV) and
mycoplasma. Heat inactivation of serum (incubation at 56°C for 30 minutes) can help to
reduce the risk of contamination because some viruses are inactivated by this process.
However the routine use of heat inactivated serum is not an absolute requirement for cell
culture. The use of serum also has a cost implication not only in terms of medium
formulation but also in downstream processing. A 10% FBS supplement contributes 4.8 mg
of protein per ml of culture fluid, which complicates downstream processing procedures.

6.10 Guidelines for serum use

Fetal bovine serum (FBS) has been used to-prepare a number of biological and has an
excellent record of safety. The recognition of bovine spongiform encepalopathy (BSE) in
1986 and its subsequent spread into continental Europe alongside the announcement of the
probable link between BSE and a new variant of Creutzfeldt Jacob disease in Humans,
stimulated an increased concern about safe sourcing of all bovine materials. In 1993, the
Food and Drug Administration (FDA) "recommended against the use of bovine derived
materials from cattle which have resided in, or originated from countries where BSE has been
diagnosed. The current European Union guidelines on viral safety focus on sourcing, testing
and paying particular attention to the potential risk of cross contamination during
slaughtering or collection of the starting tissue. As far as BSE is concerned, the EU
guidelines on minimizing the risk of BSE transmission via medicinal products,
CPMP/BWP/877/96, recommends the main measures to be implemented to establish the
safety of bovine material versus the BSE risk. Again similarly the focus is on geographical
origin, the age of the animals, the breeding and slaughtering conditions, the tissue to be used
and the conditions of its processing.

The use of FBS in production processes of medicinal products is acceptable provided
good documentation on sourcing, age of the animals and testing for the absence of
adventitious agents is submitted. All responsible suppliers of FBS for bio-pharmaceutical
applications will provide such documentation.

Recent regulatory requirements in Europe stress the importance of justifying the use of
material of bovine, caprine or ovine origin in the production of pharmaceutical products.
Although FBS has been used for many years in the production process of many medicinal
products such as viral vaccines and recombinant DNA products, at present there is a justified
trend to remove all material of animal origin from manufacturing processes. Sigma-Aldrich
has recognized this growing trend and works closely with customers to optimize animal free
media formulations to meet each customer’s cell culture requirements.
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Similarly, the FDA has similar guidelines when accepting regulatory submissions. The FDA
regulates all medicinal products for Human use, such as therapeutics, vaccines and
diagnostics.
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Chapter 2
Basic principles

1 Introduction

Cell culture has become an indispensable technology in many branches of life sciences
that provides the basis for studying the regulation of cell proliferation, differentiation and
product formation in carefully controlled conditions with processes and analytical tools
which are scalable from the level of the single cell to in excess of 10 kg wet weight of cells.
Cell culture has also provided the means to define almost the entire human genome and to
dissect the pathways of intracellular and intercellular signalling which ultimately regulate
gene expression. From its ancestry in developmental biology and pathology, this discipline
has now emerged as a tool for molecular geneticists, immunologists, surgeons, bioengineers
and manufacturers of pharmaceuticals while still remaining a fundamental tool to the cell
biologist, whose input is vital for the continuing development of the technology.

Cell culture has matured from a simple microscope driven observational science to a
universally acknowledged technology with roots set as deep in industry as they are in
academics. It stands among microelectronics, avionics, astrophysics and nuclear engineering
as one of the major bridges between fundamental research and industrial exploitation, and in
the current climate, perhaps the more commercial aspects will ensure its development for at
least several more decades. The prospects for genetic therapy and tissue replacement are such
that the questions are rapidly becoming ethical, as much as technical, as new opportunities
arise for genetic manipulation, whole animal cloning and tissue transplantation.

2 Biology of cells in culture
2.1 Origin and characterization

The list of different cell types which can be grown in culture is extensive, includes
representatives of most major cell types, and has significantly increased, due largely to the
improved availability of selective media and specialized cell cultures through commercial
sources such as Clonetics.

The use of markers that are cell type specific has made it possible to determine the
lineage from which many of these cultures were derived, although the position of the cells
within the lineage is not always clear. During propagation, a precursor cell type will tend to
predominate rather than a differentiated cell. Consequently, a cell line may appear to be
heterogeneous as some cultures, such as epidermal keratinocytes can contain stem cells,
precursor cells and mature differentiated cells. There is constant renewal from the stem cells,
proliferation and maturation in the precursor compartment and terminal and irreversible
differentiation in the mature compartment. Other cultures such as dermal fibroblasts, contain
a relatively uniform population of proliferating cells at low cell densities (about 10*
cells/em?) and an equally uniform, more differentiated, non-proliferating population at high
cell densities (10° cells/cm?). This high density population of fibrocyte-like cells can re-enter
the cell cycle if the cells are trypsinized or scraped (by making a cut in the monolayer) to
reduce the cell density or create a free edge. Most of the cells appear to be capable of
proliferation and there is little evidence of renewal from a stem cell compartment. Culture
heterogeneity also results from multiple lineages being present in the cell line. The only
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unifying factors are the selective conditions of the medium and substrate and the
predominance of the cell type (or types) which have the ability to survive and proliferate.
This tends to select a common phenotype but due to the interactive nature of growth control
may obscure the fact that the population contains several distinct phenotypes only detectable
by cloning.

Nutritional factors like serum, Ca>" ions, hormones, cell and matrix interactions and
culture density can affect differentiation and cell proliferation. Hence, it is not only essential
to define the lineage of cells being used, but also to characterize and stabilize the stage of
differentiation by controlling cell density and the nutritional and hormonal environment to
obtain a uniform population of cells which will respond in a reproducible fashion to given
signals.

As the dynamic properties of cell culture (proliferation, migration, nutrient utilization,
product secretion) are sometimes difficult to control and the complexity of cell interactions
found in vivo can be difficult to recreate in vitro, there have been numerous attempts to either
retain the structural integrity of the original tissue using traditional organ culture or to
recreate it by combining propagated cells of different lineages in organotypic culture. Among
the most successful examples of the latter are the so called skin equivalent models, where
epidermal keratinocytes are co-cultured with dermal fibroblasts and collagen in filter well
inserts or some similar mechanical support. The result is a synthetic skin suitable for grafting
and now being evaluated for tests of irritancy and inflammation.

2.2 Differentiation and Development

As propagation of cell lines requires that the cell number increases, culture conditions
have evolved to favour maximal cell proliferation. It is not surprising that these conditions
are often not conducive to cell differentiation where cell growth is severely limited or
completely abolished. Those conditions which favour cell proliferation are low cell density,
low Ca®" concentration (100-600 mM), and the presence of growth factors such as epidermal
growth factor (EGF), fibroblast growth factor (FGF), and platelet-derived growth factor
(PDGF). High cell density (> 1 x 10° cells/cm?), high Ca®" concentration (300-1500 mM),
and the presence of differentiation inducers, hormones such as hydrocortisone, paracrine
factors such as IL-6 and KGF and nerve growth factor retinoids and planar polar compounds,
such as dimethyl sulfoxide will favour cytostasis and differentiation. The role of serum in
differentiation is complex and depends on the cell type and medium used. A low serum
concentration promotes differentiation in oligodendrocytes whereas; a high serum
concentration causes squamous differentiation in bronchial epithelium. In the latter case, this
is due to transforming growth factor B (TGFB) released from platelets. Because of the
undefined composition of serum and the ever-present risk of adventitious agents such as
viruses, controlled studies on selective growth and differentiation are best conducted in
serum-free media.

The establishment of the correct polarity and cell shape may also be important,
particularly in epithelium. Many reports have shown that growing cells to high density on a
floating collagen gel allows matrix interaction, access to medium on both sides and
particularly, to the basal surface where receptors and nutrient transporters are expressed. The
plasticity of the substrate can facilitate a normal cell shape and normal polarity of the
interactive ligands in the basement membrane. Different conditions may be required for
propagation and differentiation and hence an experimental protocol may require a growth
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phase for expansion and to allow for replicate samples followed by a non-growth maturation
phase to allow for increased expression of differentiated functions.

Mammalian cell lines command an effective monopoly for the production of
therapeutic proteins that require post-translational modifications. This unique advantage
outweighs the costs associated with mammalian cell culture, which are far grater in terms of
development time and manufacturing when compared to microbial culture. The development
of cell lines has undergone several advances over the years, essentially to meet the
requirement to cut the time and costs associated with using such a complex hosts as
production platforms.

Development of cell lines and the cell engineering approach can be used to enhance
productivity, improve cell function, glycosylation and secretion and control apoptosis.
Expression engineering including epigenetics and the use of technologies to overcome
positional dependent inactivation, the use of promoter and enhancer sequences for expression
of various transgenes, site directed engineering of defined chromosomal sites, and
examination of the role of eukaryotic nucleus as the controller of expression of genes that are
introduced for production of a desired product. It includes a review of selection methods for
high producers and an application developed by a major biopharmaceutical industry to
expedite the cell line development process. The potential of cell engineering approch to
enhance cell lines through the manipulation of genes that plays important roles in key
metabolic and regulatory pathways.

3 Choice of materials
3.1 Cell type

The cell type chosen will depend on the question being asked. For some processes, such
as DNA synthesis, response to cytotoxins or apoptosis, the cell type may not matter, provided
the cells are competent. In other cases a specific process will require a particular cell type, for
example surfactant synthesis in the lung will require a fresh isolate of type II pneumocytes or
a cell line such as NCI-H441, which still expresses surfactant proteins. A reasonable first step
would be to determine from the literature whether a cell line exists with the required
properties.

3.2 Source of tissue
3.2.1 Embryo or adult?

Cultures derived from embryonic tissues survive and proliferate better than those from
the adult in general. This presumably reflects the lower level of specialization and higher
proliferative potential in the embryo. Adult tissues usually have a lower growth fraction and a
higher proportion of non-replicating specialized cells, often within a more structured and less
readily disaggregated extracellular matrix. Initiation and propagation are more difficult, and
the lifespan of the culture often shorter. Embryonic or fetal tissue has many practical
advantages but it must be remembered that in some instances the cells will be different from
adult cells and it cannot be assumed that they will mature into adult-type cells unless this can
be confirmed by appropriate characterization.

Examples of widely used embryonic cell lines are the various 3T3 lines (primitive
mouse mesodermal cells) and WI-38, MRC-5, and other human fetal lung fibroblasts.

Mesodermally derived cells (fibroblasts, endothelium and myoblasts) are on the whole easier
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to culture than epithelium, neurons or endocrine tissue. This selectivity may reflect the
extensive use of fibroblast cultures during the early development of culture media and the
response of mesodermally derived cells to mitogenic factors present in serum. Selective
media have now been designed for epithelial and other cell types, and with some of these it
has been shown that serum is inhibitory to growth and may promote differentiation. Primary
culture of epithelial tissues such as skin, lung, and mammary gland is routine in some
laboratories and prepared cultures are available commercially.

3.2.2 Normal or neoplastic?

Normal tissue usually gives rise to cultures with a finite lifespan, while cultures from
tumours can give rise to continuous cell lines. However, there are several examples of
continuous cell lines (BHK-21 hamster kidney fibroblasts, MDCK dog kidney epithelium,
3T3 fibroblasts) which have been derived from normal tissues and which are non-
tumorigenic. Normal cells generally grow as an undifferentiated stem cell or precursor cell
and the onset of differentiation is accompanied by a cessation in cell proliferation which may
be permanent. Some normal cells such as fibrocytes or endothelium are able to differentiate
and still de-differentiate and resume proliferation and in turn re-differentiate while others,
such as squamous epithelium, skeletal muscle, and neurons, once committed to differentiate,
appear to be incapable of resuming proliferation. Cells cultured from neoplasms such as B16
mouse melanoma, can express at least partial differentiation, while retaining the capacity to
divide. Many studies of differentiation have taken advantage of this fact and used
differentiated tumours such as hepatomas and human and rodent neuroblastomas although
whether this differentiation is normal are not known.

Tumour cells can often be propagated in the syngeneic host providing a cheap and
simple method of producing large numbers of cells, albeit with lower purity. Where the
natural host is not available tumours can also be propagated in animals with a compromised
immune system, with greater difficulty ‘and cost but similar advantages. Many other
differences between normal and neoplastic cells are similar to those between finite and
continuous cell lines as immortalization is an important component of the process of
transformation.

3.3 Subculture

Freshly isolated cultures are known as primary cultures until they are subcultured. They
are usually heterogeneous and have a low growth fraction but are more representative of the
cell types in the tissue from which they were derived and in the expression of tissue-specific
properties. Subculture allows the expansion of the culture (it is now known as a cell line), the
possibility of cloning, characterization and preservation and greater uniformity, but may
cause a loss of specialized cells and differentiated properties unless care is taken to select the
correct lineage and preserve or reinduce differentiated properties. The greatest advantage of
subculturing a primary culture into a cell line is the provision of large amounts of consistent
material suitable for prolonged use.

3.3.1 Finite or continuous cell lines?
After several subcultures a cell line will either die out (finite cell line) or 'transform' to
become a continuous cell line. It is not clear in all cases whether the stem line of a continuous

culture pre-exists or arises during serial propagation. Because of the time taken for such cell
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lines to appear (often several months) and the differences in their properties, it has been
assumed that a mutation occurs but the pre-existence of immortalized cells particularly in
cultures from neoplasms cannot be excluded.

Complementation analysis has shown that senescence is a dominant trait and
immortalization the result of mutations and/or deletions in genes such as p53. The activity of
telomerase is higher in immortal cell lines and may be sufficient to endow the cell line with
an infinite lifespan. The appearance of a continuous cell line is usually marked by an
alteration in cytomorphology (giving cells that are smaller, less adherent, more rounded and
with a higher ratio of nucleus to cytoplasm) an increase in growth rate (population doubling
time can decrease from 36-48 h to 12-36 h), a reduction in serum dependence, an increase in
cloning efficiency, a reduction in anchorage dependence (as measured by an increased ability
to proliferate in suspension as a liquid culture or cloned in agar), an increase in heteroploidy
(chromosomal variation among cells) and aneuploidy (divergence from the donor, euploid,
karyotype), and an increase in tumorigenicity. The resemblance between spontaneous in vitro
transformation and malignant transformation is obvious but nevertheless the two are not
necessarily identical although they have much in common. Normal cells can 'transform' to
become continuous cell lines without becoming malignant, and malignant tumours can give
rise to cultures which 'transform' and become more (or even less) tumorigenic, but acquire the
other properties listed above. Transformation in vitro is primarily the acquisition of an
infinite lifespan. Simultaneous or subsequent alterations in growth control can be under
positive control by oncogenes or negative control by tumour suppressor genes.

The advantages of continuous cell lines are their faster growth rates to higher cell
densities and resultant greater yield, their lower serum requirement and general ease of
maintenance in commercially available media, and their ability to grow in suspension. Their
disadvantages include greater chromosomal instability, divergence from the donor phenotype
and loss of tissue-specific markers. Examples of commonly used continuous cell lines are
given in Table 1.

A number of techniques, including transfection or infection with viral genes (such as
E6 and E7 from human papilloma virus, and SV40T) or viruses (such as Epstein-Barr virus,
EBV) have been used to immortalize a wide range of cell types. The retention of lineage-
sspecific properties is variable.
Table.1.Commonly used Cell Lines

Designation | Species | Tissue Cell type Properties
Normal
MRC-5 Human | Embryo lung | Fibroblastic | Diploid, contact inhibited
contact inhibited, can differentiate into
3T3-L1 Mouse | Whole embryo | Fibroblastic | adipose cells
contact inhibited, transformable with
BHK-21 Hamster | Kidney Fibroblastic | polyoma virus
MDCK Dog Kidney Epithelial Forms 'domes'
Transformed, solid tissue
Embryo
293 | Human | kidney Epithelial Very sensitive to human adenoviruses
Hep-G2 Human | Hepatoma Epithelial Retains some drug metabolizing enzymes
HeLa-S3 Human | Cervical Epithelial Rapid growth; high plating efficiency
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carcinoma

Cos-7 Monkey | Kidney Epithelial Good host for transfection
Colo-rectal Forms tight monolayer with polarized
Caco-2 Human | carcinoma Epithelial transport
Leukemic
Differntiates in esponse to retenoids,NaBt,
HL-60 Human | Myelocytic Suspension | PMA
Jurkat E6-1 | Human | T-Cell Suspension | Produces IL-2,stimulated by phorbol esters
Synthesizes haemoglobin when induced with
K562 Human | Erythrocytic Suspension | sodium butyrate

3.3.2 Propagation in suspension

Most cultures are propagated as a monolayer attached to the substrate but some
including transformed cells, haematopoietic cells, and cells from ascites can be propagated in
suspension. Suspension culture has advantages including simpler propagation (subculture
only requires dilution, no trypsinization), no requirement for increasing surface area with
increasing bulk, ease of harvesting, and the possibility of achieving a 'steady state' or biostat
culture if required.

3.4 Selection of medium

Regrettably, the choice of medium is still often empirical. What was used previously by
others for the same cells or what is currently being used, in the laboratory for different cells,
often dictates the choice of medium and serum. For continuous cell lines it may not matter
since the conditions are consistent, but for specialized cell types, primary cultures and growth
in the absence of serum, the choice is more critical.

There are two major advantages of using more sophisticated media in the absence of
serum: they may be selective for particular types of cell, and the isolation of purified products
is easier in the absence of serum. Nevertheless, culture in the presence of serum is still easier
and often no more expensive, though less controlled.

Two major determinants regulate the use of serum-free media:

(a) Cost. Most people do not have the time, facilities or inclination to make up their own
media and serum-free formulations, with their various additives tend to be much more
expensive than conventional media.

(b) Requirements for serum-fiee media are more cell type specific. Serum will cover many
inadequacies revealed in its absence. Furthermore, because of their selectivity, a different
medium may be required for each type of cell line. This problem may be particularly acute
when culturing tumour cells where cell line variability may require modifications for cell
lines from individual tumours.

In the final analysis the choice is often still empirical: read the literature and determine

which medium has been used previously. If several media have been used, as is often the
case, test them all, with others added if desired (Table 2).
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Table.2 Commonly used media

Medium Properties

RPMI 1640 No Ca™, low Mg”"; designed for lymphoblastoid and useful for other

MEM/Hanks' | Classic broad specificity medium; low HCO? for use in air.

MEM/Earles' | Classic broad specificity medium; high HCO; for use in 5% CO,.

Large number of additional constituents (trace elements, copper, iron, additional
F12 vitamins, nucleosides, pyruvate, lipoic acid), but at low concentrations; suitable for
cloning.

50:50 mixture of DMEM and F12; suitable for primary cultures and serum-free
DMEM/F12 with appropriate supplementation.

L15 Bicarbonate-free; buffers in the absence of CO0,.

MCDB 153 One of a series of serum-free media; suitable for growth of keratinocytes

Measure the growth (population doubling time (PDT) and saturation density), cloning
efficiency and expression of specific properties (differentiation, transfection efficiency, cell
products, etc.). The choice of medium may not be the same in each case, for example
differentiation of lung epithelium will proceed in serum but propagation is better without. If
possible, include one or more serum-free media in the panel to be tested, supplemented with
growth factors, hormones and trace elements as required. Once a medium has been selected,
try to keep this constant for as long as possible. Similarly, if serum is used, select a batch by
testing samples from commercial suppliers and reserve enough to last six months to one year,
before replacing it with another pre-tested batch. Testing procedures are as described above
for media selection.

3.5 Gas phase

The composition of the gas phase is determined by:
e The type of medium'(principally its sodium bicarbonate concentration).
e Whether the culture vessel is open (Petri dishes, multiwell plates) or sealed (flasks,
bottles).
e The amount of buffering required.

Several variables are in play, but one major rule predominates and three basic
conditions can be described. The rule is that the bicarbonate concentration and carbon dioxide
tension must be in equilibrium. The three conditions are summarized in Table 3. It should be
remembered that carbon dioxide/bicarbonate is essential to most cells, so a flask or dish
cannot be vented without providing carbon dioxide in the atmosphere.

Prepare medium to about pH 7.1-7.2 at room temperature, incubate a sample with the
correct carbon dioxide tension for at least 0.5 h in a shallow dish, and check that the pH
stabilizes at pH 7.4. Adjust with sterile | M HC1 or 1 M NaOH if necessary. Oxygen tension
is usually maintained at atmospheric pressure, but variations have been described such as
elevated for organ culture and reduced for cloning melanoma and some haematopoietic cells.
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Table 3. Relationship between C0;, and bicarbonate

Gas
Open or Closed Vessel Buffer Caapacity | HCO5 Phase Hepes
Closed Vessel Low 4 mM Air -
Open or Closed Vessel Moderate 26mM | 5% C02 -
Open or Closed Vessel High 8 mM 2% C02 20 mM

3.6 Culture system

Tissue culture was regarded as the culture of whole fragments of explanted tissue with
the assumption that histological integrity was at least partially maintained. Now 'tissue
culture' has become a generic term and includes organ culture, where a small fragment of
tissue or whole embryonic organ is explanted to retain tissue architecture and cell culture,
where the tissue is dispersed mechanically or enzymatically, or the cells migrate from an
explant and the cells are propagated as a suspension or attached monolayer. Cell cultures are
usually devoid of structural organization, have lost their histotypic architecture and often the
biochemical properties associated with it and generally do not achieve a steady state unless
special conditions are used. They can, however, be propagated, expanded and divided into
identical replicates. They can be characterized and a denned cell population preserved by
freezing and they can be purified by growth in selective media, physical cell separation, or
cloning to give a characterized cell strain with considerable uniformity.

Organ culture will preserve cell interaction and retain histological and biochemical
differentiation for longer than cell culture. After the initial trauma of explantation and some
central necrosis, organ cultures can remain in a steady state for a period of several days to
years. However, they cannot be propagated  casily, show greater experimental variation
between replicates and tend to be more. difficult to use for quantitative determinations.
Purified cell lines can be maintained at high cell density to create histotypic cultures and
different cell populations can be combined in organotypic culture, simulating some of the
properties of organ culture.

3.6.1 Substrate

The nature of the substrate is determined largely by the type of cell and the use to
which it will be put. Polystyrene which has been treated to make it wettable and give it a net
negative charge is now used almost universally. In special cases (culture of neurons, muscle
cells, capillary endothelial cells, and some epithelial cultures) the plastic is pre-coated with
fibronectin, collagen, gelatin, or poly-L-lysine (which gives a net positive charge). Glass may
also be used, but must be washed carefully with a non-toxic detergent.

3.6.2 Scale

Culture vessels vary in size from microtitration (30 mm?% 100-200 pl) up through a
range of dishes and flasks to 180 cm? and roller bottles and multisurface propagators for
large scale culture. The major determinants are the number of cells required (5 X 10* to
10°/cm? maximum for most untransformed cells, 105 to 10%/cm? for transformed), the number
of replicates (96 or 144 in a microtitration plate), and the times of sampling: a 24-well plate is
good for a large number of replicates for simultaneous sampling, but individual dishes, tubes,
or bottles are preferable where sampling is carried out at different times. Petri dishes are
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cheaper than flasks and good for subsequent processing, e.g., staining or extractions. Flasks
can be sealed; do not need a humid carbon dioxide incubator, and give better protection
against contamination. Volume is the main determinant for suspension cultures. Sparging
(bubbling air through the culture) and agitation will become necessary as the depth Increases.

Where a product is required rather than cells, there are advantages in perfusion systems
which can be used to culture cells on membranes or hollow fibres. These supply nutrients
across the membrane, and the product is collected either from the cell supernatant or the
medium, depending on the molecular weight, which will determine the partitioning of the
product on either side of the membrane. Perfusion is also useful for time lapse studies, where
cells are monitored on a microscope stage by a video camera, and for pharmacokinetic
modelling where the duration and concentration of a test compound can be regulated
precisely.

4 Procedures
4.1 Substrate

Most laboratories now utilize disposable plastics as substrates for tissue culture. They
are optically clear, prepared for tissue culture use by modification of the plastic to make it
wettable and suitable for cell attachment, and come sterilized for use. On the whole they are
convenient and provide a reproducible source of vessels for both routine and experimental
work.

Some more fastidious cell types, such as bronchial epithelium, vascular endothelium,
skeletal muscle, and neurons require the substrate to be coated with extracellular matrix
materials such as fibronectin, collagen or laminin. Most matrix products are available
individually (Becton Dickinson, Life Technologies, Sigma, Biofluids) or combined in
Matrigel (Becton Dickinson), extracellular matrix produced by the Engelberth Holm Swarm
sarcoma cell line. Alternatively, the substrate may be coated with extracellular matrix by
growing cells on the plastic and then washing them off with 1% Triton X in ultrapure water.
Matrix coating can be carried out in three ways:

a. By wetting the surface of the plastic with the matrix component(s), incubating for a
short period (usually ~ 30 min), then removing the surplus and using the plastic with
adsorbed matrix within seven to ten days (stored at 4°C if not used immediately).

b. By wetting the plastic and removing the surplus matrix material and allowing the
residue to dry.

c. By adding collagen or Matrigel and allowing it to gel. Wet or dry coating is used
mainly for propagation, while gel coating is used to promote differentiation of cells
growing on or in the gel.

4.2 Medium

Most of the commonly used media (Table 2) are available commercially, presterilized.
For special formulations or additions it may be necessary to prepare and sterilize some of the
constituents. In general, stable solutions (water, salts, and media supplements such as tryptose
or peptone) may be autoclaved at 12°C (100 kPa or 1 atmosphere above ambient) for 20 min,
while labile solutions (media, trypsin and serum) must be filtered through a 0.2 pm porosity
membrane filter (Millipore, Sartorius, Pall Gelman). Sterility testing should be performed on
samples of each filtrate. Where an automatic autoclave is used care must be taken to ensure
that the timing of the run is determined by the temperature of the centre of the load and not
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just by drain or chamber temperature or pressure which will rise much faster than the load.
The recorder probe should be placed in a package or bottle of fluid similar to the load and
centrally located.

4.3 Cell culture
4.3.1 Primary cultures

The first step in preparing a primary culture is sterile dissection followed by mechanical
or enzymatic disaggregation. The tissue may simply be chopped to around 1 mm® and the
pieces attached to a dish by their own adhesiveness, by scratching the dish, or by using
clotted plasma. In these cases cells will grow out from the fragment and may be used directly
or subcultured. The fragment of tissue, or explant as it is called, may be transferred to a fresh
dish or the outgrowth trypsinized to leave the explant and a new outgrowth generated.

When the cells from the outgrowth are trypsinized and reseeded into a fresh vessel they
become a secondary culture, and the culture is now technically a cell line. Primary cultures
can also be generated by disaggregating tissue in enzymes such as trypsin (0.25% crude or
0.01-0.05% pure) or collagenase (200-2000 U/ml, crude) and the cell suspension allowed to
settle on to, adhere and spread out on the substrate. This type of culture gives a higher yield
of cells though it can be more selective, as only certain cells will survive dissociation. In
practice, many successful primary cultures are generated using enzymes such as collagenase
to reduce the tissue, particularly epithelium, to small clusters of cells which are then allowed
to attach and grow out. When primary cultures are initiated, all details of procedures should
be carefully documented to form part of the provenance of any cell line that may arise and be
found to be important. A sample of tissue, or DNA extracted from it, should be archived to be
available for DNA fingerprinting or profiling for authentication of any cell lines that arise.

4.3.2 Subculture

A monolayer culture may be transferred to a second vessel and diluted by dissociating
the cells of the monolayer in trypsin (suspension cultures need only be diluted). This is best
done by rinsing the monolayer with PBS lacking Ca”" and Mg®" (PBSA) or PBSA containing
1 mM EDTA, and removing the rinse, adding cold trypsin (0.25% crude or 0.01-0.05% pure)
for 30 sec, removing the trypsin, and incubating in the residue for 5-15 min, depending on the
cell line. Cells are then resuspended in medium, counted and reseeded.

4.3.3 Growth curve

When cells are seeded into a flask they enter a lag period of 2-24 h, followed by a
period of exponential growth (the 'log phase'), and finally enter a period of reduced or zero
growth after they become confluent ('plateau phase') (Figure 1). These phases are
characteristic for each cell line and give rise to measurements which should be reproducible
with each serial passage: the length of the lag period, the population doubling time (PDT) in
mid-log phase, and the saturation density at plateau, given that the environmental conditions
are kept constant. They should be determined when first handling a new cell line and at
intervals of every few months thereafter. It is an important element of quality control to be
able to demonstrate that the same seeding concentration will yield a reproducible number of
cells at subculture, carried out after a consistent time interval, without necessarily performing
a growth curve each time. The determination of the growth cycle is important in designing
routine subculture and experimental protocols. Cell behaviour and biochemistry changes
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significantly at each phase and it is therefore essential to control the stage of the growth cycle
when drugs or reagents are added or cells harvested. The shape of the growth curve can also
give information on the reproductive potential of the culture where differences in growth rate
(PDT) (Figure la), adaptation or survival (Figure 1b), and density limitation of growth (level
of saturation density in plateau) (Figure Ic), can be deduced from the shape of the curve.
However it is generally recognized that the analysis of clonal growth is easier and less prone
to ambiguity and misinterpretation (Figure 1d).

4.3.4 Feeding

Some rapidly growing cultures, such as transformed cell lines like HeLa, will require a
medium change after three to four days in a seven day subculture cycle. This is usually
indicated by an increase in acidity where the pH falls below pH 7.0. Medium can also
deteriorate without a major pH change, as some constituents, like glutamine, are unstable,
and others may be utilized without a major pH shift. It is, therefore, recommended that the
medium is changed at least once per week.

4.3.5 Contamination

The problem of microbial contamination has been greatly reduced by the use of laminar
airflow cabinets. The risk of contamination can also be reduced by use of antibiotics, but this
should be reserved for high-risk procedures, such as primary culture, and cultures should be
maintained in the absence of antibiotics so that chronic, cryptic contaminations are not
harboured.

Check frequently for contamination by looking for a rapid change in pH (usually a fall,
but some fungi can increase the pH), cloudiness in the medium, extracellular granularity
under the microscope, or any unidentified material floating in the medium. If a contamination
is detected, discard the flask unopened and autoclave. If in doubt, remove a sample and
examine by phase microscopy, Gram's stain, or standard microbiological techniques.

Mycoplasma

Cultures can become contaminated by Mycoplasma from media, sera, trypsin, imported
cell lines, or the operator. Mycoplasma is not visible to the naked eye, and, while they can
affect cell growth, their presence is often not obvious. It is important to test for Mycoplasma
at regular intervals (every one to three months) as they can seriously affect almost every
aspect of cell metabolism, antigenicity and growth characteristics. Several tests have been
proposed, but the fluorescent DNA staining technique is the most widely used, although it is
less sensitive than the PCR-based and culture methods.

4.3.6 Cross-contamination

Its severity is often underrated, and consequently it still occurs with a higher frequency
than many people admit. A significant number of cell lines, including Hep-2, KB, and Chang
liver, are still in regular use without acknowledgement of their contamination with HeLa.
Many other cell lines are cross-contaminated with cells other than HeLa. Many more cross-
contaminations are yet to be detected.
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To avoid cross-contamination:
* do not share bottles of media or reagents among cell lines
* do not return a pipette, which has been in or near a flask or bottle containing cells, back to
the medium bottle; use a fresh pipette
* do not share medium among operatives
* handle one cell line at a time
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Figure 1. Analysis of growth curves. Examples of growth curves of cells following
subculture are shown with cell concentration (cells/ml) on the left axis and cell density
(cells/em?) on the right axis. Both cell concentration and cell density are important for
attached cells and unstirred suspensions, but only concentration is relevant to stirred
suspensions. (a) Typical growth curve for a culture seeded at 2 x 10* cells/ml (5 x 10°
cells/em?) on day 0, showing a lag period of 24 h, followed by exponential growth ('log'
phase) from day 1 to day 7, and entering a plateau phase on, or shortly after, day 8. The solid
line represents a stable plateau, seen in most normal cells. The dotted line represents the rapid
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deterioration seen with many transformed cell lines, particularly suspension cultures (such as
myeloma cultures), where the cells die soon after they have reached the plateau phase. (b)
Cells plated as in (a), but in the right-hand curve there is evidence of reduced growth, as the
curve displaced to the right. The dip at the beginning (solid line, upward pointing triangles)
implies that many cells have not survived but that a resistant fraction has survived and has
grown through with the same growth rate as the control. The dotted line (downward pointing
triangles) would indicate that there was no cell loss, but that there was a prolonged period of
adaptation, followed by recovery at the same growth rate. (c) Cells plated as in (a), showing a
reduced growth rate resulting from a longer population doubling time (PDT), with cells
reaching same saturation density as control (squares), or plateauing at a lower saturation
density (diamonds). Cells could also plateau at a lower saturation density while retaining the
same PDT (not shown). (d) Cells plated as in (a), showing potential misinterpretations of data
indicating reduced growth rates. The curve with upward facing triangles shows a reduced
survival but the same growth rate. The curve denoted by squares shows a reduced PDT. Both
curves converge at 8 days in this example, but could converge at any time with appropriate
PDT and survival, indicating that single time points are unsuitable for correct analysis. In this
example, the 8 day point could overestimate growth as the control has started to plateau.
Although this occurs at 8 days in this example, it could occur earlier with a more rapidly
growing cell line. Furthermore, all curves converge at the same saturation density if left long
enough. Meaningful comparative observations can only be made while all cells are in
exponential growth.

4.3.7 Instability and preservation

Early passage cell lines are unstable as they, go through a period of adaptation to
culture. However, between about the 5™ and 35" generation (for human diploid fibroblasts;
other cell types may be different) the culture isfairly consistent. As the culture will start to
senesce as it gets older, finite cell lines should be used after the period of adaptation but
before senescence. As continuous cell lines can be genetically unstable they should only be
used continuously for approximately three months, before stock replacement. Some cell lines,
such as 3T3 and other mouse lines ‘which are immortal but not transformed, can transform
spontaneously, and should not be propagated for prolonged periods. Validated and
authenticated frozen stocks of all cell lines should be maintained to protect against cell line
instability, and to give insurance against contamination, incubator failure, or other accidental
loss.

Animal cell culture is a precise discipline. Beware of those who say it is not, or it is
'magic', or due to 'green fingers'; they are not controlling all the variables. Consistency can be
achieved, and the following chapters are intended to indicate how best to control conditions
within the present limitations of our knowledge.
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Chapter 3
Scaling-up of animal cell cultures

1 Introduction

Small scale culture of cells in flasks of up to 1 litre volume (175 cm? surface area) is
the best means of establishing new cell lines in culture, for studying cell morphology and for
comparing the effects of agents on growth and metabolism. However, there are many
applications in which large numbers of cells are required, for example extraction of a cellular
constituent (10° cells can provide 7 mg DNA); to produce viruses for vaccine production
(typically 5 x 10" cells per batch) or other cell products (interferon, plasminogen activator,
interleukins, hormones, enzymes, erythropoietin, and antibodies); and to produce inocula for
even larger cultures. Animal cell culture is a widely used production process in
biotechnology, with systems in operation at scales over 10000 litres. This has been achieved
by graduating from multiples of small cultures, an approach which is tedious, labour-
intensive and expensive to the use of large 'unit process' systems. Although unit processes are
more cost-effective and efficient, achieving the necessary scale-up has required a series of
modifications to overcome limiting factors such as-oxygen limitation, shear damage, and
metabolite toxicity. One of the aims of this chapter.is to describe these limitations, indicate at
what scale they are likely to occur, and suggest possible solutions. This theme has to be
applied to cells that grow in suspension and-to.those that will only grow when attached to a
substrate (anchorage-dependent cells). Another aspect of scale-up that will be discussed is
increasing unit cell density 50- to 100-fold by the use of cell immobilization and perfusion
techniques. Free suspension culture offers the easiest means of scale-up because a 1 litre
vessel is conceptually very similar.to a 1000 litre vessel. The changes concern the degree of
environmental control and the:means of maintaining the correct physiological conditions for
cell growth, rather than significantly altering vessel design. Monolayer systems (for
anchorage-dependent cells) are more difficult to scale-up in a single vessel, and consequently
a wide range of diverse systems have evolved. The aim of increasing the surface area
available to the cells and the total culture volume has been successfully achieved, and the
most effective of these methods (microcarrier) will be discussed.

2 General methods and culture parameters

Familiarity with certain biological concepts and methods is essential when
understanding scale-up of a culture system. In small scale cultures there is leeway for some
error. If the culture fails it is a nuisance, but not necessarily a disaster. Large scale culture
failure is not only more serious in terms of cost, but also the system demands that conditions
are more critically met. This section describes the factors that need to be considered as the
culture size gets larger.

2.1 Cell quantification

Measuring total cell numbers (by haemocytometer counts of whole cells or stained
nuclei) and total cell mass (by determining protein or dry weight) is easily achieved. It is far
more difficult to get a reliable measure of cell viability because the methods used either stress
the cells or use a specific and not necessarily typical, parameter of cell physiology. An
additional difficulty is that in many culture systems the cells cannot be sampled (most
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anchoragedependent cultures), or visually examined, and an indirect measurement has to be
made.

2.1.1 Cell viability

The dye exclusion test is based on the concept that viable cells do not take up certain
dyes, whereas dead cells are permeable to these dyes. Trypan blue (0.4%) is the most
commonly used dye, but has the disadvantage of staining soluble protein. In the presence of
serum, therefore, erythrocin B (0.4%) is often preferred. Cells are counted in the standard
manner using a haemocytometer. Some caution should be used when interpreting results as
the uptake of the dye is pH and concentration-dependent and there are situations in which
misleading results can be obtained. Two relevant examples are membrane leakiness caused
by recent trypsinization and freezing and thawing in the presence of dimethyl sulfoxide. A
colorimetric method using the MTT assay can be used both to measure viability after release
of cytoplasmic contents into the medium from artificially lysed cells, and for microscopic
visualization within the attached cell.

2.1.2 Indirect measurements

Indirect measurements of viability are based on metabolic activity. The most commonly
used parameter is glucose utilization, but oxygen utilization, lactic or pyruvic acid
production, or carbon dioxide production can also be used, ascan the expression of a product,
such as an enzyme. When cells are growing logarithmically, there is a very close correlation
between nutrient utilization and cell numbers. However, during other growth phases,
utilization rates, caused by maintenance rather than growth, can give misleading results. The
measurements obtained can be expressed @s- a growth yield (Y) or specific
utilization/respiration rate (Q):

change in biomass concentration (dx)

Growth yield (Y) =
Wikl () change in substrate concentration (ds)

Specific utilization/respiration rate (Qa) =
change in substrate concentration (ds)
time (dt) X cell mass/numbers (dx)

Typical values of growth yields for glucose (10° cells/g) are 385 (MRC-5), 620 (Vero), and
500 (BHK).

A method which is not so influenced by growth rate fluctuations is the lactate
dehydrogenase (LDH) assay. LDH is measured in cell-free medium at 30°C by following the
oxidation of NADH by the change in absorbance at 340 nm. The reaction is initiated by the
addition of pyruvate. One unit of activity is defined as 1 umol/min NADH consumed. LDH is
released by dead/dying cells and is therefore a quantitative measurement of loss of cell
viability. To measure viable cells a reverse assay can be performed by controlled lysis of the
cells and measuring the increase in LDH.

2.2 Equipment and reagents
2.2.1 Culture vessel and growth surfaces

The standard non-disposable material for growth of animal cells is glass, although this
is replaced by stainless steel in larger cultures. It is preferable to use borosilicate glass (e.g.,
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Pyrex) because it is less alkaline than soda glass and withstands handling and autoclaving
better. Cells usually attach readily to glass but, if necessary, attachment may be augmented
by various surface treatments. In suspension culture, cell attachment has to be discouraged,
and this is achieved by treatment of the culture vessel with a proprietary silicone preparation
(siliconization). Examples are Dow Corning 1107 (which has to be baked on) or
dimethyldichlorosilane (Repelcote, Hopkins and Williams) which requires thorough washing
of the vessel in distilled water to remove the trichloroethane solvent.

Complex systems use a combination of stainless steel and silicone tubing to connect
various components of the system. Silicone tubing is very permeable to gases, and loss of
dissolved carbon dioxide can be a problem. It is also liable to rapid wear when used in a
peristaltic pump. Thick-walled tubing with additional strengthening (sleeve) should be used.
Custom-made connectors should be used to ensure good aseptic connection during process
operation. Safe removal of samples of the culture at frequent intervals is essential. An entry
with a vaccine stopper through which a hypodermic syringe can be inserted provides a simple
solution, but is only suitable for small cultures. Repeated piercing of the vaccine stopper can
lead to a loss of culture integrity. The use of specialized sampling devices, also available
from fermenter supply companies, is recommended. These automatically enable the line to be
cleared of static medium containing dead cells, thus avoiding the necessity of taking small
initial samples which are then discarded, and increasing the chances of retaining sterility. Air
filters are required for the entry and exit of gases. Even if continuous gassing is not used, one
filter entry is usually needed to equilibrate pressure and for forced input or withdrawal of
medium. The filters should have a 0.22 um rating and be non-wettable.

2.2.2 Non-nutritional medium supplements

Sodium carboxymethylcellulose (15-20 centrepoise, units of viscosity) is often added to
media (at 0.1%) to help minimize mechanical damage to cells caused by shear forces
generated by the stirrer impeller, forced aeration, or perfusion. This compound is more
soluble than methylcellulose; and has a higher solubility at 4°C than at 37°C.

Pluronic F-68 (trade name for polyglycol) (BASF, Wyandot) is often added to media
(at 0.1%) to reduce the amount of foaming that occurs in stirred and/or aerated cultures,
especially when serum is present. It is also helpful in reducing cell attachment to glass by
suppressing the action of serum in the attachment process. However, its most beneficial
action is to protect cells from shear stress and bubble damage in stirred and sparged cultures,
and it is especially effective in low serum or serum-free media.

2.3 Practical considerations

o Temperature of medium. Always pre-warm the medium to the operating temperature
(usually 37°C) and stabilize the pH before adding cells. Shifts in pH during the initial
stages of a culture create many problems, including a long lag phase and reduced
yield.

e Growth phase of cells. Avoid using stationary phase cells as inoculums because this
will mean a long lag phase or no growth at all. Ideally, cells in the late logarithmic
phase should be used.

e Inoculation density. Always inoculate at a high enough cell density. There is no set
rule as to the minimum inoculum level below which cells will not grow, as this varies
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between cell lines and depends on the complexity of the medium being used. As a
guide, it may be between 5 x 10* and 2 X 10° cells/ml or 5 x 10* and 2 x 10* cells/cm’.

e Stirring rate. Find empirically the optimum stirring rate for a given culture vessel and
cell line. This could vary between 100-500 r.p.m. for suspension cells, but is usually
in the range 200-350 r.p.m., and between 20-100 r.p.m. for microcarrier cultures.

e Medium and surface area. The productivity of the system depends upon the quality
and quantity of the medium and, for anchorage-dependent cells, the surface area for
cell growth. A unit volume of medium is only capable of giving a finite yield of cells.
Factors which affect the yield are: pH, oxygen limitation, accumulation of toxic
products (e.g., NHy4), nutrient limitation (e.g., glutamine), spatial restrictions, and
mechanical/shear stress. As soon as one of these factors comes into effect, the culture
is finished and the remaining resources of the system are wasted. The aim is,
therefore, to delay the onset of any one factor until the accumulated effect causes
cessation of growth, at which point the system has been maximally utilized. Simple
ways of achieving this are: a better buffering system (e.g., Hepes instead of
bicarbonate), continuous gassing, generous headspace volume, enriched rather than
basal media, with nutrient-sparing supplements such as non-essential amino acids or
lactalbumin hydrolysate, perfusion loops through ultrafiltration membranes or dialysis
tubing for detoxification and oxygenation, and attention to culture and process design.

2.4 Growth Kinetics

The standard format of a culture cycle beginning with a lag phase, proceeding through
the logarithmic phase to a stationary phase and finally to the decline and death of cells, is
well documented. Although cell growth usually implies increase in cell numbers, increase in
cell mass can occur without any replication. The difference in mean cell mass between cell
populations is considerable, as would be expected, but so is the variation within the same
population. Growth (increase in cell numbers or mass) can be defined in the following terms.

(a) Specific growth rate, p (i.e., the rate of growth per unit amount (weight/numbers) of
biomass):

b = (1/%) (dx/dtih™? 3

where dx is the increase in cell mass, dt is the time interval, and x is the cell mass. If the
growth rate is constant (e.g., during logarithmic growth), then

Inx=Inx, + pt 4

where X is the biomass at time t,
(b) Doubling time, td (i.e., the time for a population to double in number/mass):

_In2 0693
wooop

(c) Degree of multiplication, n or number of doublings (i.e., the number of times the
inoculum has replicated):
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n = 3.32 log(x/xo) 6

2.5 Medium and nutrients

A given concentration of nutrients can only support a certain number of cells.
Alternative nutrients can often be found by a cell when one becomes exhausted, but this is
bad practice because the growth rate is always reduced (e.g., while alternative enzymes are
being induced). If a minimal medium, such as Eagle's basal medium (BME) or minimum
essential medium (MEM) is used with serum as the only supplement, then this problem is
going to be met sooner than in cultures using complete media (e.g., 199), or in media
supplemented with lactalbumin hydrolysate, peptone, or BSA (which provides many of the
fatty acids). Nutrients likely to be exhausted first are glutamine, partly because it
spontaneously cyclizes to pyrrolidone carboxylic acid and is enzymically converted (by
serum and cellular enzymes) to glutamic acid, leucine, and isoleucine. Human diploid cells
are almost unique in utilizing cystine heavily. A point to remember is that nutrients become
growth-limiting before they become exhausted. As the concentration of amino acids falls, the
cell finds it increasingly difficult to maintain sufficient intracellular pool levels. This is
exaggerated in monolayer cultures because as cells become more tightly packed together, the
surface area available for nutrient uptake becomes smaller. Glucose is often another limiting
factor as it is destructively utilized by cells and, rather than adding high concentrations at the
beginning, it is more beneficial to supplement after two to three days. To maintain a culture,
some additional feeding often has to be carried out either by complete, or partial, media
changes or by perfusion. Many cell types are either totally dependent upon certain additives
or can only perform optimally when they are present. For many purposes it is highly
desirable, or even essential, to reduce the serum level to 1% or below. To achieve this
without a significant reduction in cell yield, various growth factors and hormones are added
to the basal medium. The most common additives are insulin (5 mg/litre), transferrin (5-35
mg/litre), ethanolamine (20° uM), and selenium (5 pg/litre). Cell aggregation is often a
problem in suspension‘cultures. Media lacking calcium and magnesium ions have been
designed specifically for suspension cells because of the role of these ions in attachment. This
problem has also been overcome by including very low levels of trypsin in the medium (2
pg/ml).

2.6 pH

Ideally pH should be near 7.4 at the initiation of a culture and not fall below a value of
7.0 during the culture, although many hybridoma lines appear to prefer a pH of 7.0 or lower.
A pH below 6.8 is usually inhibitory to cell growth. Factors affecting the pH stability of the
medium are buffer capacity and type, headspace, and glucose concentration. The normal
buffer system in tissue culture media is the carbon dioxide bicarbonate system analogous to
that in blood. This is a weak buffer system, in that it has a pKa well below the physiological
optimum. It also requires the addition of carbon dioxide to the headspace above the medium
to prevent the loss of carbon dioxide and an increase in hydroxyl ions. The buffering capacity
of the medium is increased by the phosphates present in the balanced salt solution (BSS).
Medium intended to equilibrate with 5% carbon dioxide usually contain Earle's BSS (25 mM
NaHCO3) but an alternative is Hanks' BSS (4 mM NaHCO3) for equilibration with air.
Improved buffering and pH stability in media is possible by using a zwitterionic buffer such
as Hepes (10-20 mM), either in addition to, or instead of, bicarbonate (include bicarbonate at
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0.5 mM). Alternative buffer systems are provided by using specialist media such as
Leibovitz's L-15. This medium utilizes the buffering capacity of free amino acids, substitutes
galactose and pyruvate for glucose, and omits sodium bicarbonate. It is suitable for open
cultures.

The headspace volume in a closed culture is important because, in the initial stages of
the culture, 5% carbon dioxide is needed to maintain a stable pH in the medium but, as the
cells grow and generate carbon dioxide, it builds up in the headspace and this prevents it
diffusing out of the medium. The result is an increase in weakly dissociated bicarbonate
producing an excess of hydrogen ions in the medium and a fall in pH. Thus, a large
headspace is required in closed cultures, typically tenfold greater than the medium volume
(this volume is also needed to supply adequate oxygen). This generous headspace is not
possible as cultures are scaled-up, and an open system with a continuous flow of air, supplied
through one filter and extracted through another, is required. The metabolism of glucose by
cells results in the accumulation of pyruvic and lactic acids. Glucose is metabolized at a far
greater rate than it is needed. Thus, glucose should ideally never be included in media at
concentrations above 2 g/litre, and it is better to supplement during the culture than to
increase the initial concentration. An alternative is to substitute glucose by galactose or
fructose as this significantly reduces the formation of lactic acid, but it usually results in a
slower growth rate. These precautions delay the onset of a non-physiological pH and are
sufficient for small cultures. As scale-up increases, headspace volume and culture surface
area in relation to the medium volume decrease. Also, many systems are developed to
increase the surface area for cell attachment and cell density per unit volume. Thus pH
problems occur far earlier in the culture cycle because carbon dioxide cannot escape as
readily, and more cells means higher production of lactic acid and carbon dioxide. The
answer is to carry out frequent medium changes or use perfusion, or have a pH control
system. The basis of a pH control system is an-autoclavable pH probe (available from Pye
Ingold, Russell). This feeds a signal to the pH; controller which is converted to give a digital
or analogue display of the pH. This is_a pH monitor system. Control of pH requires the
defining of high and low pH values beyond which the pH should not go. These two set points
on the pH scale turn on a relay to activate a pump, or solenoid valve, which allows additions
of acid or alkali to be made to the culture to bring it back to within the allowable units. It is
rare to have the pH rise above the set point once the medium has equilibrated with the
headspace, so the addition of acid can be disregarded. If an alkali is to be added, then sodium
bicarbonate (5.5%) is recommended. Sodium hydroxide (0.2 M) can be used only with a fast
stirring rate, which dilutes the alkali before localized concentrations can damage the cells, or
if a perfusion loop is installed. Normally, liquid delivery pumps are supplied as part of the pH
controller. Gas supply is controlled by a solenoid valve and 95% air directly. Above the set
point carbon dioxide will be mixed with the air, but below this point only air will be delivered
to the culture. This in itself is a controlling factor in that it helps remove carbon dioxide as
well as meeting the oxygen requirements of the cultures. pH regulation is very readily
adapted to computer control systems.

2.7 Oxygen

The scale-up of animal cell cultures is very dependent upon the ability to supply
sufficient oxygen without causing cell damage. Oxygen is only sparingly soluble in culture
media (7.6 png/ml) and a survey of reported oxygen utilization rates by cells reveals a mean
value of 6 pg /10° cells/h. A typical culture of 2 x 10° cells/ml would, therefore, deplete the
oxygen content of the medium (7.6 pg/ml) in under 1 h. It is necessary to supply oxygen to
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the medium throughout the life of the culture and the ability to do this adequately depends
upon the oxygen transfer rate (OTR) of the system:

OTR = Kla (C* - C) 7

where OTR is the amount of oxygen transferred per unit volume in unit time, K/ is the
oxygen transfer coefficient, and a is the area of the interface across which oxygen transfer
occurs (as this can only be measured in stationary and surfaceaerated cultures, the value JCla
is used; this is the mass transfer coefficient (vol/h). C* is the concentration of dissolved
oxygen when medium is saturated, and C is the actual concentration of oxygen at any given
time. The Kla (OTR/C when C = 0) is in units of h"1 hours"l and is thus a measure of the
time taken to oxygenate a given culture vessel completely under a particular set of conditions.

A culture can be aerated by one or a combination of the following methods: surface
aeration, sparging, membrane diffusion, medium perfusion, increasing the partial pressure of
oxygen, and increasing the atmospheric pressure.

2.7.1 Surface aeration: static cultures

In a closed system, such as a sealed flask, the important factors are the amount of
oxygen in the system and the availability of this oxygen to the cells growing under 3-6 mm of
medium. Normally a headspace/medium volume ratio of 10:1 is used to provide sufficient
oxygen. Thus a 1 litre flask (e.g., a Roux bottle)-with 900 ml of air and 100 ml of medium
will initially contain 0.27 g oxygen (Table 1), This amount will support 10 cells for 450 h
and is thus clearly adequate. The second factor is whether this oxygen can be made available
to the cells. The transfer rate of oxygen from the gas phase into a liquid phase has been
calculated at 17 jug/em®h. Again, this is well in excess of that required by cells in a 1 litre
flask. However, if the surface is assumed to be saturated with dissolved oxygen and the
concentration at the cell sheet is-almost zero then, applying Fick's law of diffusion, the rate at
which oxygen can diffuse to the cells is about 1.5 pg /cm*h. At this rate there is only
sufficient oxygen to support about 50 x 10° cells in a 1 litre flask, a cell density which in
practice many tissue culturists take as the norm. These calculations show the importance of
maintaining a large headspace volume; otherwise, oxygen limitation could become one of the
growth-limiting factors in static closed cultures.

Table 1. Oxygen concentrations on the gas and liquid phases of a Roux bottle culture

Oxygen In 900 ml air: 900 X 0.21 X 32/22400=0.27 g

Oxygen In 100 ml medium: 100 X 7.6 X 10=10.0076 g

Notes:

0.21 = proportion of oxygen in air;

32 = molecular weight of oxygen;

22400 = gram molecular volume;

x 10™ = solubility of oxygen in water at 37°C when equilibrated with air.

2.7.2 Sparging

This is the bubbling of gas through the culture and is a very efficient means of effecting
oxygen transfer (as proven in bacterial fermentation). However, it may be damaging to
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animal cells due to the effect of the high surface energy of the bubble on the cell membrane.
This damaging effect can be minimized by using large air bubbles (which have lower surface
energies than small bubbles), by using a very low gassing rate (e.g., 5 ml/l min), and by
adding Pluronic F-68. A specialized form of sparging, the airlift fermenter has also been used
in large unit process monolayer cultures (e.g., multiple plate propagators). When sparging is
used, efficiency of oxygenation is increased by using a culture vessel with a large
height/diameter ratio. This creates a higher pressure at the base of the reactor, which
increases oxygen solubility.

2.7.3 Membrane diffusion

Silicone tubing is very permeable to gases, and if long lengths of thin-walled tubing can
be arranged in the culture vessel then sufficient diffusion of oxygen into the culture can be
obtained. However, a lot of tubing is required (e.g., 30 m of 2.5 cm tubing for a 1000 litre
culture). This method is expensive and inconvenient to use, and has the inherent problem that
scale-up of the tubing required is mainly two-dimensional while that of the culture is three-
dimensional. However, several commercial systems are available (e.g., Braun).

2.7.4 Medium perfusion

A closed-loop perfusion system continuously (or on demand) takes medium from the
culture, passes it through an oxygenation chamber, and returns. it to the culture. This method
has many advantages if the medium can be conveniently separated from the cells for
perfusion through the loop. The medium in the chamber can be vigorously sparged to ensure
oxygen saturation and other additions, such as sodium hydroxide for pH control, which
would damage the cells if put directly into the culture, can be made. This method is used in
glass bead systems and has proved particularly ‘effective in microcarrier systems, where
specially modified spin filters can be used.

2.7.5 Environmental supply

The dissolved oxygen concentration can be increased by increasing the headspace pO,
(from atmospheric 21% to any value, using oxygen and nitrogen mixtures) and by raising the
pressure of the culture by 100 kPa (about 1 atm) (which increases the solubility of oxygen
and its diffusion rate). These methods should be used only when the culture is well advanced,
otherwise oxygen toxicity could occur. Finally, the geometry of the stirrer blade also affects
the oxygen transfer rate.

2.7.6 Scale-up

Oxygen limitation is usually the first factor to be overcome in culture scale-up. This
becomes a problem in conventional stirred cultures at volumes above 10 litres. However,
with the current use of high density cultures maintained by perfusion, oxygen limitation can
occur in a 2 litre culture. The relative effectiveness of some of the alternative oxygenation
systems in large scale bioreactors is shown in Table 2, and the range of oxygenation
procedures in various types of culture vessels has been reviewed.
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Table 2. Methods of oxygenating a 40 litre bioreactor (30 litre working volume with a
1.5:1 aspect ratio)

No. cells x
Oxygen 10%/ml
Oxygenating method delivery(mg/litre/h) | supported
Air (10 ml/min at 40 r.p.m.)
Surface aeration 0.5 0.08
Direct sparging 4.6 0.76
Spin filter sparging 3 0.4
Perfusion (1 vol/h) 12.6 2.1
Perfusion (1 vol/h)+ spin filter sparging 15.9 2.65
Oxygen (10 ml/mln at 80 r.p.m.)
Spin filter sparging 51 8.5
+ perfusion (1 vol/h) (assuming oxygen
utilization rate of 2-6 ug /10° cells/h). 92 15
2.7.7 Redox potential

The oxidation-reduction potential (ORP) or redox potential, is a measure of the charge
of the medium and is affected by the proportion of-oxidative and reducing chemicals, the
oxygen concentration, and the pH. When fresh medium is prepared and placed in the culture
vessel it takes time for the redox potential to equilibrate, a phenomenon known as poising.
The optimum level for many cell lines is +75-mV, which corresponds to a dissolved pO; of 8-
10%. Some investigators find it beneficial to control the oxygen supply to the culture by
redox, rather than an oxygen electrode.Alternatively, if the redox potential is monitored by a
redox electrode and pH meter (with mV display) then an indication of how cell growth is
progressing can be obtained. This is because the redox value falls during logarithmic growth
and reaches a minimum value approximately 24 h before the onset of the stationary phase
(Figure 1). This provides a useful guide to cell growth in cultures where cell sampling is not
possible. It is also useful to be able to predict the end of the logarithmic growth phase so that
medium changes, addition of virus, or product promoters can be given at the optimum time.
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Figure 1. Changes in oxygen-reduction potential (ORP) correlated to cell growth and
glucose (glc) utilization. The minimum ORP value (A) is reached 24 h before the end of
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logarithmic growth indicated by the maximum cell number (B). The upper curve shows the
total number of cells, while the lower curve shows the number of attached cells.

2.8 Types of culture process
2.8.1 Batch and continuous culture

In standard culture, known as batch culture, cells are inoculated into a fixed volume of
medium and, as they grow, nutrients are consumed and metabolites accumulate. The
environment is therefore continually changing, and this in turn enforces changes to cell
metabolism, often referred to as physiological differentiation. Eventually cell multiplication
ceases because of exhaustion of nutrient(s), accumulation of toxic waste products, or density-
dependent limitation of growth in monolayer cultures. There are means of prolonging the life
of a batch culture, and thus increasing the yield, by various substrates feed methods.

a. Gradual addition of fresh medium, so increasing the volume of the culture (fed batch).

b. Intermittently, by replacing a constant fraction of the culture with an equal volume of
fresh medium (semi-continuous batch). All batch culture systems retain the
accumulating waste products, to some degree, and have a fluctuating environment. All
are suitable for both monolayer and suspension cells.

c. Perfusion, by the continuous addition of medium to the culture and the withdrawal of
an equal volume of used (cell-free) medium. Perfusion can be open, with complete
removal of medium from the system, or closed, with recirculation of the medium,
usually via a secondary vessel, back into the culture vessel. The secondary vessel is
used to "regenerate" the medium by gassing and pH correction.

d. Continuous-flow culture, which gives  true homeostatic conditions with no
fluctuations of nutrients, metabolites, or cell numbers. It depends upon medium
entering the culture with a corresponding withdrawal of medium plus cells. It is thus
only suitable for suspension culture cells, or monolayer cells growing on
microcarriers.

2.8.2 Comparison of batch, perfusion, and continuous-flow culture

Continuous-flow culture is the only system in which the cellular content is
homogeneous, and can be kept homogeneous for long periods of time (months). This can be
vital for physiological studies, but may not be the most economical method for product
generation. Production economics are calculated in terms of staff time, medium, equipment,
and downstream processing costs. Also taken into account are the complexity and
sophistication of the equipment and process, as this affects the calibre of the staff required
and the reliability of the production process. Batch culture is more expensive on staff time
and culture ingredients, because for every single harvest a sequence of inoculum build-up
steps and then growth in the final vessel has to be carried out, and there is also downtime
whilst the culture is prepared for its next run. Feeding routines for batch cultures can give
repeated but smaller harvests and the longer a culture can be maintained in a productive state
then the more economical the whole process becomes (Figure 2).
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Figure 2. Comparison of culture processes.

The numbers 1-5 are explained in the table below.

Cell Product yield per litre

Culture type no.(millions) mg/week* mg/month+
1 Batch 3 6 12
2 Semi-continuous batch 3 15 60
3 Fed batch 30 60 120
4 Continuous perfusion 10 70 280
5 Continuous flow 2 15 60

* Values allow for turn-around time of non-continuous cultures

Continuous-flow culture in the chemostat implies that cell yields are never maximal
because a limiting growth-factor is used to control the growth rate. If maximum yields are
desired in this type of culture then the turbidostat option has to be used. Some applications,
such as the production of a cytopathic virus, leave no choice other than batch culture.
Maintenance of high yields, and therefore high product concentration, may be necessary to
reduce downstream processing costs and these could outweigh medium expenses. For this
purpose perfusion has to be used. Although for many processes this is more economical than
batch culture, it does add to the complexity of the equipment and process, and increases the
risk of a mechanical or electrical failure or microbial contamination prematurely ending the
production run. There is no clear-cut answer to which type of culture process should be used-
it depends upon the cell and product, the quantity of product, downstream processing
problems, and product licensing regulations (batch definition of product, cell stability, and
generation number). However, a relative ratio of unit costs for perfusion, continuous-flow,
and batch culture in the production of monoclonal antibody is 1:2:3.5.

2.9 Summary of factors limiting scale-up
Apart from scale and different growth characteristics of cells, is the range of solutions
which have been used to overcome limitations to scale-up. These will be briefly reviewed so

that the underlying philosophy and evolution of the culture systems. As already explained,
oxygen is the first limiting factor encountered in scaleup. To overcome this, reactors are
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available with membrane or hollow fibre devices to give bubble-free aeration, often by
external medium loops. A related factor is mixing, and low-shear options such as airlift
reactors and specially designed impellers have been developed. For anchorage-dependent
cells the low unit surface area has limited effective scale-up, so a range of devices using
plates, spirals, ceramics and, most effective of all, microcarriers, can be used.

The next problem to be overcome is nutrient limitation and toxic metabolite build-up.
The most effective solution is to use perfusion by spin filters or hollow fibre loops. To
maximize the benefit of perfusion, immobilization of suspension cells was needed to prevent
cell wash-out, and this resulted in a collection of novel systems based on hollow fibres,
membranes, encapsulation, and specialized matrices. Immobilization has many process
advantages, and currently the effort is on scaling-up suitable entrapment matrices in fluidized
and fixed beds.

3 Monolayer culture
3.1 Introduction

Tissue culture flasks and tubes giving surface areas of 5-200 cm? are familiar to all
tissue culturists. The largest stationary flask routinely used in laboratories is the Roux bottle
(or disposable plastic equivalent) which gives a surface area for cell attachment of 175-200
cm? (depending upon type), needs 100-150 ml medium, and utilizes 750-1000 cm? of storage
space. This vessel will yield 2 x 107 diploid cells and up to/10® heteroploid cells. If one has to
produce, for example, 10 cells, then over 100 replicate cultures are needed (i.e.,
manipulations have to be repeated 100 times). In addition the cubic capacity of incubator
space needed is over 100 litres. Clearly there comes a time in the scale-up of cell production
when one has to use a more efficient culture system. Scale-up of anchorage-dependent cells
reduces the number of cultures, is more efficient in the use of staff, and increases
significantly the surface area/volume ratio. To do this a very wide and versatile range of
tissue culture vessels and systems-has been developed. Many of these are shown
diagrammatically in Figure 3. The methods with the most potential are those based on
modifications to suspension culture systems because they allow a truly homogeneous unit
process with enormous scale-up potential to be used. However, these systems should be
attempted only if time and resources allow a lengthy development period.
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Figure 3. The scaling-up of culture systems for anchorage-dependent cells

Although suspension culture-is the preferred method for increasing capacity, monolayer

culture has the following advantages:

a.

It is very easy to change the medium completely and to wash the cell sheet before
adding fresh medium. This is important in many applications when the growth is
carried out in one set of conditions and product generation in another. A common
requirement of a medium change is the transfer of cells from serum to serum-free
conditions. The efficiency of medium changing in monolayer cultures is such that a
total removal of the unwanted compound can be achieved.

If artificially high cell densities are needed then these can be supported by using
perfusion techniques. It is much easier to perfuse monolayer cultures because they are
immobilized and a fine filter system (to withhold cells) is not required.

Many cells will express a required product more efficiently when attached to a
substrate.

The same apparatus can be used with different media/cell ratios which, of course, can
be easily changed during an experiment.

Monolayer cultures are more flexible because they can be used for all cell types. If a
variety of cell types are to be used then a monolayer system might be a better
investment. It should be noted that the microcarrier system confers some of the
advantages of a suspension culture system.

There are four main disadvantages of monolayer compared to suspension systems:

1.
2.

They are difficult and expensive to scale-up.
They require far more space.
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3. Cell growth cannot be monitored as effectively, because of the difficulty of sampling
and counting an aliquot of cells.

4. Tt is more difficult to measure and control parameters such as pH and oxygen, and to
achieve homogeneity.

Microcarrier culture eliminates or at least reduces many of these disadvantages.
3.2 Cell attachment

Animal cell surfaces and the traditional glass and plastic culture surfaces are negatively
charged, so for cell attachment to occur, crosslinking with glycoproteins and/or divalent
cations (Ca®", Mg®") is required. The glycoprotein most studied in this respect is fibronectin,
a compound of high molecular mass (220 000) synthesized by many cells and present in
serum and other physiological fluids. Although cells can presumably attach by electrostatic
forces alone, it has been found that the mechanism of attachment is similar, whatever the
substrate charge. The important factor is the net negative charge, and surfaces such as glass
and metal which have high surface energies are very suitable for cell attachment. Organic
surfaces need to be wettable and negative, and this can be achieved by chemical treatment
(e.g., oxidizing agents, strong acids) or physical treatment (e.g., high voltage discharge, UV
light, high energy electron bombardment). One or more of these methods are used by
manufacturers of tissue culture grade plastics. The result is to increase the net negative charge
of the surface (for example by forming negative carboxyl groups) for electrostatic
attachment.

Surfaces may also be coated to make them suitable for cell attachment. A tissue culture
grade of collagen can be purchased which saves a tedious preparation procedure using rat
tails. The usefulness of collagen as a growth surface is also demonstrated by the availability
of collagen-coated microcarrier beads (Cytodex-3, Pharmacia).

3.2.1 Surfaces for cell attachment
i. Glass

Alum-borosilicate glass (e.g., Pyrex) is preferred because soda-lime glass releases
alkali into the medium and needs to be detoxified (by boiling in weak acid) before use. After
repeated use glassware can become less efficient for cell attachment, but efficiency can be
regained by treatment with 1 mM magnesium acetate. After several hours soaking at room
temperature the acetate is poured away and the glassware is rinsed with distilled water and
autoclaved.

ii. Plastics

Polystyrene is the most used plastic for cell culture, but polyethylene, polycarbonate,
Perspex, PVC, Teflon, cellophane, and cellulose acetate are all suitable when pre-treated
correctly.

iii. Metals
Stainless steel and titanium are both suitable for cell growth because they are relatively
chemically inert, but have a suitable high negative energy. There are many grades of stainless

steel, and care has to be taken in choosing those which do not leak toxic metallic ions. The
most common grade to use for culture applications is 316, but 321 and 304 may also be
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suitable. Stainless steel should be acid washed (10% nitric acid, 3.5% hydrofluoric-acid,
86.5% water) to remove surface impurities and inclusions acquired during cutting.

3.3 Scaling-up
3.3.1 Step 1: roller bottle

The aims of scaling-up are to maximize the available surface area for growth and to
minimize the volume of medium and headspace, while optimizing cell numbers and
productivity. Stationary cultures have only one surface available for attachment and growth,
and consequently they need a large medium volume. The medium volume can be reduced by
rocking the culture or, more usually, by rolling a cylindrical vessel. The roller bottle has
nearly all its internal surface available for cell growth, although only 15-20% is covered by
medium at any one time. Plastic disposable bottles are available in ¢. 750 cm” and ¢. 1500
cm’® (1400-1750 cm?) sizes. Rotation of the bottle subjects the cells to medium and air
alternately, as compared with the near anaerobic conditions in a stationary culture. This
method reduces the volume of medium required, but still requires a considerable headspace
volume to maintain adequate oxygen and pH levels. The scale-up of a roller bottle requires
that the diameter is kept as small as possible. The surface area can be doubled by doubling
the diameter or the length. The first option increases the volume (medium and headspace)
fourfold, the second option only twofold.

The only means of increasing the productivity of a roller bottle and decreasing its
volume is by using a perfusion system. This is an expensive option, as an intricate revolving
connection has to be made for the supply linesto pass into the bottle. However, cell yields are
considerably increased and extensive multi-layering takes place.

3.3.2 Step 2: roller bottle modifications

The roller bottle system is still a multiple process, and thus inefficient in terms of staff
resources and materials. To increase the surface area within the volume of a roller bottle, the
following vessels have been developed (Figure 3).

i. SpiraCel

Bibby Sterilin have replaced their bulk cell culture vessel with a SpiraCel roller bottle.
This is available with a spiral polystyrene cartridge in three sizes. 3000, 4500, and 6000 cm?.
It is crucial to get an even distribution of the cell inoculums throughout the spiral, otherwise
very uneven growth and low yields are achieved. Cell growth can be visualized only on the
outside of the spiral, and this can be misleading if the cell distribution is uneven,

ii. Glass tubes

A small scale example is the Bellco-Corbeil Culture System (Bellco), A roller bottle is
packed with a parallel cluster of small glass tubes (separated by siliconc spacer rings). Three
versions are available giving surface areas of 5 x 10°, 1 x 10*, and 1.5 x 10* cm”. Medium is
perfused through the vessel from a reservoir. The method is ingenious in that it alternately
rotates the bottle 360° clockwise and then 360° anticlockwise. This avoids the use of special
caps for the supply of perfused medium. An example of its use is the production of 3.2 X 10°
Vero cells (2.3 X 10%/cm?) over six days using 6.5 litres of medium (perfused at 50 ml/min)
in the 10000 cm? version.

iii. Increased surface area roller bottles
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In place of the smooth surface in standard roller bottles the surface is 'corrugated', thus
doubling the surface area within the same bottle dimensions; e.g., extended surface area roller
bottle (ESRB) available from Bibby Sterilin (Corning), or the ImmobaSil surface which is a
textured silicone rubber matrix surface (Ashby Scientific Ltd. or Integra Biosciences).

3.3.3 Step 3: large capacity stationary cultures
i. Cell factory (multitray unit)

The standard cell factory unit (Nunc) comprises ten chambers, each having a surface
area of 600 cm’, fixed together vertically and supplied with interconnecting channels. This
enables all operations to be carried out once only for all chambers. It can thus be thought of
as a flask with a 6000 cm” surface area using 2 litres of medium and taking up a total volume
of 12 500 ml. In practice this unit is convenient to use and produces good results, similar to
plastic flasks. It is made of tissue culture grade polystyrene and is disposable. One of the
disadvantages of the system can be turned to good use. In practice it is difficult to wash out
all the cells after harvesting with trypsin, etc. However, enough cells remain to inoculate a
new culture when fresh medium is added. Given good aseptic technique, this disposable unit
can be used repeatedly. The system is used commercially for interferon production (by
linking together multiples of these units). In addition, units are available giving 1200 (2 tray)
and 24 000 cm? (40 tray).

ii. Costar CellCube

The CellCube has parallel polystyrene trays in-a modular closed-loop perfusion system
with an oxygenator, pumps, and a system controller (pH, O,, level control). The unit is
compact, with the trays being only 1 mm apart; thus the smallest unit of 21250 cm? is less
than 5 litres total volume (1.25 litres medium). Additional units of 42500 cm? (2.5 litres
medium) and 85000 cm? (5 litres medium) are available and four units can be run in parallel,
giving 340 000 cm” growth area.

iii. Hollow fibre culture

Bundles of synthetic hollow fibres offer a matrix analogous to the vascular system, and
allow cells to grow in tissue-like densities. Hollow fibres are usually used in ultrafiltration,
selectively allowing passage of macromolecules through the spongy fibre wall while allowing
a continuous flow of liquid through the lumen. When these fibres are enclosed in a cartridge
and encapsulated at both ends, medium can be pumped in and will then perfuse through the
fibre walls, which provide a large surface area for cell attachment and growth. Culture
chambers based on this principle are available from Amicon. The capillary fibres, which are
made of acrylic polymer, are 350 um in diameters with 75 um walls. The pores through the
internal lumen lining are available with molecular mass cut-offs between 10000 and 100000.
It is difficult to calculate the total surface area available for growth but units are available in
various sizes and these give a very high ratio of surface area to culture volume (in the region
of 30 cm*ml). Upto 10% cells/ml has been maintained in this system. These cultures are
mainly used for suspension cells but are suitable for attached cells if the polysulfone type is
used.
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iv. Opticell culture system

This system (Cellex Biosciences Inc.) consists of a cylindrical ceramic cartridge
(available in surface area between 0.4-12.5 mz) with 1 mm? square channels running
lengthways through the unit. A medium perfusion loop to a reservoir, in which environmental
control is carried out, completes the system. It provides a large surface area/volume ratio
(40:1) and its suitability for virus, cell surface antigen, and monoclonal antibody production
is documented. Scale-up to 210 m? is possible with multiple cartridges arranged in parallel in
a single controlled unit. Cartridges are available for both attached and suspension cells, which
become entrapped in the rough porous ceramic texture.

v. Heli-Cel (Bibby Sterilin)

Twisted helical ribbons of polystyrene (3 mm x 5-10 mm x 100 um) are used as
packing material for the cultivation of anchorage-dependent cells. Medium is circulated
through the bed by a pump, and the helical shape provides good hydrodynamic flow. The
ribbons are transparent and therefore allow cell examination after removal from the bed.

3.3.4 Step 4: unit process systems
There are basically three systems which fit into fermentation (suspension culture)
apparatus (Figure 3):

e cells stationary, medium moves (e.g., glass bead reactor)
e heterogeneous mixing (e.g., stack plate reactor)
e homogeneous mixing (e.g., microcarrier)

i. Bead bed reactor
The use of a packed bed of 3-5 mm glass beads, through which medium is continually
perfused has been reported by a number of investigators since 1962. The potential of the

system for scale-up uses a 100 litre capacity system for the growth of BHK21 cells and
systems can be commercially obtained (Meredos GmbH).
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Figure 4. A glass bead bioreactor. (A) Glass bead bed; (B) reservoir; (C) pump; (D)
inoculation and harvest line; (E) temperature-controlled water jackets.

Spheres of 3 mm diameter pack sufficiently tightly to prevent the packed bed from
shifting, but allow sufficient flow of medium through the column so that fast flow rates,
which would cause mechanical shear damage, are not needed. The physical properties of
glass spheres are given in Table 3 and these data allow the necessary culture parameters to be
calculated. A system which can be constructed in the laboratory is illustrated in Figure 4.
Medium is transferred by a peristaltic pump in this example, but an airlift driven system is
also suitable and gives better oxygenation. Medium can be passed either up or down the
column with no apparent difference in results.

Table 3. Properties of 3 mm and 5 mm glass beads

Glass sphere diameter 3mm Smm
Weight/g 0.0375 0.0375
Surface area (cm*/kg) 7546 4570
Volume (ml/’kg) 990 625
Void fraction 0.46 0.4
Void volume (ml/kg) 455 250
Channel size (mm2) 0.32 1
Vero cell yields
106/cm’ 0.78 2.5/3.1
108/kg 4 8.0/9.9
106/ml 1.6 3.2/4.0

« Yield in 1 kg/10 kg bed reactor

Although 3 mm beads arc normally used to maximize the available surface area, the use
of 5 mm spheres actually gives a higher total tell yield despite the reduced surface area per
unit volume. A development of this system (porous beads) which significantly increases cell
yields.
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ii. Heterogeneous reactor

Circular glass or stainless steel plates are fitted vertically, 5-7 mm apart, on a central
shaft. This shaft may be stationary, with an airlift pump for mixing, or revolving around a
vertical (6 r.p.h.) or horizontal (50-100 r.p.m.) axis. This multisurface propagator (20) was
used at sizes ranging from 7.5-200 litres, giving a surface area of up to 2 x 10°/cm’. The
author's experience is solely with the horizontal stirred plate type of vessel (Figure 3, stack
plate), which is easier to use and has been successful for both heteroploid and human diploid
cells. The main disadvantage with this type of culture is the high ratio of medium volume to
surface area (1 ml to 1-2 cm?). This cannot be altered with the horizontal types, although it
can be halved with the vertically revolving discs.

iii. Homogeneous systems (microcarrier)

When cells are grown on small spherical carriers they can be treated as a suspension
culture, and advanced fermentation technology processes and apparatus can be utilized. The
method uses dextran beads (Sephadex A-50). These were not entirely satisfactory, because
the charge of the beads was unsuitable, and possibly due to toxic effects. However, much
developmental work has since resulted in many suitable microcarriers being commercially
available (Table 4). The choice of this microcarrier was based on a preference for a dried
product which could be accurately weighed and then prepared in situ, and the fact that with a
density of only 1.03 g/ml this product could be used at concentrations of up to 15 g/litre (90
000 cm?litre). However, this preference does not detract from the quality of other
microcarriers, most of which have been used with equal success.

Culture apparatus

A spinner vessel is not suitable unless the stirring system is modified. Paddles with
large surface area are needed. These are commercially available but can be easily constructed
out of a silicone rubber sheet and attached to the magnet with plastic ties. The advantage of
constructing one within'the laboratory is that the blades can be made to incline 20-30° from
the vertical, thus giving much greater lift and mixing than vertical blades (Figure 5).
Microcarrier cultures are stirred very slowly (maximum 75 r.p.m.) and it is essential to have a
good quality magnetic stirrer that is capable of giving a smooth stirring action in the range of
20-100 r.p.m. Never use a stirrer mechanism that has moving surfaces in contact with each
other in the medium; otherwise the microcarriers will be crushed. Thus, stirrers which
revolve on the bottom of the vessel are unsuitable. As mixing, and thus mass transfer, is so
poor in these cultures, the depth of medium should not exceed the diameter by more than a
factor of two unless oxygenation systems or regular medium changes are performed. In the
basic culture systems, medium changes have to be carried out at frequent intervals. It is
worthwhile, therefore, to make suitable connections to the culture vessel to enable this to be
done conveniently in situ. This will pay dividends in reducing the chances of contaminating
the culture. A simplified culture set-up is shown in Figure 6.
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Table 4. Comparison of microcarriers

Manufacturer Specific
Trade name | gravity Material (urn) (cmz/g) Diameter | Area
Biosilon Nunc Polystyrene 1.05 160-300 255
Bioglas Solohill Eng. Glass" 1.03 150-210 350
Bioplas Solohill Eng. Polystyrene” 1.04 150-210 350
Biospheres Solohill Eng. Collagen® 1.02 150-210 350
DEAE
Cytodex-1 Pharmacia Sephadex 1.03 160-230 6000
DEAE
Cytodex-2 Pharmacia Sephadex 1.04 115-200 5500
Cytodex-3 Pharmacia Collagen 1.04 130-210 4600
Cytosphere Lux Polystyrene 1.04 160-230 250
Dormacell Pfeifer & Langen | Dextran 1.05 140-240 7000
DE-53 Whatman Cellulose 1.03 Fibres 4000
Gelibead Hazelton Lab. Gelatin 1.04 115-235 3800
Microdex Dextran Prod. DEAE dextran 1.03 150 250
Ventreglas Ventrex Glass 1.03 90-210 300
Ventregel Ventrex Gelatin 1.03 150-250 4300

Biospheres (glass, plastic, collagen) available at specific-gravity of 1.02 or 1.04 and
diameters of 150-210 or 90-150 um (manufactured by Solohill Eng. and distributed by
Whatman and Cellon)
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Figure 5. Types of impellers for growing suspension and microcarrier cells (A) Flat
disc turbine, d2:dl = 0.33, radial flow, turbulent mixing; (B) marine impeller, d2:dl = 0.33,
axial flow, turbulent mixing, blade angle 25°; (C) Vibro-mixer; (D) stirrer bar, d2:dl = 0.6,
radial flow, laminar mixing; (E) vertical and (F) angled (25°) paddle, dl:d2 = 0.6-0.9, axial
and radial flow, laminar and turbulent mixing. (d1 is the diameter of the vessel and d2 is the
diameter of the impeller.)
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Figure 6. A simple microcarrier culture system allowing easy medium changing. To fill
the culture (C) open clamp (L1) and push the medium from the reservoir (R) using air
pressure (at A). To harvest, stop the stirring for 5 min, open L2, and push the medium from
(C) to (H) using air pressure (at B). (S) is a sampling point.

Initiation of the culture

Many of the factors are critical when-initiating a microcarrier culture. Microcarriers are
spherical, and cells will always attach to an area of minimum curvature. Therefore a
microcarrier surface can never be ideal, however suitable its chemical and physical
properties. Ensure the medium and beads are at a stable pH and temperature, and inoculate
the cells (from a logarithmic, not a stationary culture) into a third of the final medium
volume. This increases the chances of cells coming into contact with the microcarriers.
Microcarrier concentrations of 2-3 g/litre should be used. Higher concentrations need
environmental control or very frequent medium changes.

After the attachment period (3-8 h), slowly top up the culture to the working volume
and increase the stirring rate to maintain completely homogeneous mixing. If these conditions
are adhered to, and there are no changes in temperature and pH, then all cells that grow on
plastic surfaces should readily initiate a microcarrier culture.

Maintenance of the culture

It is very easy to monitor the progress of cell growth in a microcarrier culture. Samples
can be easily removed, cell counts (by nuclei counting) and glucose determinations carried
out, and the cell morphology examined. As the cells grow, so the beads become heavier and
need an increased stirring rate. After three days or so the culture will become acidic and need
a medium change. Again, this is an extremely easy routine: turn off the stirrer, allow the
beads to settle for 5 min, and decant off as much medium as desired. Top up gently with fresh
medium (pre-warmed to 37°C) and restart the stirring.
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Harvesting

It is very difficult to harvest many cell types from microcarriers unless the cell density
on the bead is very high, and cells do not multilayer on microcarriers to the same degree as in
stationary cultures. Harvesting can be attempted by draining off the medium, washing the
beads at least once in buffer, and adding the desired enzyme. Stir the culture fairly rapidly
(75-125 r.p.m.) for 20-30 min. If the cells detach, a high proportion can be collected by
allowing the beads to settle out for 2 min and then decanting off the supernatant. For a total
harvest pour the mixture into a sterilized sintered glass funnel (porosity grade 1). The cells
will pass through the filter, but the microcarriers will not. Alternatively, insert a similar filter
(usually stainless steel) into the culture vessel. If the microcarrier is dissolved then the cells
can be released into suspension completely undamaged, and therefore of better quality than
when the cells are trypsinized. Usually this is a tar quicker method than trypsinization of
cells. Gelatin beads are solubilized with trypsin and/or EDTA, collagenase acts on the
collagen-coated beads, and dextranase can be used on the dextran microcarriers.

Scaling-up of microcarrier culture

Scaling-up can be achieved by increasing the microcarrier concentration, or by
increasing the culture size. In the first case nutrients and oxygen are very rapidly depleted,
and the pH falls to non-physiological levels. Medium changes are not only tedious but
provide rapidly changing environmental conditions. Perfusion, either to waste or by a closed-
loop, must be used to achieve cultures with high microcarrier concentration. This can be
brought about only by an efficient filtration system-so that medium without cells and
microcarriers can be withdrawn at a rapid rate (Figure 7). This is constructed of a stainless
steel mesh with an absolute pore size in the 60-120 um range. Attachment to the starrer shaft
means that a large surface area filter can be used and the revolving action discourages cell
attachment and clogging. However scaling-up is achieved, oxygen limitation is the chief
factor to overcome. This is an especially difficult problem in microcarrier culture because
stirring speeds are low. Sparging cannot be used as microcarriers get left above the medium
level due to the foaming it causes. The perfusion filter previously described, however, does
allow sparging into that part of the culture in which no beads are present. Unfortunately, this
means that the most oxygenated medium in the culture is removed by perfusion, but at a
sparging rate of 10 cm® of oxygen/litre considerable diffusion of oxygenated medium occurs
into the main culture. However, modified spin filters are available which have a separate
compartment for perfusion and sparging. Thus oxygen delivery to a microcarrier culture can
utilize the following systems (see also Table 2):

I.  Surface aeration.
II.  Increasing the perfusion rate of fully oxygenated medium from the reservoir.

III.  Sparging into the filter compartment.

These three systems are used by the author in the system illustrated in Figure 7 to run

cultures at up to 15 g/litre Cytodex-3 in culture vessels between 2-20 litre working volumes.
A typical experiment is shown in Figure 8.
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Figure 7. A closed-loop perfusion system with environmental control to allow high cell
density microcarrier culture. (CU) Culture vessel; (RE) reservoir; (C) connector for medium
changes and harvesting; (F) filter; (G) gas blender; (L) level controller; (M) sampling device;
(m) magnet; (N) alkali (NaOH) reservoir; (OE)-oxygen electrode; (PA) paddle; (PE) pH
electrode; (P1-P3) pumps: 1, medium to reservoir (continuous), 2, medium to culture
(controlled by L), 3, alkali to reservoir (controlled by PE); (R) rotameter measuring gas flow
rate; (sa) gas supply for surface aeration; (sp) gas supply for sparging; (S) solenoid valve.
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Figure 8. Growth of GPK epithelial cells on Cytodex-3 (10 g/litre) in the 10 litre
culture system described in Figure 7. (0-0) Cell concentration; (A-A) glucose (glc) utilized;
(p) perfusion rate.
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Summary of microcarrier culture

Microcarrier cultures are used commercially for vaccine and interferon production in
fermenters up to 4000 litres. These processes use heteroploid or primary cells. One of the
problems of using very large scale cultures is that the required seed inoculum gets
progressively larger. Harvesting of cells from large unit scale cultures is not always very
successful, although the availability of collagen and gelatin microcarriers eases this problem
considerably. In sifu trypsinization of cells is the usual method of choice, but it is difficult to
remove a high percentage of the cells in a viable condition. Filters incorporated into the
culture vessel provide the best solution and are most efficient with the 'hard' (glass, plastic)
microcarriers which do not block the filter pores like the dextran and gelatin microcarriers.
Some microcarriers can be washed and reused but this, of course, is not possible with the
gelatin- or collagenase-treated beads.

3.3.5 Summary: choice of equipment

A wide range of commercially available and laboratory-made equipment has been
reviewed. This should enable a choice to be made, depending upon the amount and type of
cells or product needed and the financial and staff resources available. To review the choices
available, Figure 3 and Table 5 should be consulted.

4 Suspension culture

As indicated previously in this chapter, suspension culture is the preferred method for
scaling-up cell cultures. Some cells, especially those of haemopoietic derivation, grow best in
suspension culture. Others, particularly transformed cells, can be adapted or selected, but
some, for example human diploid cell strains® (W1-38, MRC-5), will not survive in
suspension at all. A further factor that dictates whether suspension systems can be used is that
some cellular products are expressed only when the cell exists in a monolayer or if cell-to-
cell contact is established (e.g., for-the spread of intracellular viruses through a cell
population).

4.1 Adaptation to suspension culture

Cell lines vary in the ease with which they can be persuaded to grow in suspension. For
those that have the potential, there are two basic procedures that can be used to generate a
suspension cell line from an anchorage-dependent one.

4.1.1 Selection

This method, as demonstrated by the derivation of the LS cell line from L-929 cells and
the HeLa-S3 clone from HelLa cells, depends on the persistence of loosely attached variants
within the population. A confluent monolayer culture is lightly tapped or gently swirled, the
medium decanted from the culture, and cells in suspension recovered by centrifugation. Cells
have to be collected from many cultures to provide a sufficient number to start a new culture
at the required inoculum density (at least 2 x 10°/ml), This procedure has to be repeated many
times over a long period, because many of the cells that are collected are only in the mitotic
phase, rather than potential suspension cells (cells round up and become very loosely attached
to the substrate during mitosis). Eventually it is possible with some cell lines to derive a
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viable cell population that divides and grows in static suspension, just resting on the substrate
rather than attaching and spreading out.

4.1.2 Adaptation

This method probably works the same way as the selection procedure, except that a
selection pressure is exerted on the culture while it is maintained in suspension mechanically.
However, with many cell lines the relatively large number that becomes anchorage-
independent suggests it is more than just selection of a few variant cells.

Table 5. Comparison of monolayer culture systems, showing their relative productivity
and scale-up potential

Surface area:

Unit surface medium ratio®
Culture area (cmz) (litre) Max. vol
Multiple processes:
Roux bottle 175-200 1-2
Roller bottle 850-175 3
-Corrugated 1700 6
-Spiracell 6000 6
-Corbeil 15 000 2.5
Cell Factory 24000 2.5
Hollow fibres 18000 72
Opticell 120000 30
CellCube 340000 17
Unit processes:
Heli-Cel 16 000/L 16 P
Glass spheres 7500/L 18 200
Porous glass spheres 80 000/L 150 (10)°
Stack plates 1250/L 1.25 200
Microcarrier (5 g/litre) 35000/L 35 4000
Porous microcarrier 300 000/L 300 (24°

*Volume in bioreactor-does not allow for media changes or reservoir.
°Current experimental scales-scale-up potential.

It is usually necessary to maintain the newly established cell strain in stirred suspension
culture, because reversion to anchorage dependence can occur in static cultures. Sometimes
cells will adhere to the substrate without becoming completely spread out and continue to
grow and divide with a near-spherical morphology.

4.2 Static suspension culture

Many cell lines will grow as a suspension in a culture system used for monolayer cells
(i.e., with no agitation or stirring). Cell lines that are capable of this form of growth include
the many lymphoblast lines (e.g., MOLT, RAIJI), hybridomas, and some non-haemopoietic
lines, such as the LS cells described in the previous section. However, with the latter type of
cells there is always the danger of reversion to a monolayer (e.g., a small proportion of the LS
cell line always attaches and is discarded at each subcultivation). Static suspension culture is
unsuitable for scale-up, for reasons already stated for monolayer culture.
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4.3 Small scale suspension culture

Small scale means less than 2 litres. This may seem an entirely arbitrary definition, but
it is made on the basis that above this volume additional factors apply. The conventional
laboratory suspension culture is the spinner flask, so-called because it contains a magnetic bar
as the stiirer, and this is driven from below the vessel by a revolving magnet. Details of some
of the readily available stirrer vessels, together with suppliers and available size range, are
given in Figure 9.

The range of options is:
a. Conventional vessels with spin bar (Bellco, Wheaton).
b. Radial (pendulum) stirring system (figure 10) for improved mixing at low speeds
(under 100 r.p.m.) (Techne. Integra Biosciences CellSpin).
Bellco dual overhead drive system (radial stirring and permits perfnsion).
d. Techne Br-06 floating impeller system allows working volumes of 500 ml to 3 litres
to be used and increased during culture.

o

Note: if clumping or attachment to the culture vessel should occur the vessels can be
siliconized with Dow Corning 1107 or Repelcotc (dimethyldichlorosilane) (Hopkins and
Williams), or medium with reduced Ca® and Mg®* can be used.

Figure 9. Commercially available spinner cultures. (A) LH Fermentation Biocul (1-20
litres); (B) Bellco and Wheaton Spinner Flasks (25 ml-2 litres); (C) Bellco and Cellon spinner
(25 ml-2 litres); (D) Techne (25 ml-5 litres); (E) Techne Cytostat (1 litre); (F) Techne Br-06
Bioreactor (3 litres).

72



Figure 10. Continuous-flow culture system. (C) Water-jacketed culture vessel; (WB)
water-bath and circulating system; (0) overflow vessel; (R) reservoir; (P) pump; (S) sampling
device; (F) burette for measuring flow rate; (M) magnetic drive.

4.3.1 SuperSpinner

The SuperSpinner was developed to increase the productivity within a spinner flask
without going to the complexity of the-hollow fibre and membrane systems described below.
It consists of a 1 litre Duran flask (Schott) equipped with a tumbling membrane stirrer
moving a polypropylene hollow. fibre through the medium to improve the oxygen supply. The
small device is placed in a_CO, incubator and a small membrane pump is connected via a
sterilizing filter with the membrane (stirrer). The culture is placed on a magnetic stirrer and
has a working volume from 300 ml to 1000 ml. Three different membrane lengths (1, 1.5, and
2 m) are available depending upon the degree of oxygenation the cell line needs. Cell
concentrations in excess of 2 x 10%ml are achieved with mAb production of 160 mg/litre
(specific productivity of mAb c. 50 Ug/10° cells). Repeated batch culture (80% media
replacement every two to three days) over 32 days produced 970 mg mAb. This relatively
inexpensive modification of a spinner culture is available from Braun Biotech.

4.4 Scaling-up factors

In scale-up, both the physical and chemical requirements of cells have to be satisfied.
The chemical factors require environmental monitoring and control to keep the cells in the
proper physiological environment. These factors include oxygen, pH, medium components,
and removal of waste products. Physical parameters include the configuration of the
bioreactor and the power supplied to it. The function of the stirrer impeller is to convert
energy (measured as kW/m?) into hydrodynamic motion in three dimensions (axial, radial,
and tangential). The impeller has to circulate the whole liquid volume and to generate
turbulence (i.e., it has to pump and to mix) to create a homogeneous blend, to keep cells in
suspension, to optimize mass transfer rates between the different phases of the system
(biological, liquid, and gaseous), and to facilitate heat transfer. Good mixing becomes
increasingly difficult with scaling-up, and the power needed to attain homogeneity can cause
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problems. The energy generated at the tip of the stirrer blade is a limiting factor as it gives
rise to a damaging shear force. Shear forces are created by fluctuating liquid velocities in
turbulent areas. The factors which affect this are: impeller shape (this dictates the primary
induced flow direction) (Figure 5), the ratio of impeller to vessel diameter, and the impeller
tip speed (a function of rotation rate and diameter). The greater the turbulence the more
efficient the mixing, but a compromise has to be reached so that cells are not damaged. Large
impellers running at low speeds give a low shear force and high pumping capacity, whereas
smaller impellers need high stirring speeds and have high shear effects. Magnetic bar stirring
gives only radial mixing and no lift or turbulence. The marine impeller is more effective for
cells than the flat-blade turbine impellers found in many bacterial systems, as it gives better
mixing at low stirring speeds. If the cells are too fragile for stirring, or if sufficient mixing
cannot be obtained without causing unacceptable shear rates, then an alternative system may
have to be used. Pneumatic energy, for example mixing air bubbles (e.g., airlift fermenter) or
hydraulic energy (e.g., medium perfusion), can be scaled-up without proportionally
increasing the power. To improve the efficiency of mechanical stirring, the design of the
stirrer paddle can be altered (e.g., as described for microcarrier culture), or multiple impellers
can be used.

A totally different stirring concept is the Vibro-mixer. This is a non-rotating agitator
which produces a stirring effect by a vertical reciprocating motion with a path of 0.1-3 mm at
a frequency of 50 Hz. The mixing disc is fixed horizontally to the agitator shaft, and conical
shaped holes in the disc create a pumping action to occur as the shaft vibrates up and down.
The shaft is driven by a motor which operates through an elastic diaphragm; this also
provides a seal at the top of the culture. A fermentation system using this principle is
available commercially (Vibro-Fermenter, Chemap)., The advantages of this system are the
greatly reduced shear forces, random mixing, reduced foaming, and reduced energy
requirement, especially for scaling-up.

The significant effect on vessel design of moving from a magnetic stirrer to a direct
drive system is the fact that the drive has'to pass through the culture vessel. This means some
complexity of design to ensure a perfect aseptic seal while transferring the drive, complete
with lubricated bearings, through the bottom or top plate of the vessel. Culture vessels with
magnetic coupling are becoming available at increasingly higher volumes, and overcome this
problem of aseptic seals.

Scaling-up cannot be proportional; one cannot convert a 1 litre reactor into a 1000 litre
reactor simply by increasing all dimensions by the same amount. The reasons for this are
mathematical: doubling the diameter increases the volume threefold, and this affects the
different physical parameters in different ways. One factor to be taken into consideration is
the height/diameter ratio, as this is one of the most important fermenter design parameters. In
sparged systems the taller the fermenter in relation to its diameter the better, as the air
pressure will be higher at the bottom (increasing the oxygen solubility) and the residence time
of bubbles longer. However, in non-sparged systems which are often used for animal cells
and rely on surface aeration, the surface area: height ratio is more important and a 2:1 ratio
should not be exceeded (preferably 1:1.5). Mass transfer between the culture phases has been
discussed in relation to oxygen. It is this characteristic of scaling-up that demands the extra
sophistication in culture design to maintain a physiologically correct environment. This
sophistication includes impeller design, oxygen delivery systems, vessel geometry, perfusion
loops, or a completely different concept in culture design to the stirred bioreactor.
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4.5 Stirred bioreactors

The move from externally driven magnetic spinner vessels to fermenters capable of
scale-up from 1 litre to 1000 litres and beyond, has the following consequences at some
stage:

(a) Change from glass to stainless steel vessels.

(b) Change from a mobile to a static system: connection to steam for in situ sterilization;
requirement for water jacket or internal temperature control; need for a seed vessel, a medium
holding vessel, and downstream processing capability.

(c) Greater sophistication in environmental control systems to meet the increasing mass
transfer equipment.

In practice, the maximum size for a spinner vessel is 10 litres. Above this size there are
difficulties in handling and autoclaving, as well as the difficulty of being able to agitate the
culture adequately. Fermenters with motor driven stirrers are available from 500 ml, but these
are chiefly for bacterial growth. It is a significant step to move above the 10-20 litre scale as
the cost of the equipment is significant (e.g., $40-50000 for a complete 35 litre system) and
suitable laboratory facilities are required (steam, drainage, etc.). There is a wide range of
vessels available from the various fermenter suppliers which include some of the following
modifications:

e suitable impeller (e.g., marine)

e no baffles

e curved bottom for better mixing at low speeds

e water jacket rather than immersion heater type temperature control (to avoid localized
heating at low stirring speeds)

e top-driven stirrer so that cells cannot become entangled between moving parts

e mirror internal finishes. to reduce mechanical damage and cell attachment

Since adequate mixing, and thus mass transfer of oxygen into the vessel, can be
maintained without damaging the cells, there is no maximum to the scale-up potential.
Namalva cells have been grown in 8000 litre vessels for the production of interferon. There
are many heteroploid cell lines, such as Vero, HeLa, and hybridomas, which would grow in
such systems. Whilst regulatory agencies require pharmaceutical products to be manufactured
predominantly from normal diploid cells (which will not grow in suspension), the only
motive for using this scale of culture was for veterinary products. However, the licensing of
products such as tPA, EPO, interferon, and therapeutic monoclonal antibodies from
heteroploid lines means that large scale bioreactors are in widespread use. There are many
applications for research products from various types of cells, and this is served by the 2-50
litre range of vessels. At present, the greatest incentive for large scale systems is to grow
hybridoma cells (producing monoclonal antibody). In tissue culture the antibody yield is 50-
to 100-fold lower than when the cells are passaged through the peritoneal cavity of mice,
although the purity is greater, particularly if serumfree medium is used. The main need is to
supply antibodies to meet the requirements for diagnostic and affinity chromatography
purposes, but increasingly as new therapeutic and prophylactic drugs are being developed and
licensed much larger quantities are required.
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4.6 Continuous-flow culture
4.6.1 Introduction

At sub-maximal growth rates, the growth of a cell is determined by the concentration of
a single growth-limiting nutrient. This is the basis of the chemostat, a fixed volume culture, in
which medium is fed in at a constant rate, mixed with cells, and then leaves at the same rate.
The culture begins as a batch culture while the inoculum grows to the maximum value that
can be supported by the growth-limiting nutrient (assuming the dilution rate is less than the
maximum growth rate). As the growth-limiting nutrient decreases in concentration, so the
growth rate declines until it equals the dilution rate. When this occurs, the culture is defined
as being in a 'steady state' as both the cell numbers and nutrient concentrations remain
constant. When the culture is in a steady state, the cell growth rate (u) is equal to the dilution
rate (D). The dilution rate is the quotient of the medium flow rate per unit time and the
culture volume (V):

w =D = fjV day 8

As the growth rate is dependent on the medium flow rate, the mean generation

(doubling) time can be calculated:
p=1n2/D 9

An alternative system to the chemostat is the turbidostat in which the cell density is
held at a fixed value by altering the medium supply. The cell density (turbidity) is usually
measured through a photoelectric cell. When the value is below the fixed point, medium
supply is stopped to allow the cells to increase in number:,Above the fixed point, medium is
supplied to wash out the excess cells. This system really works well only when the cell
growth rate is near maximum. However, this is its main advantage over the chemostat, which
is least efficient or controllable when operating at'the cell's maximum growth rate.

4.6.2 Equipment

Complete chemostat systems can-be purchased from dealers in fermentation equipment.
However, systems can be easily constructed in the laboratory (Figure 10). The culture vessel
needs a side-arm overflow at the required liquid level, which should be approximately half
the volume of the vessel. If a suitable 37°C cabinet is not available, then a water-jacketed
vessel is needed. Apart from this, all other components are standard laboratory items. Vessel
enclosures can be made from silicone (or white rubber) bungs wired onto the culture vessel.
A good quality peristaltic pump, such as the Watson-Marlow range, is recommended.

4.6.3 Experimental procedures

Recommended cells are LS, HeLa-S3, or an established lymphoblastic cell line such as
L1210 or a hybridoma. Growth-limiting factors can be chosen from the amino acids (e.g.,
cystine) or glucose.
4.6.4 Uses

Continuous-flow culture provides a readily available continuous source of cells. Also,

because optimal conditions or any desired physiological environment can be maintained, the
culture is very suitable for product generation (as already shown for viruses and interferon).
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For many purposes a two-stage chemostat is required so that optimal conditions can be met
for cell growth (first stage) and product generation (second stage).

4.7 Airlift fermenter

The airlift fermenter relies on the bubble column principle both to agitate and to aerate
a culture. Instead of mechanically stirring the cells, air bubbles are introduced into the bottom
of the culture vessel. An inner (draft) tube is placed inside the vessel and mixing occurs
because the air bubbles lift the medium (aerated medium has a lower density than non-aerated
medium). The medium and cells which spill out from the top of the draft tube then circulate
down the outside of the vessel. The amount of energy (compressed air) needed for the system
is very low, shear forces are absent, and this method is thus ideal for fragile animal and plant
cells. Also, as oxygen is continuously supplied to the culture, the large number of bubbles
results in a high mass transfer rate. Culture units, as illustrated in Figure 11, are commercially
available in sizes from 2-90 litres (Braun Biotech). The one disadvantage of the system is that
scale-up is more or less linear (the 90 litre vessel requires nearly 4 m headroom). Whether it
will be possible to use multiple draft tubes, and thus enable units with greatly increased
diameters to be used, remains a developmental challenge. However, 2000 litre reactors are in
operation for the production of monoclonal antibodies.

5 Immobilized cultures

Immobilized cultures are popular because they allow far higher unit cell densities to be
achieved (50-200 x 10° cells/ml) and they ‘also confer stability and therefore longevity, to
cultures. Cells in vivo are in a three-dimensional tissue matrix; therefore immobilization can
mimic this physiological state. Higher cell density is achieved by facilitating perfusion of
suspension cells and increasing the unit surface area for attached cells. In addition many
immobilization materials protect cells from shear forces created by medium flow dynamics.
As cells increase in unit density they become less dependent on the external supply of many
growth factors provided by serum, so real cost savings can be achieved. The emphasis has
been on developing systems for suspension cells because commercial production of
monoclonal antibody has been such a dominant factor. Basically two approaches have been
used: immurement (confining cells within a medium-permeable barrier), and entrapment
(enmeshing cells within an open matrix through which medium can flow unhindered).
Immobilization techniques that can be scaled-up, such as the porous carriers will become a
dominant production technology once the beads and process parameters have been optimized.
They are currently excellent laboratory systems for the manufacture of cell products and, with
gelatin carriers, production of cells.

5.1 Immurement cultures
5.1.1 Hollow fibres

These are very effective for suspension cells at scales up to about 1 litre (1-2 X 10°
cells/ml). Simple systems can be set up in the laboratory by purchasing individual hollow
fibre cartridges (e.g., Amicon, Microgon). All that is needed is a medium reservoir and a
pump to circulate the medium through the intracapillary section of the cartridge, and a
harvest line from the extracapillary compartment in which the cells and product reside. To get
better performance there are a number of 'turn-key' systems that can be purchased, from
relatively simple units, e.g., Kinetek, Cellco, Cell-Pharm, Amicon (Mini Flo-Path), Asahi
Medical Co (Cultureflo), to extremely complex and sophisticated units (e.g., Cellex Acusyst)
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capable of producing up to 40 g of monoclonal antibody per month. The Acusyst
(Endotronics, now Cellex Biosciences Inc.) system made the breakthrough by using pressure
differentials to simulate in vivo arterial flow. The unit has a dual medium circuit, one passing
through the lumen, the other through the extracapillary (cell) space. By cyclically alternating
the pressure between the two circuits, medium is made to pass either into, or out of, the
lumen. This allows a flushing of medium through the cell compartment and overcomes the
gradient problem, and gives the possibility of concentrating the product for harvesting. There
are a range of Acusyst units, the Acusyst MiniMax and Maximiser being the laboratory
models using respectively 2-3 and 3-8 litres of medium per day, and capable of running
continuously for 50-150 days (four to five months being a typical run length). There is an
initial growth phase of 10-25 days depending upon inoculum size, medium composition, and
cell line, and when a density of 1-2 x 10" cells is reached (1.1 m? cartridge, e.g., Acusyst
Maximiser) production starts and daily harvesting of mAb begins. Cells cannot be sampled
during the culture so reliance is placed upon a number of process measurements made on a
regular basis-on-line pH and oxygen; off-line glucose, lactate, and if necessary ammonia and
LDH (for loss of viability) at least weekly.

The Tecnomouse is another hollow fibre bioreactor containing up to five flat culture
cassettes containing hollow fibres surrounded by a silicone membrane that gives uniform
oxygenation and. nutrient supply of the culture and ensures homogeneity within the culture.
The system comprises a control unit, a gas and medium supply unit, and the five culture
cassettes. The culture is initiated with cells from 3 x 225 cm>flasks (5 x 107) and grows to 5
x 10® cells. The continuous medium supply is controllable and programmable with typical
flow rates (perfusion or recirculation) of 30 ml/h increasing to 70 ml/h in 5 ml steps. After six
days harvesting can be started and repeated every two to three days for 30-70 days. Each
cassette gives 7 ml culture with 2,5-5.5 mg/ml mAb (equivalent to an average of 10 mg/day).
Thus about 10 litres will yield 400 mg mAb/month and 1.5 g/month using the five cassettes
(data based on manufacturer's information).

5.1.2 Membrane culture systems (miniPERM)

There has been a number of membrane-based culture units developed, many based on
dialysis tubing, and even available as large fermenters (Bioengineering AG Membrane
Laboratory Fermenter with a Cuphron dialysis membrane of 10000 Dalton molecular weight
cut-off forming an inner chamber). One of the more successful and currently available
systems is described here -the miniPERM Bioreactor (Heraens Instruments).

The miniPERM Bioreactor consists of two components, the production module (40 ml)
containing the cells and the nutrient module (600 ml of medium). The modules are separated
by a semi-permeable dialysis membrane (MWCO 12.5 kDa) which retains the cells and mAb
in the production module but allows metabolic waste products to diffuse out to the nutrient
module. There is a permeable silicone rubber membrane for oxygenation and gas exchange in
the production module. The whole unit rotates (up to 40 rp.m.) within a C0, incubator. It can
be purchased as a complete disposable ready to use unit or the nutrient module
(polycarbonate) can be autoclaved and reused at least ten times.

5.1.3 Encapsulation

The entrapment of cells in semi-solid matrices, or spheres, has many applications, but
the basic function is to stabilize the cell and thus protect it from suboptimal conditions. Cells
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can be immobilized by adsorption, covalent bonding, crosslinking, or entrapment in a
polymeric matrix. Materials that can be used are gelatin, polylysine, alginate, and agarose;
the choice largely depends upon the problem being addressed. The matrix allows free
diffusion of nutrients and generated product between the enclosed microenvironment and the
external medium, Alginate is a poly sac charide and is crosslinked with Ca®" ions. The rate of
crosslinking is dependent on the concentration of Ca>" (e.g., 40 min with 10 mM CaCl2). A
recommended technique is to suspend the cells in isotonic NaCl buffered with Tris (1 mM)
and 4% sodium alginate, and to add this mixture dropwise into a stirred solution of isotonic
NaCl, 1 mM Tris, 10 mM Ca.*" at pH 7.4. The resulting spheres are 2-3 mm in diameter. The
entrapped cells can be harvested by dissolving the polymer in 0. 1 M EDTA or 35 mM
sodium citrate. Disadvantages of alginate are that calcium must be present and phosphate
absent and that large molecule, such as monoclonal antibodies, cannot diffuse out. For these
reasons, agarose in a suspension of paraffin oil provides a more suitable alternative. 5%
agarose in PBS free of Ca®” and Mg®" is melted at 70°C, cooled to 40°C, and mixed with cells
suspended in their normal growth medium. This mixture is added to an equal volume of
paraffin oil and emulsified with a Vibro-mixer. The emulsion is cooled in an ice-bath, growth
medium added, and, after centrifugation, the oil is removed. The spheres (80-200 um) are
washed in medium, centrifuged and, after removing the remaining oil, transferred to the
culture vessel, A custom-made unit can be purchased (Bellco Bioreactor), This 3 litre
fluidized bed culture (bubble column) actually encapsulates the cells in hydrogel beads within
the culture vessel and comes with a range of modular units to control all process parameters.

5.2 Entrapment cultures
5.2.1 Opticell

The special ceramic cartridges for suspension cells (S Core) entrap the cells within the
porous ceramic walls of the unit. They are available in sizes from 0.42 m? to 210 m* (multiple
cartridges), which will support-5-x 10" cells with a feed/harvest rate of 500 litres/day and
give a yield of about 50 g of moenoclonal antibody per day.

5.2.2 Fibres

A simple laboratory method is to enmesh cells in cellulose fibres (DEAE, TLC, QAE.
TEAE; all from Sigma). The fibres are autoclaved at 30 mg/ml in PBS, washed twice in
sterile PBS, and added to the medium at a final concentration of 3 mg/ml in a spinner stirred
bioreactor. This method has even been found suitable for human diploid cells.

5.3 Porous carriers

Microcarriers and glass spheres are restricted to attached cells and, because a sphere
has a low surface area/volume ratio, restricted in their cell density potential. Their advantages
are summarized in Table 6. A change from a solid to porous sphere of open, interconnecting
pores (Figure 12), increases their potential enormously. There are various types of porous
microcarrier commercially available (Table 4) A characteristic of these porous carriers is
their equal suitability for suspension tells (by entrapment) and anchorage-dependent cells
(huge surface area).

The problem with many immobilization materials is that diffusion paths become too
long, preventing scale-up, A sphere is ideal in that cells and nutrients have only to penetrate

30% of the diameter to occupy 70% of the total volume. This facilitates scale-up as each
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sphere, whether in a stirred, fluidized, or fixed bed culture, can be considered an individual
mini-bioreactor.

5.3.1 Fixed bed (Porosphere)

The apparatus and experimental procedures for solid spheres is equally suited to porous
Siran spheres (Schott) of 4-6 mm diameter. The only differences are that the bed should be
packed with ovendried spheres and the void volume of cells plus medium inoculated (2 x
10%ml) directly to the bed (dry beads permit better penetration of cells). A larger medium
volume is required, and faster perfusion rates (5-20 linear cm/min) should be used (cells are
protected from medium shear within the matrix), e.g., 1 litre packed bed needs at least a 15
litre reservoir. After the initial 72 h period, 10 litres of fresh medium is added daily.

This method is a low investment introduction to high productivity production of mAb
which is simple to use and reliable with low maintenance, at least for the first 50 days of
culture.

Figure 12. A Siran (Schott Glaswerke) porous glass sphere (120 xm diameter)

Table 6. Porous carriers—advantages compared to solid carriers
Unit cell density 20- to 50-fold higher.
Support both attached and suspension cells.
Immobilization in 3D configuration easily achieved.
Short diffusion paths into a sphere.
Suitable for stirred, flttidized, or fixed bed reactors.
Good scale-up potential by comparison with analogous systems (e.g., microcarrier at
4000 litre).
Cells protected from shear.
Capable of long-term continuous culture.
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5.3.2 Fluidized beds

Porous microcarrier technology, currently the most successful scale-up method for high
density perfused cultures, was pioneered by the Verax Corporation (now Cellex Biosciences
Inc.). Turn-key units were available from 16 ml to 24 litres fluidized beds. The smallest
system in the range, Verax System One, is a benchtop continuous perfusion fluidized
bioreactor suitable for process assessment and development, and for laboratory scale
production of mAbs. Cells are immobilized in porous collagen microspheres, weighted to
give a specific gravity of 1.6, which allows high recycle flow rates (typically 75 cm/min) to
give efficient fluidization. The microspheres have a sponge-like structure with a pore size of
20-40 um and internal pore volume of 85% allowing immobilization of cells to densities of 1-
4 X 10%/ml. They are fluidized in the form of slurry.

The Verax system comprises a bioreactor (fluidization tube), a control system (for pH,
oxygen, medium flow rates), gas and heat exchanger and medium supply, and harvest
vessels. The system is run continuously for long periods (typically over 100 days). In the
author's laboratory it produced 15 x 10'° cells/litre and 540 mg mAb/litre/day (compared
t0166 in the fixed bed described above, 25.5 in a stirred reactor, and 18.5 mg in an airlift
fermenter). In summary, it is probably the most productive system available, giving the cells
a very high specific production rate, but does require some skill to operate to its maximum
potential.

An alternative commercial system is the Cytopilot (Pharmacia Vogelbusch) which is a
fluidized system using polyethylene carriers (Cytoline) and supports 12 X 107 cells/ml
carriers. It is available as the Cytopilot-Mini (400 ml bed) for laboratory scale operation as
well as sizes up to 25 litres. The unit has-a magnetic stirrer that drives the medium up through
a distribution plate into the upper, chamber in which the microcarriers are lifted by
hydrodynamic pressure. The degree of fluidization is controlled by the stirrer speed and a
clear boundary layer is kept at the top of the culture so that clear medium can flow through
the internal central circulation tube (loop) back to the stirrer. The culture is oxygenated by a
mini-sparger delivering microbubbles and a medium feed rate of up to 25 bed matrix volumes
per day giving high productivity. The unit can also be used as a packed bed bioreactor if the
circulation system is reversed. There is a range of porous microcarriers available (Table 7)
for fluidized systems. Alternatively, some of the carriers are designed for stirred cultures.

Table 7. Commercially available porous (micro) carriers

Culture
Trade name Supplier Material Dlam (upm) | mode”
Cultispher G HyClone Gelatin 170-270 F
300-500
Cytocell Pharmacia Cellulose 180-210 S
Cellsnow Kirin Ltd. Cellulose 800-1000 S
Cytoline 1, 2 Pharmacia Polyethylene 1200-1500 |F
ImmobaSil Ashby Scientific Silicone rubber 1000 S
Microsphere Cellex Biosciences Collagen 500-600 F
Si ran Schott Glasswerke Glass 600-1000 F
4000-6000 | X
Microcarrier Asahi Chem. Ind. Cellulose 300 S

S, stirred; F, fluidized; X, fixed bed.
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5.3.3 Stirred cultures

The Cultispher-G (gelatin), Cellsnow (cellulose), and ImmobaSil (silicone rubber)
microcarriers are the most suited to stirred bioreactors, and can be used in an identical
manner to solid microcarriers, i.e., 2 g/litre in shake flasks, spinner flasks, or stirred
fermenters. The silicone rubber of the ImmobaSil microcarriers facilitates oxygen diffusion
and this offers a great advantage over other formulations. About a 40-fold higher
concentration of attached cells, and even greater densities of suspension cells, can be
achieved over solid microcarriers. The cells can be released from the microcarriers by
collagenase treatment.
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Chapter 4
Cell line preservation and authentication

1 Introduction

Thousands of different cell lines have been derived from human and other rnetazoan
tissues. Many of these originate from normal tissues and exhibit a definable, limited doubling
potential. Other cell lines may be propagated continuously, either having gone through an
engineered or spontaneous genetic change from the normal primary population, or having
been developed initially from tumour tissue. Both finite lines of sufficient doubling potential
and continuous lines can be expanded to produce a large number of aliquots, frozen, and
authenticated for widespread use in research.

The advantages of working with a well-defined cell line free from contaminating
organisms would appear obvious. Unfortunately, however, the potential pitfalls associated
with the use of cell lines obtained and processed casually require repeated emphasis.
Numerous occasions where cell lines exchanged among co-operating laboratories have been
contaminated with cells of other species have been detailed and documented elsewhere. For
example, lines supposed to be human have been found to be monkey, mouse, or mongoose
while others thought to be monkey or mink were identified as rat and dog. Similarly, the
problem of intraspecies cross-contamination among cultured human cell lines has been
recognized for over thirty years and detailed reviews are available on the subject. The loss of
time and research funds as a result of these problems is incalculable. While bacterial and
fungal contaminations represent an added concern, in most instances they are overt and easily
detected, and are therefore of less serious consequence than the more insidious
contaminations by mycoplasma. That the presence of these micro-organisms in cultured cell
lines often negates research findings has been stated repeatedly. However, the prevalence of
contaminated cultures in the research’ community suggests that the problem cannot be
overemphasized.

2 Cell line banking

Cell lines pertinent for accessioning are selected by ATCC scientists and advisors
during regular reviews of the literature. The originators themselves also frequently offer the
lines directly for consideration. Detailed information with regard to specific groups of cell
lines accessioned is available elsewhere. Generally, starter cultures or ampoules are obtained
from the donor, and progeny are propagated according to instructions to yield the first 'token’
freeze. Cultures derived from such token material are then subjected to critical
characterizations. If these tests suggest that further efforts are warranted, the material is
expanded to produce seed and distribution stocks. Note especially that the major
authentication efforts are applied to cell populations in the initial seed stock of ampoules. The
distribution stock consists of ampoules that are distributed on request to investigators. The
reference seed stock, Conversely, is retained to generate further distribution stocks as the
initial stock becomes depleted. Although this procedure has been developed to suit the needs
of a large central repository, it is also applicable in smaller laboratories. Even where the
number of cell lines and users may be limited, it is important to separate 'seed stock' from
'working or distribution stock'. Otherwise the frequent replacement of cultured material,
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recommended to prevent phenotypic drift or senescence, may deplete valuable seed stock
which may be difficult and expensive to replace. These various steps in the overall
accessioning scheme are summarized in Figure 1. It is important to recognize that the
characterized seed stock serves as a frozen 'reservoir' for production of distribution stocks
over the years. Because seed stock ampoules are used to generate new distribution material,
one can assure recipients that all the cultures obtained closely resemble those received ten or
more years previously. This is a critical consideration for design of cell banking procedures.
Problems associated with genetic instability, cell line selection, senescence, or transformation
may be minimized or avoided entirely by strict adherence to this principle.

It is prudent to handle all primary tissues or cell lines not specifically shown to be free
of adventitious agents as biohazards in a Class II vertical laminar flow hood (BS5726; NIH
Spec. 03-112). This precaution protects both the cell culture technician and the laboratory
from infection or contamination. Some recommend furthermore that all human tumour lines
be treated with similar caution due to the known presence of oncogenes.

Accessioning Scheme

Starter Culture
Contamination Checks Token Freeze
Species Verification l
Contamination Checks Seed Culture to
Species Varification tm:n i egiﬂlmr for
I ication
SmenEvnboNs. Distribution
Karyology Stoecks
Cilone Forming Efficiency Credentials 1o
Function Tests Advisory Committae
Tumorigenicity Tests for Certification
Assess Fine Structure Replenish
Immunological Tests Distribution

Stock

Figure 1. Accessioning scheme for new cell lines. Scheme illustrating a recommended plan
for the accession of cell lines to be banked for general distribution. At least the first two of
the various characterizations indicated on the left-hand side should be performed before
release of any cell line.

3 Cell freezing and quantitation of recovery

Cellular damage induced by freezing and thawing is generally believed to be caused by
intracellular ice crystals and osmotic effects. The addition of a cryoprotective agent, such as
dimethyl sulfoxide (DMSO) or glycerol, and the selection of suitable freezing and thawing
rates minimize cellular injury. While short-term storage of cell lines using mechanical
freezers (-75°C) is possible, storage in liquid nitrogen (-196°C) or its vapour (to -135°C) is
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much preferred. The use of liquid nitrogen refrigerators is advantageous not only because of
the lower temperatures and, consequently, almost infinite storage times possible, but also due
to the total absence of risk of mechanical failures and the prolonged holding times now
available. Certainly for all but the smallest cell line banking activity, storage in a liquid
nitrogen refrigerator is essential.

Two considerations on safety in processing cell lines require special emphasis. First,
the cell culture technician may be endangered due to the possibility that liquid nitrogen can
penetrate ampoules via hairline leaks during storage. On warming, rapid evaporation of the
nitrogen within the confines of such an ampoule can cause a sharp explosion with shattered
glass or plastic flying at high force almost instantaneously in all directions. Fortunately the
frequency of such traumatic accidents declines dramatically as the operator gains experience
in ampoule sealing and testing. However, even with highly accomplished laboratory workers,
the remote possibility of explosion still exists. Thus, a protective face mask should be worn
whenever ampoules are removed from liquid nitrogen storage and until they have been safely
opened in the laminar flow hood. Secondly, DMSO can solubilize organic substances and, by
virtue of its penetrability through rubber and skin, carry these to the circulation. Thus, special
precautions should be exercised when using DMSO to avoid contamination with hazardous
chemicals and minimize skin contact.

3.1 Equipment
3.1.1 Ampoules, marking, and sealing devices

A decision on whether to utilize glass or plastic ampoules will depend on the scale of
operation and the extent of anticipated distribution. Glass ampoules can be sterilized, loaded
with the appropriate cell suspension, and permanently sealed in comparatively large
quantities. They are recommended for large lots-of cells (20 ampoules or more) are prepared
for long-term use or general distribution. Smaller numbers (1-20) of plastic ampoules are
easier than glass to handle, mark, and seal. Problems with the seal may occur in some cases,
however, especially if frequent handling or manipulations for shipment are necessary. The
marking of ampoules requires special consideration in that legibility can easily be obscured
as the ampoules are frozen, snapped on and off storage canes, transferred between freezers or
shipping containers, and so forth. The use of paper labels, ballpoint pen, or standard
laboratory markers all are problematical and this is especially true with glass ampoules.
These should be labelled in advance with ceramic ink that can be heat annealed to the glass
surface. The markings can be applied by hand with a straight pen or, if large lots are being
processed, through use of a mechanical labeller (e.g., from Markem Co., Keene, New
Hampshire).

Glass ampoules can best be sealed by pulling on the neck of the ampoule as it is rotated
in the highest heat zone of the flame from a gas-oxygen torch. This pull-seal technique is
preferred because it reduces the risk of permitting pin-hole leaks in the sealed tip. Torches for
manual sealing can be obtained from scientific supply houses. For large lots, a torch can be
attached to a semi-automatic sealing device available as Bench sealer model 161 from
Morgan Sheet Metal Co., Sarasota, FL, USA.

3.1.2 Slow freezing apparatus

The optimum freezing rate for cell lines (for most cells about -1 °C/min) can be
achieved through use of apparatus varying in complexity from a tailor-made styrofoam box to
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a completely programmable freezing unit. The former should have a wall thickness of about 2
cm to approximate the -1 °C cooling rate when placed in a mechanical freezer at -70 °C.
Alternatively, manufacturers of liquid nitrogen refrigerators supply adapted refrigerator neck
plugs, at modest cost, which can be adjusted for slow freezing of numbers of ampoules. For
those who produce larger quantities of ampoules and require more precise control of the
freezing rate, a controlled rate freezer (e.g., Cryo-Med; Planer; Union Carbide) should be
considered.

3.1.3 Liquid nitrogen refrigerators

Choice of an appropriate refrigerator will require considerations of economy, both in
terms of liquid nitrogen consumption and initial outlay, storage capacity required, and desired
ease of entry and retrieval. Freezers with narrower neck tube openings are generally more
economical.

Ampoules of cells may be stored immersed in liquid nitrogen or in the vapour phase.
The latter has the advantage that ampoules with pin-hole leaks will not be exposed to liquid
so the danger of explosion is eliminated. The slightly higher temperature probably offers no
disadvantage except perhaps with seed stocks retained for extremely long periods.

Useful accessories for refrigerators include roller bases for ease of movement, alarm
systems to warn of dangerously low levels of liquid nitrogen, and racking systems, with
larger refrigerators, for ready storage and recovery. Even when an automatic alarm system is
used this should be backed-up with a regular manual check using a dip-stick. Electronic
systems can fail and it has been known, for both the automatic fill system and its back-up
alarm to fail.

3.2 Preparation and freezing

Cultures in the late logarithmic or just pre-confluent phase of growth should be selected
to give the highest possible initial viability. Treat the cultures with trypsin if necessary to
produce a uniform single cell suspension as if for routine subcultivation and proceed.

3.3 Reconstitution and quantitating recovery

Rapid thawing of the cell suspension is essential for optimal recovery; a variety of
methods may be used to quantitate cell recovery after freezing. Of course this is the first
characterization step to be performed after preservation.

3.3.1 Dye exclusion for quantitating cell viability

A very approximate estimate of the viability of cells in a suspension may be obtained
by the dye exclusion test. A solution or the dye in saline is added to the suspension and the
percentage of cells which do not take up the stain is determined by direct count using a
haemocrvtometer. Tiypan blue or erythrocin B are the stains most commonly used for this
procedure. The former reportedly has a higher affinity for protein in solution than for non-
viable cells. This may reduce the accuracy of the estimate if the suspension contains much
more than 1 % serum. Furthermore, because solutions of erythrocin B are clear, microbial
growth or precipitates are immediately apparent. This is not true for stock solutions of trypan
blue.
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3.3.2 Colony-forming efficiency

The dye exclusion test for cell viability generally overestimates recovery. For lines
consisting of adherent cells, the colony-forming ability of cells from the reconstituted
population represents a more accurate overall estimate of survival. Of course the choice of
growth medium used, the substrate on which the colonies develop, and the incubation time all
may have an effect on the end-result. Thus for comparisons among different freezes,
conditions for selected lines must be standardized.

3.3.3 Proliferation in mass culture

The vitality of reconstituted cells from either adherent or non-adherent lines can also be
documented by simply quantitating proliferation during the initial one to two weeks after
recovery from liquid nitrogen.

4 Cell line authentications

In addition to recoverability from liquid nitrogen, the absolute minimum recommended
authentication steps include verification of species and demonstration that the cell line is free
of bacterial, fungal or mycoplasmal contamination.

4.1 Species verification

Species of origin can be determined for cell lines using isoenzyme profiles or by
cytogenetics. These two methods are used at ATCC.

4.1.1 Isoenzyme profiles

Isozyme analyses performed on homogenates of cell lines from over 25 species have
demonstrated the utility of this biochemical characteristic for species verification. By
determining the mobilities of multiple isozyme systems one can identify the species of origin
of cell lines with a high degree of certainty. The procedures are relatively straightforward,
provide consistent results, and do not require expensive equipment. A kit (AuthentiKit™,
Innovative Chemistry, Inc.) has been developed for this purpose. Pre-cast /% agarose gels on
a polystyrene film backing, buffers, enzyme substrates with stabilizers, and appropriate
control extracts are available. Specially constructed electrophoretic chambers are utilized
after coupling to power supplies. Over 15 different enzyme systems can be evaluated. The
advantages of the kit include the convenience of ready-made gels and reagents plus the
significantly lower times required for electrophoretic separations (15-45 min). After drying,
the gels can be retained to document cell line characteristics (Figure 2).

4.1.2 Cytogenetics

Karyologic techniques have been used to monitor for interspecies contamination among
cell lines. In many instances the chromosomal constitutions are so dramatically different that
even cursory microscopic observations are adequate. In others, as for example comparisons
among cell lines from closely related primates, careful evaluation of banded preparations is
required.

The standard method involves the swelling of metaphase-arrested cells by brief
exposure to hypotonic saline (Table 1). The cells are then fixed, applied to slides to optimize
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spreading, stained, and mounted for microscopic observation. The frequency of introduction
of artefacts through this method will vary depending upon the cell line and the degree of
experience. Rupturing of cells will occur, for example, and apparent losses or gains in
chromosomes will result.

However, by counting the chromosomes in 50-100 well-spread mctaphases and
recording the modal number the cytogeneticist can obtain a reliable estimate for a specific
line.
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Figure 2. Isoenzyme get. An agarose gel processed for giucose-6-phosphate
dehydrogenase using the AuthentiKit™. The gel was loaded with extracts from murine and
human cells plus one murine/human mixture. Lanes 2 in the left section (LHS) and 2 and 3 in
the right section (RHS) are human. Lanes 1, 3, and 4 (LHS) and 1 (RHS) are from extracts of
murine lines. Lane 4 (RHS and arraiv) is from the mixed line.

Table 1. Stock solutions for routine karyology
Colcemid stock: 1 mg/50 ml double glass distilled water (DGDW); store frozen in small
aliquots
KClI: 0.075 M in DGDW
Fixative: 3 parts anhydrous methyl alcohol, 1 part glacial acetic acid (combine just before
use)
Acetic orcein stain: 2 g natural orcein dissolved in 100 ml of 45% acetic acid
Giemsa stain: 10% in 0.01 M phosphate buffer at pH 7 (solution available commercially)
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The karyotype is constructed by cutting chromosomes from a photomicrograph either
manually or using a software package and arranging them according to arm length, position
of centromere, presence of secondary constrictions, and so forth. Consult the Atlas of
mammalian chromosomes for examples of conventionally stained preparations from over 550
species. For a more critical karyotypic analysis, chromosome banding techniques are
required.

4.2 Tests for microbial contamination

The tests included here are suitable for detection of most micro-organisms that would
be expected to survive as contaminants in cell lines or culture fluids. Techniques for detecting
protozoan contamination are not presented as these organisms are rarely found in continuous
lines and descriptions of the methodology are available elsewhere. Commercial dry powders
are entirely satisfactory for preparation of test media for bacteria, fungi, and mycoplasma
provided that positive controls are included at least with the initial trials on each lot obtained.

4.2.1 Detection of bacteria and fungi

To examine cell cultures or suspect media for bacterial or fungal contaminants,
Microscopic examination is only sufficient for detection of gross contaminations and even
some of these cannot be readily detected by simple observation. Therefore, an extensive
series of culture tests is also required to provide reasonable assurance that a cell line stock or
medium is free of fungi and bacteria.

4.2.2 Mycoplasma detection

Contamination of cell cultures by mycoplasma can be a much more insidious problem
than that created by growth of bacteria or fungi. While the presence of some mycoplasma
species may be apparent due to the degenerative effects induced, others metabolize and
proliferate actively in the culture without producing any overt morphological change in the
contaminated cell line. Thus cell culture studies relating to metabolism, surface receptors,
virus-host interactions, and so forth are certainly suspect, if not negated in interpretation
entirely, when conducted with cell lines harbouring mycoplasma. Nine general methods are
available for detection of mycoplasma contamination. The direct culture test, a sensitive PCR
analytical kit, and the 'indirect' test employing a bisbenzimidazole fluorochrome stain
(Hoechst 33258) for DNA are used routinely at the ATCC to check incoming cell lines and
all tell distribution stocks for mycoplasma. The serum, yeast extract, and other ingredients
used for mycoplasma isolation and propagation should be pre-tested for absence of toxicity
and for growthpromoting properties before use. Positive controls consisting of M.arginim.
M.orale and A. laidlawii are recommended because they are among the most prominent
species isolated from cultured cells.
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Figure 3. Mycplasma colonies. Mcro-photograph showing colonies of mycoplasrﬁa in agar
plate. The smaller material between colonies is from the inoculum of cultured cells and

debris.
Table 2. Suggested regimen for detecting bacterial or fungal contamination in cell
cultures
Temperature Aerobic
Test medium (°C) state Observation time (days)
Blood agar with fresh 37 Aerobic 14
defibrinated rabbit blood (5%) 37 Anaerobic 14
Thioglycollate broth 37 Aerobic 14
26
Trypticase soy broth 37 Aerobic 14
26
Brain heart infusion broth 37 Aerobic 14
26
Sabouraud broth 37 Aerobic 21
26
YM broth 37 Aerobic 21
26
Nutrient broth with 2% yeast 37 Aerobic 21
extract 26

As many strains of mycoplasma, especially M. hyorhinis, are difficult or impossible to
cultivate in artificial media, an 'indirect' test method should also be included. Positive and
negative controls should be included with each test series. For this indirect test the Vero or
3T6 cells inoculated with medium only serve as negative controls. M. hyorhinis, M, argmini,
M. orale, and A. laidlawti are suitable controls with the order of preference as listed. The
nucleic acid of the organisms is visible as particulate or fibrillar matter over the cytoplasm
with the cultured cell nuclei more prominent (Figure 4). With heavy infections, intercellular

spaces also show staining.
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Figure 4. Hoechst staining of mycoplasma. Microphotograph showing mycoplasmal DNA
demonstrated by Hoechst staining. The larger fluorescing bodies are nuclei of the substrate
cell line Vero.

Preparation of positive controls, i.e., deliberately infecting cultures, creates a potential
hazard to other stocks, so infected cultures should be prepared at a time when, or in a place
where, other cultures will not be at risk. Fix and store positive controls at -4°C over desiccant
until required. In all quality control work with mycoplasma or unknown cultures it is prudent
to work in a vertical laminar flow hood, preferably isolated from other standard cell culture
activity. One should be aware continually of the danger of contaminating clean cultures by
aerosols from mycoplasma-containing cultures manipulated in the same area or manually
during processing of multiple culture flasks. Appropriate disinfection between uses of a hood
or work area is strongly recommended:

Various polymerase chain reaction (PCR) tests for mycoplasma have been developed,
including those used at ATCC. Eight commonly encountered mycoplasma contaminants can
be detected: M. arginini, M. fermcntans, M. homims, M.hyorhims, M. orak, M, pirum, M.
sdivarium, and Acholeplasma laidlawii; which account for more than 95% of mycoplasma
contaminants in cell cultures. Mycoplasma DNA in plants and insects can also be detected.
The amplification product can be used to identify the species of mycoplasma by size
determination and restriction enzyme digestion.

4.2.3 Testing for the presence of viruses

Of the various tests applied for detection of adventitious agents associated with cultured
cells, those for endogenous and contaminant viruses are the most problematical.
Development of an overt and characteristic cytopathogenic effect (CPE) will certainly
provide an early indication of viral contamination. The absence of CPE, however, definitely
does not indicate that the culture is vims-free. In fact, persistent or latent infections may exist
in cell lines and remain undetected until the appropriate biological, immunological,
cytological, ultra structural, and/or biochemical tests are applied. Additional host systems or
manipulations, for example, treatment with halogenated nucleosides, may be required for
virus activation and isolation. Molecular techniques for detection and identification of
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specific viral infections may be diagnostic. In this regard, a non-radioactive method has been
adapted at ATCC to screen for human immunodeficiency (HIV) and hepatitis viruses (e.g.,
HBYV) in human fetal cells and tissues. As cited by David Kellogg and co-workers SK38 and
SK39 primers have been successfully used to detect HIV-I in infants born to seropositive
mothers.

Table 3. Reagents for detection of HIV

Primers: SK385-TTTGGTCCGCCTATCCCAGTAGGAGAAAT-3'
SK39 5'-TTTGGTCCTTGTCTTATGTCCAGAATGC-3'
DNA probes: SK-19 ATCCTGGGATTAAATAAMTAGTAAGAATGTATAGCCCTAC

Positive control: | ATCC cell line CRL-8993 (8ES)

Negative control: | ATCC cell line CCI-171 (MRC-5

Table 4. Reagents for detection of HBYV

Primers: MDO06 (5"’hCTTGGATCCTATGGGAGTGG
MDO03 (5")-CTCAAGCTTCATCATCCATATA
DNA probes: MDO09 (5") GCCTCAGTCCGTTTCTCTTGGCTCAGTTTACTAGTGCCATTTGTTC

Positive control: ATCC cell line HB-8064 (Hep-SB)

Negative control: | ATCC cell line CCL-2

Table 5. Solutions for HIV/HBYV assays

1 x TBE buffer: 0.05 M Tris, 0.05 M boric acid, ] mM EDTA pH 8.0
20 x SSC buffer: 3 M NaCl, 0.3 M Na3 citrate2H20 pH 7.0
Lysis buffer: 0.15 M NaCL, 0.1 M EDTA, 0.02 M Tris, 1% (w/v) SDS pH 8.0

20 mg/ml proteinase K stock in 0.15 M NaClI
10 mg/ml RNase stock in 10 mM Tris pH 7.5

Maleic acid: 0.1 M maleic acid, 0.15 M NaCI pH 7.5

Standard hybridization | 0:1% W lauroylsarcosine, 0.02% SDS, 1% blocking reagent,
buffer (1 litre): 125 ml of 20 x SSC

Washing buffer: 0.1 M maleic acid, 0.15 M NacCl, 0.3% (w/v) Tween 20 pH 7.5

These oligonucleotides primers (SK38, SK39) amplify a 115 bp fragment of the HIV
gag gene (Table 3). MD06 and MDO03 oligonucleotides are unique for HBV. The first
oligonucleotide (MDO06) spans position map genome 636-648, and the second position
(MDO03) 736-746. During the PCR amplification those two nucleotides amplify the synthesis
of the 110 bp fragments (Table 4). The amplicons are separated by a 10% polyacrylamide
gel, then transferred to a nylon membrane by electrophoretic transblotting, and detected by
hybridization with digoxigenin labelled oligonucleotides and chemiluminescence (Tables).
Equipment, reagents, and supplies for these methods are commercially available. HBV
amplicons and controls revealed by chemiluminesce are provided as Figure 5.

It should be emphasized that, in spite of these screens, latent viruses and viruses which
do not produce overt CPE or haemadsorption will escape detection. Some of these could be
potentially dangerous for the cell culture technician. For additional detail and methodology
consult refs 20-23.
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Figure 5, Photo of PCR for HBV. Screen for human hepatitis B sequences in fetal cells.
Positive controls show amplicons from cell lines Hep-3B and PLC/PRF5 known to be
infected with hepatitis B (ATCC HB-8064 and CRL-8024). Negative control artel test
cultures are indicated by letters WHC.

4.3 Testing for intraspecies cross-contamination

With the dramatic increase in numbers of cell lines being developed, the risk of
intraspecies cross-contamination rises-proportionately. The problem is especially acute in
laboratories where work is in progress with the many different cell lines of human and
murine origin (hybridomas) available today. Tests for unique karyology, polymorphic
isoenzymes and DNA, and surface marker antigens are all important tools to detect cellular
cross-contamination within a given species.

4.3.1 Giemsa banding

A powerful method for cell identification is karyotype analysis after treatment with
trypsin and the Giemsa stain (Giemsa or G-banding). The banding patterns are characteristic
for each chromosome pair and permit recognition by an experienced cytogeneticist even of
comparatively minor inversions, deletions, or translocations. Many lines retain multiple
marker chromosomes, readily recognizable by this method, which serve to identify the cells
specifically and positively.
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Figure 6. Giemsa banded chromosomes from the cell line ATCC.CCL-208 (4MBr-5)
isolated from a rhesus monkey bronchus.

Completely dried slides are used to examine under bright-field, oil-immersion
planapochromat objectives without coverslip. Oil can be placed directly on the slide.
However, care must be taken not to scratch the cell surface. Oil must be removed as
completely as possible immediately after the use/of slides. Generally a few changes in xylene
should be satisfactory. A typical banded preparation is shown as Figure 6.

4.3.2 DNA fingerprinting

DNA fingerprinting of human cell lines provides the resolution necessary to confirm
the authenticity of a cell line and to rule out the possibility of cell line cross-contamination.
DNA fingerprinting became' possible with identification of hypervariable repetitive
minisatellite (base repetitive motif is 10-20 bp) DNA. Traditional use of these loci involved
the laborious, time-consuming procedure of Southern blotting. Two strategies have been used
when working with VNTR loci. The first strategy employs a multilocus probe that can
simultaneously illuminate the genotype at many loci. Although highly informative, this
strategy is problematic as a routine screening technique due to the difficulty in interpreting
the complex multiple banding patterns. The alternative strategy is to use a cocktail of less
informative single locus VNTR probes. When the single locus probe genotypes are
combined, a level of discrimination similar to multilocus VNTR fingerprints is possible with
the simplicity of interpreting two band patterns. The adaptation of the polymerase chain
reaction (PCR) has removed the need to use Southern blotting when examining these VNTR
loci which means that loci can be typed in hours rather than days.

Smaller microsatellite (base repetitive motif is 2-6 bp) loci have been identified as well,
Short tandem repeat (STR) loci in differentiating humans at the DNA level. One significant
advantage enjoyed by STR loci over their minisatellite cousins is their small size. The small
size of STR loci allows multiplex PCR reactions to be developed in which many loci are
simultaneously examined in a single reaction.When authenticating a new line, it is
recommended that DNA be extracted from the cell line using a traditional liquid extraction
method as this tends to minimize STR artefacts which may complicate allele assignment. For
validation of subsequent passages of the cell line, more expedient DNA techniques may be
used, which may produce ambiguous allele assignments. Generally, comparison with the
authentic DNA fingerprint easily resolves these ambiguities. Although the STR system
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presented utilizes fluorescent labels and an automated collection device, it should be noted
that various SIR formats have been developed that use isotopic, chemiluminescent, or silver
staining to detect and type these loci with similar accuracy. One facet of DNA fingerprinting
data, which cannot be overemphasized, is the need to convert PCR fragment sizes into alleles
when developing genotypes for cell lines. This requires the development of an allelic ladder
which contains all of the commonly observed alleles for each STR locus under examination.
This ladder must be run on every gel, as it will serve to normalize the data and minimize the
errors that inevitably crop up when comparing fragment size data between different gels.
More importantly, this allows different laboratories, which may use different STR formats, to
compare their results in a straightforward, unambiguous manner. Typical STR profiling
results are presented in the electropherograms (Figures 7 and 8). Figure 7 represents the data
generated when analysing two cell lines derived from the same patient. Figure 8 compares the
STR profiles generated from two unrelated cell lines.
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Figure 7. DNA profiles of cell lines from the same patient. Comparison of the identical STR
profiles for the EBV-transformed lymphoblast line CRL-5957 and the tumour line CRL-5868
derived from the same female patient. Upper tracings represent the four STR loci D5SS18,
D13S317, D7S820, and D16S539. The lower tracings represent the four STR loci VWA,

THO1, TPOX, and CSF1PO as well as the amelogenin locus used for gender identification.
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Figure 8. DNA profiles of two unrelated cell lines. Comparison of unique STR profiles for
the unrelated male cell line CRL-5963 and female cell line CRL-1855, Upper tracings
represent the four STRtoci D5S818, D13S317, D7S820, and D16S539. The lower tracings
represent the four STR loci vWA, THO1, TPOX, and CSFIPO as well as the amelogenin
locus used for gender identification.

Table 6. Laboratory stock buffers and reagents

1 x PBS: 135 mM NaCl, 2.5 mM KCI, 10 mM
20% SDS Na,HP04, 2 mM KH,PO, pH 7.4

6 M NaCl

Isopropanol

70% ethanol

Low TE buffer: 10 mM Tris, 0.1 mM EDTA pH 7.6
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Table 7. Vendor reagents and supplies
Cell lysis solution (Gentra Systems, Cat. No. D-50K2)
RNase A solution (Gentra Systems, Cat. No. D-50K6)
FTA classic format card (Life Technologies, Cat. No. 10786010) includes:
FTA purification reagent
TE-a (low TE buffer, supplied with kit)
UltraBARRIER pouch (Life Technologies, Cat. No. 64030026)
HARRIS micro-punch (Life Technologies. Cat. No. 10786069)
GenePrint™ PowerPlex1* 1.2 System (Promega, Cat. No. DC6101) includes:
Gold STAR buffer
PowerPlex 10 X primer pair mix
AmpliTaq Gold™ (Perkin Elmer, Cat. No. N808-0241)
Mineral oil (Perkin Elmer, Cat. No, 0186-2302)
GS-500 ROX (PE/ABD, Cat. No. 401734)
Formamide (Sigma, Cat. No. F-9037)
6% polyacrylamide (8.3 M urea) Burst-Pak™ Gel (Owl Scientific, Cat, No, SEQ-6-10)
5 x TBE liquid concentrate (Amresco, Cat. No. J885-1L)

4.4 Characterizations and cell line availability

A host of additional cell line characterizations may be considered depending upon the
tissue type of origin and the intended use for given cell lines. For example, analysis of fine-
structure, immunological tests for cytoskeletal and tissue-specific proteins, or assays for
monoclonal antibody secreted may be required. Authenticated cell lines may be obtained
from national banks established over the past 10-30 years. Such public repositories include
the ATCC, the Human Genetic Mutant Cell Repository at the Coriell Institute for Medical
Research in Camden, NJ, USA, the German Collection of Microorganisms and Cell Cultures
(DSMZ) in Braunschweig, the European Collection of Animal Cell Cultures, Porton Down,
Salisbury, UK, the Japanese Cell Bank for Cancer Research at the National Institute of
Hygiene Services in Tokyo, and the Riken Cell Bank in Tsukuba City, Japan.
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Chapter 5
Serum-free media

1 Introduction

The removal of serum or other undefined components from cell culture medium
involves a multifaceted approach. This is mainly due to the interactive nature of cell culture
systems. Cell culture systems require various components: basal nutrients, a set of
supplements that convey information, such as growth factors, mitogens, hormones, and
cytokines and for anchorage-dependent cells, a substrate. In designing any cell culture system
attention must be paid to all these components and their interactions. The role of the basal
nutrient component needs to be addressed in a systematic manner. For normal eukaryotic
cells, the optimization of the basal nutrients is an important aspect in the generation of serum-
free media. The removal of an essential nutrient, such as an amino acid, vitamin, or mineral
would effectively inhibit the activity of the cells in a serum-free culture environment. It has
been demonstrated qualitatively that various cell types require the same nutrients but that
quantitatively there are significant differences. It is reasonable to assume that there is an
optimized concentration for a set of nutrients for a particular function for a particular cell

type.
2 Role of serum and other undefined tissue extracts in cell culture systems

In media these undefined supplements (serum,. pituitary brain, and other extracts)
provide not only essential nutrients and attachment factors but also act as detoxificants. The
undefined nature of these supplements and their potential for carrying adventitious agents and
determining the phenotype of cells motivates-their avoidance or minimization whenever
possible. These supplements can contain inhibitors or promoters of the processes under study.
In the bioprocessing industry the contribution of these supplements to the final product
necessitates extensive downstream purification. In addition, the cell phenotype can be better
controlled in the absence of serum.

3 Response curves
3.1 Proliferating cultures

The quantitative evaluation of nutrient requirements necessitates titration of the basal
components in a systematic manner. The responses evaluated can be any cellular
characteristic: proliferation, product secretion, or expression of a differentiated function. Two
types of responses are possible: the essential nutrient response, and the non-essential nutrient
response (Figure 1). The essential response is characterized by a zero response to zero
concentration, followed by a positive increase to rising concentrations, a plateau region where
no increase in response is observed with higher concentration, and finally an inhibitory
region. The slope of the positive response, the length of the plateau, and the slope of the
inhibitory regions are dependent on the nutrient and cell under study. The aim of this exercise
is to determine the concentration of the nutrient that is represented by the middle of the
plateau.

In optimizing the concentration of a nutrient, amino acids represent the largest group

where interactions occur, because there are common transport systems for amino acids. These
systems interact in a positive or negative manner. A consequence of this is that by changing
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the concentration of one amino acid it is possible to influence the response curve of another
amino acid. By placing the concentration of a component in the middle of the plateau region,
a shift in any direction will minimize the risk of entering a deficient or inhibitory area. The
non-essential condition is characterized by a significant response at zero concentration of the
nutrient. There may also be a response to increasing concentrations of the nutrient. If the
desired outcome is maximal proliferation, then the concentration of the non-essential nutrient
also needs to be optimized.

Examples of this are observed in Figures 2 and 3. In Figure 2, L-phenylalanine and L-
tyrosine are titrated using normal human aortic smooth muscle cells (AOSMC). The L-
tyrosine titration demonstrates that in the absence of L-tyrosine, proliferation close to
maximum is observed. However, in Figure 3, where Lphenylalanine and L-tyrosine are
titrated using normal human bronchial/tracheal epithelial cells (NHBE), L-tyrosine appears to
be an essential nutrient. In whole animals L-phenylalanine can be converted to L-tyrosine by
L-phenylalanine hydroxylase. This metabolism has been observed in various other cell
culture systems but not with NHBE. In a similar fashion, titrating the amino acid pair L-
methionine and L-cysteine (Figures 4 and 5), it is seen that Lcysteine is not an essential
amino acid for AOSMC, whereas in NHBE, L-cysteine is essential. L-cysteine is synthesized
from L-serine and L-methionine in the liver and brain and in fibroblasts expressing
cystathionine synthetase.

Nutrient requirements for cells in culture are determined best in clonal growth assays.
At high density, cells are able to condition the medium by excreting essential factors. In a
clonal growth assay the volume of medium is too large for the small number of cells to
effectively condition the medium. Consequently, the cells are dependent on the nutrients
present in the medium and a deficiency may be observed.
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Figure 1. Idealized response of an essential (A) and non-essential (B) nutrient. Based
on these responses it is possible to determine the optimized concentration of the nutrient.
Note that in the absence of an essential nutrient (one that cannot be synthesized by the cell)
no response is observed at zero concentration. On addition of the essential nutrient a dose
response is observed: an increase in concentration results in an increase in response. At
higher concentrations a plateau is observed where there is no increase in response with
increased concentration. The third part of the response is characterized by a decrease in
response with increasing concentration of nutrient. In the case of the non-essential nutrient a
significant response is observed at zero concentration. However, further addition of the non-
essential nutrient may result in an enhanced response. Although the non-essential nutrient can
be synthesized by the cell it may not be synthesized at rates sufficient to meet the maximum
requirement and/or the addition of the nutrient may relieve the metabolic load required for its
synthesis.
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Figure 2. Titration of L-phenylalanine (A) and L-tyrosine (B) using AOSMC. L-
phenylalanine is demonstrating essential nutrient behaviour while L-tyrosine is demonstrating
non-essential nutrient behaviour. In the absence of L-tyrosine, L-phenylalanine may be
contributing to the L-tyrosine pool through the action of phenylalanine hydroxylase, but there
may also be }orotein breakdown contributing to the L-tyrosine pool. The cells were plated at
200 cells/cm” and kept in culture for 10-11 days without a medium change and then fixed in
formaldehyde and stained with crystal violet. Quantitation was performed by extracting the
crystal violet and reading the optical density at 590 nm. The optical density of extracted
crystal violet is correlated with cell number during logarithmic growth. No serum or other
tissue extract was present in the medium unless otherwise stated. The values on the x axis
refer to multiples of the log of the optimal concentration.
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Figure 3. Titration of L-phenylalanine (A) and L-tyrosine (B) in NHBE. Both L-
phenylalanine and L-tyrosine behave as essential nutrients. The values on the x axis refer to
multiples of the log of the optimal concentration. These cells were plated at 100 cells/cm?* and
kept in culture for seven days without a medium change. No serum or other tissue extract was
present in the medium unless otherwise stated. The values on the x axis refer to multiples of
the log of the optimal concentration. Quantitation was performed as described in Figure 2.
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Figure 4. Titration of L-methionine (A) and L-cysteine (B) in AOSMC. L-methionine
is demonstrating essential nutrient behaviour while L-cysteine is demonstrating non-essential
nutrient behaviour. L-cysteine can be synthesized from L-serine which provides the carbon
chain and L-methionine which provides the sulfur atom. No serum or other tissue extract was
present in the medium. The values on the x axis refer to multiples of the log of the optimal
concentration. Conditions are similar to those stated in Figure 2.

One basal component with profound effects on cell proliferation is sodium chloride
(NaCl). Figure 6 demonstrates the response of normal human epidermal keratinocytes
(NHEK) to various concentrations of NaCl. The response is characterized by a relatively
sharp peak. The sensitivity to NaCl may be due to the energy expenditure associated with the
maintenance of the Na'-K'-ATPase membrane transport.
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Figure 5. Titration of L-methionine (A) and L-cysteine (B) in NHBE. Both L-
methionine and L-cysteine behave as essential nutrients. The values on the x axis refer to
multiples of the log of the optimal concentration. These cells were plated at 100 cells/cm?* and
kept in culture for seven days without a medium change. No serum or other tissue extract was
present in the medium unless otherwise stated. The values on the x axis refer to multiples of
the log of the optimal concentration. Quantitation was performed as described in Figure 2.

3.2 Non-proliferating cultures: Primary Cells (ex: hepatocytes)

Normal adult rhesus monkey hepatocytes do not proliferate to any significant extent. A
characteristic of hepatocytes is cytochrome P450 activity and the medium optimization uses
this activity as an end-point. In Figure 7 the titration of two amino acids is depicted using
hepatocytes exposed for 48 hours to 3-methylcholanthrene. A homologous series of the n-
alkyl ethers of phenoxazone (alkoxyresorufins) is available for the study of various
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cytochrome P450s. The phenoxazone ethers are hydroxylated and 0-dealkylated to a common
fluorescent metabolite, resorufin, which fluoresces at 590 nm when excited at 530 nm. The
particular phenoxazone ether used to measure cytochrome P450 upon 3-methylcholanthrene
induction was ethoxyphenoxazone. The L-leucine titration demonstrates a dose response, but
no dose response is observed for L-tyrosine. L-leucine is demonstrating essential amino acid
activity while L-tyrosine is not, and this may be due to the conversion of L-phenylalanine to
L-tyrosine by phenylalanine hydroxylase.
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Figure 6. Response of normal human keratinocytes to various concentrations of NaCl.
Sodium chloride demonstrates essential nutrient behaviour, which is not surprising given the
various functions NaCl executes. Of the many functions of sodium chloride, influence over
the osmolarity of the medium is one of the most profound. As can be seen from the graph, a
15-20% change in concentration has significant effects. The arrow refers to the concentration
of NaCl before the optimization process. No serum or other tissue extract was present in the
medium. The values on the x axis refer to multiples of the log of the optimal concentration.
Quantitation was performed as described in Figure 2.

4 Antimicrobials, phenol red, Hepes, and light

Cell culture systems have a high growth potential for micro-organisms. During primary
culture, control of the microbial load is highly desirable. However, once the culture is
established, antimicrobials are unnecessary in small scale cultures and potentially could mask
occult infection. In attempting to establish defined systems the use of antimicrobials and
phenol red is debatable; however, in the bioprocessing industry where thousands of litres are
at stake a microbial contamination would be a financial disaster.
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Figure 7. Response of Rhesus monkey hepatocytes to varying concentrations of L-
leucine and L-tyrosine. The isolated hepatocytes were inoculated at 105 cells/cm? on collagen
coated plates. After eight days in culture the hepatocytes were stimulated with 2 pM 3-
methycholanthrene for an additional two days. 3-Methylcholanthrene is known to increase
the expression of cytochrome P450 1A1/2. At that time 7-ethoxyphenoxazone was added for
40 min. After the incubation period the fluorescence of the 7-hydroxyphenoxazone, also
known as resorufin (the product of the reaction), was read in the CytoFluor reader set at
excitation 530 nm and emission of 590 nm. Each concentration has two bars: the smaller bar
represents the fluorescence of the unstimulated hepatocytes and the larger bar represents the
fluorescence of the stimulated hepatocytes. L-leucine demonstrates essential nutrient
behaviour and L-tyrosine non-essential nutrient behaviour. The liver contains phenylalanine
hydroxylase producing L-tyrosine and this is the most likely interpretation of the non-
essential behaviour of L-tyrosine in this experiment.
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4.1 Phenol red

Phenol red is widely used as a pH indicator in cell culture media. Unfortunately, phenol
red or contaminants can interact unfavourably with cultured cells, causing toxicity and
oestrogenic activity. Sodium-potassium ion homeostasis is perturbed in serum-free medium
containing phenol red and the effect is neutralized by serum or serum albumin. A
contaminant that became toxic when the pH rose above 7.4 but was virtually inert at lower
pH values. HPLC analysis revealed many contaminating peaks and identified the cytotoxicity
with a particular peak that differed from the oestrogenic activity. Anti-oestrogens frequently
suppress growth below that of control cells not treated with oestrogen, even after careful
steps have been taken to eliminate all oestrogen from the serum. The oestrogenic activity is
due to a lipophilic impurity that binds to the oestrogen receptor with an affinity 50% that of
oestradiol. Figure 8 demonstrates the response of four different strains of normal human
bronchial/tracheal epithelial cells (NHBE) to varying concentrations of phenol red. These
cells were cultured in the absence of bovine pituitary extract (BPE) and all experienced
inhibition of proliferation. In the presence of BPE, at 3.3 x 10 M phenol red, the cells
demonstrated an apparent neutralization of the phenol red inhibitory effect.
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Figure 8. Responses of four different strains of NHBE to various concentrations of one
lot of phenol red. These cells were inoculated at 10 cells/cm” and kept in culture for five to
seven days. The cells were cultured in the absence of any undefined components. In each
strain phenol red demonstrated a toxic effect at the recommended concentration, 1 on the x
axis (3.3 x 10" M). The addition of bovine pituitary extract (BPE) at 3.3 x 10® M phenol red
resulted in an increase in proliferation. This value is depicted in brackets as a per cent of the
value in the absence of BPE. Quantitation was performed as described in Figure 2.

4.2 Gentamicin
Gentamicin belongs to the aminoglycoside family of antibiotics. These antibiotics are

nephrotoxins in vivo and in vitro. However, toxicity is not exclusively localized to the kidney:
the ear, heart, and the cornea have all demonstrated susceptibility.
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Figure 9. The response of NHBE to various concentrations of gentamicin from two
different lots. These cells were inoculated at 100 cells/cm* and left in culture for seven days
without a medium change. There were no undefined components in the medium. One lot of
gentamicin demonstrated toxicity while the other did not. Each lot of gentamicin needs to be
evaluated for toxicity. Quantitation was performed as described in Figure 2.

The mechanisms of toxicity range from free radical formation to calcium transport
inhibition. Hepatocyte metabolic conversion of gentamicin to a compound toxic to sensory
cells from the inner ear is another mechanism of toxicity. Gentamicin is toxic in vitro to
corneal epithelial cells, fibroblasts and hepatocytes. The influence of two different lots of
gentamicin on the proliferation of NHBE is shown in Figure 9, indicating that one lot was
inhibitory.

4.3 HEPES

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) is a zwitterionic organic
chemical buffering agent; one of the twelve Good’s buffers. HEPES is widely used in cell
culture, largely because it is better at maintaining physiological pH despite changes in carbon
dioxide concentration (produced by cellular respiration) when compared to bicarbonate
buffers, which are also commonly used in cell culture. The dissociation of water decreases
with falling temperature, but the dissociation constants (pK) of many other buffers do not
change much with temperature. HEPES is like water in that its dissociation decreases as the
temperature decreases. This makes HEPES a more effective buffering agent for maintaining
enzyme structure and function at low temperatures.

HEPES has been used extensively in cell culture due to its excellent buffering capacity
in the physiological range and low binding of cations but it can be toxic. For example,
cytoplasmic vacuoles developed in chick embryo epiphyseal chondrocytes and membrane
inclusion bodies in human dermal fibroblasts that resolved when HEPES was replaced by
another buffer.

The toxicity exhibited by HEPES appears to be mediated by the production of reactive
oxygen species. The interaction of HEPES-buffered culture medium with fluorescent light at
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room temperature resulted in toxicity to V79 Chinese hamster cells. The toxicity was
prevented by shielding or the inclusion of catalase in the medium, implicating extracellular
hydrogen peroxide as the toxic agent. In endothelial cells, HEPES stimulates the production
of toxic oxygen metabolites resulting in a decrease in growth. Quin2 is a transition metal ion
chelator that potentiates iron-driven oxidant formation. Oxidants were detected in Hepcs
buffer. SIN-1 is an oxide-releasing compound and its toxicity to L929 cells is due to a
cooperative action of hydrogen peroxide and reactive nitrogen species in the presence of
HEPES.

4.4 Light

Fluorescent light can cause the deterioration of tissue culture medium, resulting in
toxicity and mutagenicity. The deleterious effects are due to prolonged exposure, whereas
short exposures can produce a mitogenic effect. The photo toxicity is due to wavelengths of
light that can be absorbed by riboflavin. The pairing of riboflavin with tryptophan, HEPES
and guanine results in toxicity mediated by reactive oxygen species. Tryptophan and
riboflavin are found in conventional and serum-free optimized media and because they are
essential they will be included in all newly designed media. Limited exposure to fluorescent
light during manufacture and storage is critical. Specially designed fluorescent tubes not
emitting the relevant wavelengths or shields to block those wavelengths are available.

5 Purity of components

In cell culture the largest component of the system is water. Consequently, a relatively
small contaminant in the water can have a significant effect on the cells. Conversely water
may provide essential nutrients that become limiting as the purity of water is increased. One
class of nutrients that could account for this phenomenon is the trace metals. Ideally, in
chemically defined media all the components are known and there are no contaminants
present. Though the availability of recombinant proteins and peptides has made the pursuit of
chemically defined media-more attainable, most fall short of this ideal. Cells may need
albumin or other serum fractions for the desired performance or stability. Also, manufacturers
may not necessarily screen for all potential contaminants in their organic compounds, such as
selenium contamination of a thyroxine preparation. The many surfaces with which the
medium components come in contact during manufacturing may contribute contaminants.
The bioprocessing industry is redefining the notion of purity due to the potential infectious
agents that may be present in medium components. It is desirable that all components are of
non-animal origin. For example methionine and cysteine are generally isolated from animal
hair, so new sources are required.

6 Fatty acids

Serum provides lipids in various forms to cultured cells. These forms include
cholesterol, phospholipids, triglycerides, fatty acids, fat soluble vitamins, and various
esterified forms of these lipids. The essential fatty acids that cannot be synthesized by
animals are 18:2n-6 and 18:3n-3 ('18' refers to the number of carbon atoms and the number
following the colon refers to the total number of double bonds in the molecule (Table 1).
Animals do not contain the enzymes necessary to place a double bond in these positions.
Consequently, the acquisition of these molecules occurs only through an exogenous supply;
however, animals (excluding true carnivores) contain desaturation and elongation/shortening
enzymes that result in polyunsaturated fatty acids, most notably arachidonic acid, 20:4n-6,
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and eicosapentenoic acid, 20:5n-3 and fatty acids of higher degrees of unsaturation and
elongation.

Table 1. Fatty acid composition of phosphatidylcholine of normal human

fibroblasts supplemented with various fatty acids
Sup lementation”
Fatty acid" 18:1n-9 | 18:2n-6 | 18:3n-3

16:00 2580 [32.7 33.4°
16:1n-9 7.5 5.9 7
16:In-7 1.8 2.2 3.2
18:00 3.7 7.2 7.3
18:In-9 48.8 18.1 223
18:1n-7 4.6 4 4.3
18:2n-6 0.6 17.2 1.5
18:3n-3 0 0 6
20:1n-9 0.7 0.2 0.1
20:3n-9 1.8 1.4 0.60
20:3n-6 0.2 2.2 0.2
20:4n-6 0.6 4.6 0.7
20:3n-3 0 0 0.9
20:4n-3 0 0 1.9
20:5n-3 0 0 5.3
22:3n-9 0.6 0.2 0.3
22:4n-6 0 0.5 0
22:5n-3 0 0 0.5
22:6n-3 0.4 0.4 0.5
Degrees of saturation®
Saturated 32.2 43.2 44.8
Monounsaturated 63.7 30.4 36.9
Polyunsaturated 4.1 26.5 18.3

*This level of FBS was insufficient to supply the required fatty acids for these fibroblasts
under these conditions. Consequently, the cells displayed an essential fatty acid deficiency
profile (not shown), similar to that displayed by the cells supplemented with the 18:In-9 fatty
acid. Subsequently, the cells were supplemented with pure fatty acids complexed to fatty acid
depleted bovine serum albumin for several days.

After the fibroblasts were cultured in an essential fatty acid deficient environment the
medium was supplemented for several days with 18:In-9, 18:2n-6, and 18:3n-3 fatty acids
complexed to fatty acid depleted bovine serum albumin. The phospholipids were extracted,
phosphatidylcholine purified, and the fatty acids of that phospholipid evaluated as fatty acid
methyl esters by GLC.

“Fatty acids are designated by the number of carbon atoms (first two numbers), the number of
double bonds in the molecule (the number after the colon), and on which carbon atom the
first double bond is from the last 'n™ carbon (n-position of carbon atom) in the fatty acid
molecule, previously named the omega carbon.
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4Values are expressed as the nmole % of total fatty acids.
“This represents the sum of the nmole % of the fatty acids for each designation.

The removal of serum can result in an essential fatty acid deficiency because serum is
the predominant lipid source for cultured cells. In the absence of a lipid source cells will
synthesize, desaturate, and elongate fatty acids of the n-9 and n-7 families. Under these
deficiency conditions there is a characteristic fatty acid profile represented by the
polyunsaturated fatty acids of the n-9 and n-7 families. Cultured cells will utilize exogenous
fatty acids preferentially to endogenously synthesized ones. The various fatty acid families
are metabolized by the same enzymes but at different rates. The essential fatty acids are
preferentially metabolized over the non-essential fatty acid families. This situation can be
exploited to generate cells with a fatty acid profile favouring a particular fatty acid family (
Table 1). Polyunsaturated fatty acids have an extensive metabolism; generating eicosanoids,
epoxides with vascular function, anandamide (a ligand of the cannabinoid receptors), and
non-enzymatic oxidation products of 20:4n-6, the isoprostanes, which are isomers of
prostaglandins. Polyunsaturated fatty acids also have functions that result from the fatty acid
and not its metabolic product. For example, intracellular arachidonic acid opened a
potassium-selective channel in neonatal rat atrial cells and under some conditions
extracellular arachidonic and docosahexanoic (22:6n-3) acids blocked the major voltage-
dependent potassium channel (Kv 1.5) in cardiac cells. Fatty acids can also influence the
physical characteristics of the membrane by influencing its fluidity. Polyunsaturated fatty
acids can increase the membrane fluidity, as in J774A.1 cells, and decrease the uptake of
acetylated low density lipoprotein. The fatty acid composition of normal human fibroblasts in
vitro is demonstrated in Table 1. The supplemented fatty acid is represented to a large extent
in the phosphatidylcholine (PC) of fibroblasts. The cells are capable of metabolizing the
precursor fatty acid by elongation and desaturation to other fatty acids. Cells with different
fatty acid compositions may be functionally different.

It may be tempting to consider the removal of serum the final step in the process of
generating a scrum-free medium, but care must be taken to consider the fatty acid
composition of the cells.
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Chapter 6
Three-dimensional culture

1 Introduction

Three-dimensional (3D) cell cultures have been widely used in biomedical research
because the early decades of this century. Holtfreter and later Moscona pioneered the field by
their research on morphogenesis using spherical reaggregated cultures of embryonic or
malignant cells. Numerous subsequent in vitro studies on organogenesis or expression of
malignancy were based on these early investigations. Substantial novel input into research on
cell aggregates came from fundamental studies of Sutherland and associates. They pioneered
multicellular tumour spheroids (MCTS) as an in vitro model for studies on tumour cell
response to therapy. MCTS have also been used to study basic biological mechanisms,
including the regulation of proliferation, differentiation, cell death, invasion, angiogenesis,
and the immune response.

One major advantage of 3D cell cultures is their well-defined geometry-whether planar
or spherical-which makes it possible to directly relate structure to function, and which
enables theoretical analyses, for example of diffusion fields. Combining such approaches
with molecular analysis has demonstrated that, in comparison to conventional cultures, cells
in 3D culture more closely resemble the in vivo situation with regard to cell shape and
cellular environment, and that shape and environment can‘determine gene expression and the
biological behaviour of the cells. One impressive example is the ectopic implantation of
embryonic cells, which can result in malignant transformation, whereas the same cells
undergo normal embryogenesis in the uterus. Conversely, teratocarcinoma cells may undergo
normal development when implanted into an<embryo. One further example is the relative
resistance of cancer cells to drugs in 3D culture compared to the same cells grown as
conventional monolayer or in single cell suspension.

2 Multicellular tumour spheroids (MCTS)
2.1 MCTS monocultures
2.1.1 The history of MCTS and their relevance to solid tumours

Multicellular tumour spheroids (MCTS) mimic solid tumours better than monolayer
cultures. MCTS have significantly increased our knowledge of radiation response of
mammalian cells, intercellular communication, cell invasion, angiogenesis, and
neovascularization. Although attempts to initiate spheroids directly from biopsies for routine
individual predictive drug testing had little success, MCTS from established cell lines provide
an in vitro model to study mechanisms controlling drug penetration, binding, and action. In
terms of three-dimensional growth, MCTS behave like the initial, a vascular stages of solid
tumours in vivo, unvascularized micrometastatic foci, or intercapillary tumour microregions,
as shown in Figure 1. Growth kinetics can be described by the Gompertz equation which has
been shown to model three-dimensional in vivo and in vitro growth reasonably well. MCTS
develop discrete cell populations similar to those found in microregions of solid tumours with
three major groups: actively cycling cells closest to the blood and nutrient supply; quiescent,
yet intact and viable cells as intermediates; and necrotic cells/areas furthest from the blood
supply (Figure 2). Beyond a critical size (> 500 pm), most spheroids from established cell
lines develop massive necrosis in the centre, surrounded by a viable rim of cells with a
thickness of 100-300 pm.
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Figure 1. (a) Schematic illustration of the different stages of solid tumour growth that
can be mathematically described by the Gompertz function. (b) Representative spheroid
volume growth kinetics of two different human breast cancer cell lines grown in liquid-
overlay culture in conventional, supplemented media. Lines show non-linear least squares
best fits to the Gompertz function with V= 0.498 x 107, A =0.298, and B = 0.060 for BT474
cells, and Vo =0.578 x 107, A =0.331 and B = 0.083 for T47D cells.

differentiation capillary

Spheroid Tumor

Figure 2. Schematic illustration of the analogy between tumour microregions and
multicellular tumour spheroids.

2.1.2 Current research with MCTS monocultures

Many of the early findings with the V79 (Chinese hamster lung cells) and the EMT-6
(mouse sarcoma) spheroid models were supported by subsequent studies with human tumour
cell lines. Necrotic cell death in the spheroid centre mainly relates to the limited inward and
outward diffusion (Figure 2). Thus, in some tumour spheroid types, such as WiDr (human
colon adenocarcinoma) and RatlTl (ras-transfected rat embryo fibroblasts), necrosis and
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hypoxia are coincident and necrotic cell death might be explained by a single limiting factor.
In contrast, there is experimental evidence from other MCTS types that necrosis is a complex,
multifactorial event. Investigations on microenvironmental and epigenetic mechanisms
involved in the regulation of cell proliferation, differentiation, and gene expression have been
intensified enormously within the last ten years. Many cell types seem capable of maintaining
intracellular homeostasis in 3D culture until shortly before necrotic cell death, despite
environmental stress. There are almost no structural or metabolic markers for this 'pre-
necrotic' stage except for a reduced oxygen uptake and/or respiratory activity, and a decrease
in mitochondrial function. Cell cycle arrest in the nutrient deprived inner regions of large
myc/ras co-transformed rat fibroblast spheroids (MR1) is accompanied by an upregulation of
the CDK inhibitor p21Kipl/Cipl, while cell cycle arrest in monolayer cultures and in myc-
transfected, non-tumorigenic aggregates is associated with enhanced expression of pl8Ink4.
These data showed for the first time that cell cycle control differs mechanistically in
monolayer and spheroid culture and may change at different stages of malignant
transformation. Due to the massive central necrotic cell death in MCTS, programmed cell
death in 3D aggregates has long been ignored. However, recent data show that apoptosis
occurs in spheroids of intestinal epithelial cells. Growth inhibition via stimulation of
apoptosis has also been described for p53-defective human lung cancer spheroids transfected
in situ with a viral wildtype p53 vector. Mueller-Klieser reported apoptotic cell death of
multinucleated giant cells in a highly differentiated rhabdomyosarcoma spheroid and in 3D
cultures of V79 cells using the TUNEL assay. 3D cultures -undergo morphological and
functional reorganization. Amongst these activites are:

(a) Modified deposition and/or assembly of bio matrix’ such as the extracellular matrix
molecules fibre nectin, collagen types I, 111, and IV or, laminin.

(b) Expression and function of ECM receptors (integrins), receptor subsets and subunits and
cadherins.

(c) The expression and function of biological response modifiers such as growth and
angiogenic factors (i.e., EGF, TGFcc, VEGF) and/or their receptors.

(d) The development of gap junctional communication.

2.1.3 MCTS culture

A common principle of all spheroid culture methods is the prevention of cellular
attachment to a substrate such as surfaces of Petri dishes. Many non-transformed and most
malignant cells tend to form spherical aggregates under these conditions. There are two
strategies for cultivating MCTS: in stirred medium and in static medium.

The most widely used method for growing MCTS from established cell lines is the
spinner flask culture (Figure 3). With this technique a large number of MCTS may be
generated simultaneously in large volume cultures, and these can be scaled-up to mass
culture. While some tumour cell types are capable of producing cell aggregates directly from
single cell suspensions in spinner flasks, cell-cell interaction, and thus aggregate formation, is
often more efficient under static conditions. As a consequence, bacteriological Petri dishes or
agar/agarose-coated culture dishes, to which cells do not adhere, are often used to initiate
spheroid formation.

Cell number and initiation period are critical variables which depend on the cell type
and culture conditions (medium, serum pH, etc.). In general, the cell number inoculated
varies between 1 x 10° and 2 x 10° exponentially growing cells per 100 mm dish. Once
aggregates have emerged in the unstirred medium within two to five days, they can be

118



transferred into spinner flasks. Medium is not refreshed during the initiation period, whereas
it is renewed routinely in spinner cultures. As spheroid initiation may lead to the formation of
aggregates with a large variability in size, and as spheroid-to-spheroid clusters may occur,
selection of a specific spheroid population before the transfer into spinner flask is
recommended. If several selective sedimentation steps, for example using Falcon tubes, are
not sufficient to eliminate large cell clusters and single cells, hand-selection or rapid
harvesting of spheroids by sieving through nylon screens can be performed. The coefficient
of variation of the average spheroid diameter within the selected spheroid population should
be other frequently used techniques to generate large numbers of spheroids are roller tubes
and the 'gyratory shaker' method shown in Figure 3. As for spinner flask cultures, an
initiation period under non-stirring conditions may be required and the medium should be
renewed routinely after transfer into the roller tubes or onto the gyratory shaker. Also, to
guarantee optimum constant supply conditions throughout spheroid growth, the number of
cells per volume of medium should be kept relatively constant by gradually reducing the
number of spheroids per flask. For many tumour cell types, the optimum cell number does
not extend beyond 3 x 10° cells per ml of medium, and two thirds of the medium has to be
refreshed every 24-48 hours.

The most convenient method of growing spinner flask cultures is in a humidified C0,
incubator at 37 °C, if a stirring device suited for incubator atmospheres is available.
Alternatively, spinner flasks may be sealed and kept in a non-humidified, temperature
controlled atmosphere or in a thermostatically controlled water-bath positioned over a
magnetic stirrer. If the volumes of the gas phase and of the culture medium are approximately
the same, the medium of the sealed cultures may be refreshed every 24 hours without
generating unfavourable environmental- conditions due to cellular production of C0, and
metabolic waste. The size of commercially available spinner flasks for research purposes
ranges from 100 ml to 1 litre with a recommended maximum filling level of approximately
50% of the total volume. The choice of size should be determined by the number of spheroids
needed or the (minimum) volume of supplemented medium to be applied. Different types of
spinner flasks are available from various companies. While the handling of these spinner
flasks, in particular the effort required for cleaning, may differ, the authors have experienced
no relevant difference between them in the growth kinetics of MCTS. An additional
parameter that should be optimized is the stirring frequency and thus the shear force in the
spinner culture. Optimization should minimize the number of cells that are shed from the
spheroids into the medium. Some cell types exhibit an intrinsically high cell shedding in
spheroid culture that may not be decreased by the growth conditions. As a result, shed single
cells may form small clusters and/or adhere to the vessel wall. In general, these complications
can be alleviated, if not eliminated, by changing the culture medium more frequently and by
siliconization of the inner surfaces of the spinner flasks. Some cell types do not form ideally
spherical spheroids. Indeed, some rumour cells do not even exhibit cell aggregation, such as
some variants of the MCF-7 breast cancer cell line. If no or only irregular cell clusters are
obtained, a number of parameters can be modified to achieve satisfactory cell-cell
aggregation and aggregate growth, including:

(a) Initiation of aggregate formation:
e serum type (batch)
serum content
culture medium (glucose and glutamine concentrations)
non-adhesive dish (microbiological, agar-coated)
CO; in incubator (pH in culture medium)
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e cell concentration

(b) Initial phase of spinner flask culturing:
e same factors as in (a); each factor may be different from those in (a)
e stirring frequency
o spinner flask geometry

Spheroid Culturing Techniques

-Jﬁ\ 1
ke e

-

Roller tube Spinner flask Gyratory shaker Soft agar and
liquid overlay
Figure 3. Methods for the cultivation of multicellular spheroids under continuous
stirring (spinner flash, roller tube, gyratory shaker, etc.) or static on non-adherent surfaces
(liquidoverlay in 96-well plates).

Spinner culture is preferable to growth of MCTS on stationary, non-adhesive surfaces,
if large numbers of spheroids with- a_maximum size are needed. Spheroids continuously
grown on agar/agarose-coated surfaces may not reach their maximum size, and the thickness
of the viable cell rim is often relatively small. Conversely, various modifications for culturing
spheroids in socalled agar- or liquid-overlay (figure 3) have been established. The application
of 96-well plates is of particular interest, because individual spheroids can be monitored
repeatedly and may be manipulated throughout growth. Following an initiation period under
static conditions, liquid-overlay cultures may be kept on a gyratory shaker to guarantee
optimum nutrient supply. As a prerequisite, 96-well plates are coated with 0.5-1.5%
agar/agarose. A novel semi-adhesive substrate used for spheroid cultivation takes advantage
of the spontaneous detachment of small cell aggregates formed on semi-adhesive substrates
such as proteoglycans or positively charged polystyrene.

2.1.4 Additional methodological aspects

In addition to the volume of the spheroids, which should be monitored routinely,
analysis of the proliferative activity is useful. The proliferation status can be determined
autoradiographically by [*H] thymidine labelling (TLI = thymidine labelling index) or
immunohistologically utilizing the BrdUrd antibody technique or antibodies detecting
specific proliferation-associated antigens such as PCNA or Ki67. Alternatively, spheroids
may be dissociated enzymatically and fixed or unfixed single cell suspensions can be
analysed for their cell cycle distribution using flow cytometry and DNA-specific
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fluorochromes such as propidium iodide, 7-AAD (7-aminoactinornycin D), mithramycin, or
Hoechst DNA dyes. Sections of frozen or fixed, paraffin-embedded spheroids can be stained
by any conventional labelling technique, or examined by scanning or transmission electron
microscopy.

A method for isolating specific cell subpopulations from spheroids is described in
detail. This automated dissociation technique is based on the sequential exposure of the cell
aggregates to an enzyme solution. The experimental set-up consists of autoclavable, standard
laboratory equipment mounted on a gyratory platform in a 37°C water-bath as shown in
Figure 4. The enzyme solution is continuously pumped through a temperature equilibration
coil into a 'racetrack' dissociation chamber which is filled with 15 ml of enzyme solution
before the dissociation procedure. The chamber consists of two compartments which are
separated by a nylon screen with a pore size of 75 um. Pumping enzyme solution into the
outer compartment and out of the inner part generates a flow of liquid through the screen.
Thus, the spheroids are kept in suspension in the outer compartment, while dissociated single
cells reach the inner compartment, following the fluid flow. The cell suspension is constantly
removed from the inner compartment and collected on ice. Sequential aliquots are sampled
from different levels within the spheroids.

Peristaltic
pump

l Cocktail with
cells-out — 5

Shaking
water bath [—> |— ]
g ‘ bath
Cocktail Cocktail Temperature | Dissociation Tube with
reservoir supply equil. coil chamber medium

Figure 4. Experimental set-up for automated selective dissociation of multicellular
spheroids consisting of an enzyme cocktail reservoir and supply unit, a peristaltic pump for
enzyme transport through a temperature equilibration coil into a specially designed
dissociation chamber, both placed in a 37°C temperature controlled shaking water-bath. The
dissociation chamber contains an outer and an inner chamber which is separated by a 75 um
mesh, and is sealed by a stopper. Spheroids are placed in the outer chamber and the enzyme
cocktail is pumped through the chamber so that dissociated cells are transferred into a tube
containing ice-cold medium.
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2.2 MCTS co-cultures
2.2.1 General aspects of tumour heterogeneity

The presence of histologically different cell types within tumours, including host
defence cells, fibroblasts and endothelium contributes to their heterogeneity. This
heterogeneity can to some extent be mimicked in vitro by heterologous spheroids consisting
of rumour cells and host cells. Such spheroids may be initiated directly from mixtures of
suspended host cells, such as fibroblasts or monocytes and Tumour cells. One disadvantage
of this approach is the risk of non-reproducible formation of intraspheroidal clusters of one
cell type. Alternatively, preformed MCTS of defined sizes and histomorphological
characteristics can be incubated with suspensions of immune cells such as monocytes or LAK
(lymphokine-activated killer) cells, to study immune cell infiltration and its cytostatic and/or
cytotoxic effects on the tumour cells.

2.2.2 Co-cultures of MCTS and immune cells

Mononuclear cells from peripheral blood can be prepared by standard density
centrifugation over Ficoll/Hypaque, and human blood monocytes can be separated from this
cell mixture by their intrinsic activity to adhere to plastic or glass surfaces. A more
convenient technique uses leukaphoresis and countercurrent elutriation. Differentiated
macrophages can be generated by long term culture in Teflon bags, and these can be used for
co-cultivation experiments.

2.2.3 Co-cultures of MCTS and flbroblast aggregates

The extracellular matrix (ECM), mainly produced by stromal fibroblasts, has a crucial
role in epithelial cell differentiation, growth, and gene expression. To investigate interactions
between stromal fibroblasts and tumour cells, MCTS can be cultured on confluent fibroblast
monolayers or with fibroblast aggregates as described with human bladder and breast cancer
cells. While some tumour cell types overgrow fibroblast aggregates and may show some
specific cell-cell interactions in the contact zone, others, in particular highly metastatic
tumour cells, seem to invade the fibroblast aggregates.

2.2.4 Co-cultures of MCTS and endothelial cells

MCTS are also used in studies of angiogenesis and invasion, such as the embryonic
chick heart fragment confrontation culture system in semi-solid medium. Culture of MCTS
on confluent endothelial cells with underlying ECM can be used to study tumour cell
invasion, but not angiogenesis. Data obtained with melanoma cell spheroids have led to the
hypothesis that free radical-mediated endothelial cell damage is one mechanism contributing
to melanoma metastasis.

2.2.5 Additional technical aspects

Separation of cells from defined locations within sections from 3D cultures can be
achieved using microdissection techniques, such as laser microbeam combined with an
optical tweezer. Dissociation of co-cultures by enzymatic or mechanical means allows for
flow cytometric analyses and for separation of cellular subpopulations by various sorting
techniques. As a prerequisite for cell detection and separation, cell subpopulations can be
permanently labelled by the introduction of specific marker genes, for example using p-
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galactosidase or green fluorescent protein (GFP) or labels for cell membranes. GFP can be
detected in routine flow cytometry.

3 Experimental tissue modelling
3.1 Current research on tissue modelling

Substantial progress has been made towards the development of an artificial liver.
Strategies include culture of hepatocyte spheroids or of heterospheroids consisting of
hepatocytes and fibroblasts or parenchymal cells. The application of artificial support
systems, such as porous gelatin sponges, agarose or collagen as well as the induction of
aggregation by exogenous adhesion molecules is advantageous for long-term culture of liver
cells. Reconstitution of the specific geometry, microenvironment and metabolism of the
hepatic sinusoid in a complex 3D culture system has been reported and pig hepatocytes have
been grown in co-culture in an artificial 3D capillary system.

Development of an artificial pancreas has focused on spheroids from insulins ecreting
recombinant mouse pituitary AtT 20 cells and mouse insulinoma beta TC3 cells. Long-term
viability and function of human fetal islet-like cell clusters implanted under the kidney
capsule of athymic mice have been achieved. Another promising strategy is the use of
isolated piscine islets, so called Brockmann bodies, as 'natural' pancreatic spheroids which
can be implanted as xenografts after microencapsulation with alginate. Oxygen supply seems
to play a crucial role for the survival and maintenance of function of such islets.

The pituitary gland has been modelled using multicellular spheroids to study hormone
release, including luteinising hormone, (LH), following stimulation with the releasing
hormone LHRH. In contrast to pineal cell monolayers, 3D cultures remain functional for
more than three weeks secreting melatonin when challenged with isoproterenol. Despite their
tendency to spontaneously form follicles in aggregation culture, there are few reports on
isolated adult thyroid cells. Thyroid cell spheroids allow study of cell motility, cell adhesion,
and E-cadherin expression in thyroid follicle biogenesis. 3D brain cultures has been reviewed
comprehensively and have been used to study neural myelination and demyelination,
neuronal degeneration and the neurotoxicity of lead. Neuronal behaviour following HIV
infection, Alzheimer's disease, and Morbus Parkinson has been studied using aggregated
brain cell cultures. Retinal development has also been modelled. 3D chondrocyte research has
focused on molecular aspects of matrix formation and differentiation.

Aggregated cell cultures of heart cells have been used to study aspects of cardiac
development and physiology, including sinoatrial node cell preparations, atrial cell
preparations, embryonic chick heart cell aggregates and ventricular cell aggregates. Other
tissues that have been modelled in 3D cultures include mesangial cells, urothelial cells and
nasopharyngeal cells.

3.2 Tissue modelling of skin and mucosa
Heterotypic 3D cultures including fibroblasts and keratinocytes have been used for

studies on the formation of skin and hair follicles and the influence of mesenchyme on the
differentiation of keratinocytes.
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3.3 Embryoid bodies

Embryoid bodies (EB) are derived from embryonic stem cell (ES) cell lines which have
retained their capacity to generate cells of the haematopoietic, endothelial, muscle and
neuronal lineages. Development of skeletal muscle myocytes in embryoid bodies is similar to
that in vivo and beating EB with cardie-specific receptors, ionic channels and action
potentials have been produced. Oxygen-regulated gene expression during embryonic
development has also been studied.
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Chapter 7

Biomaterial Science

1. Introduction to Biomaterials

The development of biomaterials is not a new area of science, having existed for around
half a century. The study of biomaterials is called biomaterials science. It is a provocative
field of science, having experienced steady and strong growth over its history, with many
companies investing large amounts of money into the development of new products.
Biomaterials science encompasses elements of medicine, biology, chemistry, tissue
engineering and materials science.

"A biomaterial is any material, natural or man-made, that comprises whole or part of a
living structure or biomedical device which performs, augments, or replaces a natural
function". "A biomaterial is a nonviable material used in medical device, so it's intended to
interact with a biological system".

Biomaterials are materials (synthetic and natural; solid and sometimes liquid) that are
used in medical devices or in contact with biological systems. Biomaterials as a field has
seen steady growth over its approximately half century of existence and uses ideas from
medicine, biology, chemistry, materials science-and engineering. There is also a powerful
human side to biomaterials that considers ethics, law and the health care delivery system.
Although biomaterials are primarily used for medical applications, they are also used to
grow cells in culture, to assay for blood proteins in the clinical laboratory, in processing
biomolecules in biotechnology, for fertility regulation implants in cattle, in diagnostic gene
arrays, in the aquaculture of oysters and for investigational cell-silicon "biochips." The
commonality of these applications is the interaction between biological systems and
synthetic or modified natural materials.

Biomaterials are rarely used on their own but are more commonly integrated into
devices or implants. Thus, the subject cannot be explored without also considering
biomedical devices and the biological response to them.

Biomaterials can be metals, ceramics, polymers, glasses, carbons, and composite
materials. Such materials are used as molded or machined parts, coatings, fibers, films,
foams and fabrics.

The definition of a biomaterial does not just include man-made materials which are
constructed of metals or ceramics. A biomaterial may also be an autograft, allograft or
xenograft used as a transplant material.

Applications

129



Biomaterials are used in:

e Joint replacements

e Bone plates

Bone Cement

Artificial ligaments and tendons
Dental implants for tooth fixation
Blood vessel prostheses

Heart valves

Skin repair devices

Cochlear replacements

Contact lenses

e Breast implants

2. Subjects important to Biomaterials Science
Toxicology

A biomaterial should not be toxic, unless it is specifically engineered for such
requirements (for example, a "smart bomb" drug delivery system that targets cancer cells
and destroys them). Since the nontoxic requirement is the norm, toxicology for biomaterials
has evolved into a sophisticated science. It deals with the substances that migrate out of
biomaterials. For example, for polymers, many low-molecular-weight "leachables" exhibit
some level of physiologic activity and cell toxicity. It is reasonable to say that a biomaterial
should not give off anything from its mass unless it is specifically designed to do so.
Toxicology also deals with methods to evaluate how well this design criterion is met when a
new biomaterial is under development.

Biocompatibility

The understanding and measurement of biocompatibility is unique to biomaterials
science. Unfortunately, we do not have precise definitions or accurate measurements of
biocompatibility. More often than not, biocompatibility is defined in terms of performance
or success at a specific task. Thus, for a patient who is doing well with an implanted Dacron
fabric vascular prosthesis, few would argue that this prosthesis is not "biocompatible."
However, the prosthesis probably did not re-cellularize (though it was designed to do so) and
also can throw off blood clots (emboli), though the emboli in this case usually have little
clinical consequence. This operational definition of biocompatible (“the patient is alive so it
must be biocompatible”) offers us little insight in designing new or improved vascular
prostheses. It is probable that biocompatibility may one day be defined for applications in
soft tissue, hard tissue, and the cardiovascular system (blood compatibility).

Functional Tissue Structure and Pathobiology

Biomaterials incorporated into medical devices are implanted into tissues and organs.
Therefore, the key principles governing the structure of normal and abnormal cells, tissues
and organs, the techniques by which the structure and function of normal and abnormal
tissue are studied, and the fundamental mechanisms of disease processes are critical
considerations to workers in the field.
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Healing

Special processes are invoked when a material or device heals in the body. Injury to
tissue will stimulate the well-defined inflammatory reaction sequence that leads to healing.
Where a foreign body (e.g., an implant) is present in the wound site (surgical incision), the
reaction sequence is referred to as the "foreign body reaction.” The normal response of the
body will be modulated because of the solid implant. Furthermore, this reaction will differ in
intensity and duration depending upon the anatomical site involved. An understanding of
how a foreign object alters the normal inflammatory reaction sequence is an important
concern for the biomaterials scientist.

Dependence on Specific Anatomical Sites of Implantation

Consideration of the anatomical site of an implant is essential. An intraocular lens may
go into the lens capsule or the anterior chamber of the eye. A hip joint will be implanted in
bone across an articulating joint space. A heart valve will be sutured into cardiac muscle and
will contact both soft tissue and blood. A catheter may be placed in an artery, a vein or the
urinary tract. Each of these sites challenges the biomedical device designer with special
requirements for geometry, size, mechanical properties, and bioresponses.

Mechanical and Performance Requirements

Biomaterials and devices have mechanical and performance requirements that
originate from the physical (bulk) properties of the material. There are three categories of
such requirements: mechanical performance, mechanical durability and physical properties.
First, consider mechanical performance. A hip prosthesis must be strong and rigid. A tendon
material must be strong and flexible. A heart valve leaflet must be flexible and tough. A
dialysis membrane must be strong and flexible, but not elastomeric. An articular cartilage
substitute must be soft and elastomeric. Then, we must address mechanical durability. A
catheter may only have to perform for 3 days. A bone plate may fulfill its function in 6
months or longer. A leaflet in a heart valve must flex 60 times per minute without tearing for
the lifetime of the patient (realistically, at least for 10 or more years). A hip joint must not
fail under heavy loads for more than 10 years. The bulk physical properties will also address
other aspects of performance. The dialysis membrane has a specified permeability, the
articular cup of the hip joint must have high lubricity, and the intraocular lens has clarity and
refraction requirements. To meet these requirements, design principles from physics,
chemistry, mechanical engineering, chemical engineering, and materials science are
invoked.

Industrial Involvement

A significant basic research effort is now under way to understand how biomaterials
function and how to optimize them. At the same time, companies are producing implants for
use in humans and, appropriate to the mission of a company, earning profits on the sale of
medical devices. Thus, although we are now only learning about the fundamentals of
biointeraction, we manufacture and implant millions of devices in humans. How is this
dichotomy explained? Basically, as a result of considerable experience we now have a set of
materials that performs satisfactorily in the body. The medical practitioner can use them
with reasonable confidence, and the performance in the patient is largely acceptable. Though
the devices and materials are far from perfect, the complications associated with the devices
are less than the complications of the original diseases.
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The complex balance between the desire to alleviate suffering and death, the
excitement of new scientific ideas, the corporate imperative to turn a profit, the risk/benefit
relationship and the mandate of the regulatory agencies to protect the public forces us to
consider the needs of many constituencies. Obviously, ethical concerns enter into the
picture. Also, companies have large investments in the manufacture, quality control, clinical
testing, regulatory clearance, and distribution of medical devices. How much of an
advantage (for the company and the patient) will be realized in introducing an improved
device? The improved device may indeed work better for the patient. However, the company
will incur a large expense that will be perceived by the stockholders as reduced profits.
Moreover, product liability issues are a major concern of manufacturers. The industrial side
of the biomaterials field raises questions about the ethics of withholding improved devices
from people who need them, the market share advantages of having a better product, and the
gargantuan costs (possibly non-recoverable) of introducing a new product into the medical
marketplace. If companies did not have the profit incentive, would there be any medical
devices, let alone improved ones, available for clinical application?

When the industrial segment of the biomaterials field is examined, we see other
essential contributions to our field. Industry deals well with technologies such as packaging,
sterilization, storage, distribution and quality control and analysis. These subjects are
specialized technologies, often ignored by academic researchers. Also, many companies
support in-house basic research laboratories and contribute directly-to the fundamental study
of biomaterials.

Ethics

A wide range of ethical considerations impact biomaterials science. Like most ethical
questions, an absolute answer may be difficult to.come by. Some articles have addressed
ethical questions in biomaterials and debated the important points (Saha and Saha, 1987,
Schiedermayer and Shapiro, 1989).

Regulation

The consumer (the patient) demands safe medical devices. To prevent inadequately
tested devices and materials from coming on the market, and to screen out individuals
clearly unqualified to produce biomaterials, the United States government has evolved a
complex regulatory system administered by the US Food and Drug Administration (FDA).
Most nations of the world have similar medical device regulatory bodies. The International
Standards Organization (ISO) has introduced international standards for the world
community. Obviously, a substantial base of biomaterials knowledge went into establishing
these standards. The costs to comply with the standards and to implement materials,
biological, and clinical testing are enormous. Introducing a new biomedical device to the
market requires a regulatory investment of tens of millions of dollars. Are the regulations
and standards truly addressing the safety issues? Is the cost of regulation inflating the cost of
health care and preventing improved devices from reaching those who need them? Under
this regulation topic, we see the intersection of all the players in the biomaterials
community: government, industry, ethics, and basic science. The answers are not simple, but
the problems must be addressed every day.

3. Synthetic Polymers as Biomaterials

A synthetic polymer is a long-chain compound derived by bonding together many
single unit molecules. The single-unit molecules that constitute a polymer are known as
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monomers. Examples of synthetic polymers include non biodegradable polymers, such as
polyethylene, poly (vinyl chloride), Dacron, nylon, and Teflon, and biodegradable polymers,
such as polyglycolides, polylactides, polyanhydrides, and polysaccharides. Synthetic
polymers possess unique features suitable for biological applications. These materials can be
modulated to change their chemical and mechanical properties, and can be tailored into
various shapes. In addition, these materials are light, strong, and inert. Thus, synthetic
polymeric materials have been widely used for the repair, replacement, and regeneration of
injured and disordered tissues. In this section, the classification, structure, and properties of
synthetic polymers as well as their application to tissue engineering are discussed.

Classification

Polymers can be classified into two groups according to on the mechanisms of
synthesis: addition polymers and condensation polymers. An addition polymer is synthesized
by connecting monomer units via rearranging chemical bonds. The formation of poly (vinyl
chloride) is a typical example of addition polymer. In this case, the double bond of a single
vinyl chloride opens up in the presence of an initiator such as a peroxide molecule. The
initiator can be activated by increasing temperature or exposure to ultraviolet. The initiator
can activate monomers to form free bonds, which connect the monomers together. This
process is known as propagation. Common addition polymers include polyethylene,
polypropylene, polystyrene, and poly (vinyl chloride).

A condensation polymer is synthesized by joining two molecules together with the
elimination of a molecule such as water and methanol. Two different types of monomers are
usually participating in the polymerization reaction. The resulting product is known as
copolymer. Nylon is a typical copolymer. During the polymerization process of nylon, a
dicarboxylic acid molecule reacts with a diamine. A water molecule is removed when the two
molecules are bonded. Examples of condensation polymers include polysaccharides, proteins,
polyesters, polyamides, polyurea, polyurethane, and cellulose.

Based on the degradability of polymeric materials in a biological system, polymers can
be classified into non-biodegradable and biodegradable polymers. Non biodegradable
polymers cannot be degraded, whereas biodegradable polymers can be degraded in a
biological system. Examples of nonbiodegradable polymers used as biomaterials include
polyethylene, polytetrafluoroethylene, poly (vinyl chloride), and polypropylene. Examples of
biodegradable polymers include polyglycolides, polylactides, polysaccharides, and poly (a-
hydroxyl acids). In terms of the type of monomer in a polymer structure, polymers can be
classified into homopolymers and heteropolymers (or copolymers). Homopolymers are
compounds constituted with one type of repeated monomers. Examples of homopolymers
include polyethylene, polytetrafluoroethylene, poly (vinyl chloride), and polypropylene.
Copolymers are polymeric compounds composed of two or more types of monomer. The
different monomers may be randomly distributed or may alternate in a pattern. Examples of
copolymers include poly (glycolide lactide), polyurethane, and poly (glycolide trimethylene
carbonate).

General Properties
Polymeric materials exist in several forms, including liquid, elastomer, and plastic. The
form of polymeric materials is determined by a number of factors, including the nature of

monomers, the size and form of polymer molecules, the type and concentration of catalysts
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used for polymer synthesis, and curing temperature and duration. By selectively altering these
factors, a desired form of polymeric materials can be generated. An important factor that
influences the structure and mechanical properties, such as flexibility and strength, of
polymeric materials is the composition of polymer molecules. A substitution of a key atom in
a monomer may induce a significant change in the mechanical properties. For instance, the
replacement of the carbon atom with oxygen in a polyethylene molecule reduces the rigidity
of the polymer.

The molecular size or polymeric chain length is another critical factor that determines
the structure and mechanical properties of polymeric materials. Polymers are composed of
various numbers of monomers. For the same type of monomer, a longer polymer is more
flexible and tangled more easily than a shorter one. For instance, polyethylene and paraffin
can be synthesized based on the same type of monomer CH,CH,, but with different chain
length. The length of a paraffin molecule is much shorter than that of a polyethylene
molecule. The long-chained polyethylene molecules are more difficult to crystallize, thus
exhibiting higher flexibility, compared to paraffin. The chain length of polymers is one of the
factors that determines the rigidity and strength of polymer materials. An increase in the
chain length reduces the mobility of polymer molecules, and thus enhances the rigidity and
strength. The form of polymer molecules is a major factor that influences the structure and
organization of polymeric materials. Polymer molecules exit in several forms: linear,
branched, and cross linked forms. A linear polymer molecule is'.composed of a single chain
of monomers with various lengths and molecular weights: Examples of linear polymers
include polyvinyls and polyesters. These molecules can be partially crystallized to form so-
called semicrystalline polymers. It is usually difficult to completely crystallize these
polymers.

A branched polymer molecule is composed of a main chain and various densities of
side chains. Copolymerization may enhance the formation of branches. Since the side
branches influence the interaction between the main polymer chains, the introduction of side
branches may reduce polymer crystallization, yielding more flexible polymers. An increase in
the length of the side chain reduces the melting temperature of the polymer in association
with a reduction in crystallization.

Polymer molecules can be cross linked to form networks. Long-chain polymer
molecules are usually linked together with side chains. Cross linked polymers are usually
difficult to crystallize. An increase in the degree of cross linking reduces the crystallization
capability of polymeric materials. Up to a certain degree of cross linking, polymer
crystallization may be completely prevented. During the cross linking process, the form of
monomers and reaction conditions may influence the structure and mechanical properties of
the polymeric material. For instance, the presence of tortuous and curved polymer chains may
result in a polymeric material that is elastic and flexible. This type of material can be
stretched to a large extent, and can return back to the undeformed length upon the release of
the stretching force. Natural rubber (cis-polyisoprene) is a typical example of such materials.

In addition to the intrinsic factors of polymeric molecules, environmental factors
influence the structure and mechanical properties of polymeric materials. A typical
environmental factor is temperature. An increase in temperature often reduces the rigidity of
polymeric materials and induces the transformation of polymer from plastic to elastomer and
liquid.
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4. Nonbiodegradable Polymers
Polytetrafluoroethylene

Polytetrafluoroethylene (PTFE) is a fluorocarbon polymer, also known as Teflon,
which is commonly used as a biomaterial for the replacement of soft tissues. Teflon is
characterized by high crystallization (about 90% molecules crystallized), a relatively high
density (~2 g/em®), and low surface tension and friction compared to other types of polymer.
Teflon is used primarily for the construction of vascular substitutes. Teflon vascular grafts are
sufficiently strong for withstanding stretching forces induced by arterial blood pressure. The
mechanical properties of Teflon grafts can be stable for years following implantation.
Because Teflon stimulates inflammatory reactions and thrombogenesis, which lead to the
development of intimal hyperplasia, it can only be used for the replacement of arteries larger
than 4 mm in diameter. Teflon can also be used to construct supporting sheaths for vein
grafts, an approach for modulating the diameter of the vein graft, reducing diameter
mismatch-induced disturbance of blood flow, and suppressing flow disturbance-induced
intimal hyperplasia.

Poly (ethylene terephthalate)

Poly (ethylene terephthalate) (PET), known as Dacron, is a polyester material that is
characterized by hydrophobicity, resistance to hydrolysis, and high strength and toughness.
Dacron has primarily been used for the construction of vascular grafts. Porous grafts can be
constructed by weaving PET fibres into ‘mesh-like materials. This type of graft usually
facilitates cell integration into the graft -wall when anastomosed into a host artery. Dacron
grafts are often used to replace malfunctioned thoracic and abdominal aortae. As other
polymeric materials, Dacron induces inflammatory reactions and thrombogenesis. Thus, this
type of graft can only be applied to arteries with diameter exceeding 4 mm.

Polyethylene

Polyethylene is a polymer composed of ethylene monomers and can be synthesized
into polymeric materials of various densities. A low-density polyethylene material (0.91-0.93
g/em®) can be synthesized by using peroxide catalysts at pressure 1000-3000 kg/cm” and
temperature  300-500°C. Polyethylene materials generated under such conditions are
composed of branched polymers that are difficult to crystallize. This type of material is tough
and flexible, and is often used to fabricate thin membranes for food packaging and also for
manufacturing biomedical supplies, such as tubing and containers.

A high-density polyethylene material (0.945-0.96 g/cm®) can be synthesized by using
metal catalysts at pressure ~10 kg/cm?® and temperature 60-80°C. This polymer material is
composed primarily linear polymers and is highly crystallized with strong bonds between
ethylene monomers. The high-density polyethylene material is stronger than the low-density
polyethylene material, and has been used for fabricating orthopaedic implants, such as load-
bearing caps for artificial joints.

5. Biodegradable Polymers

A number of biodegradable polymeric materials have been synthesized and used as
biomaterials. These materials belong to several polymer families, including linear aliphatic
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polyesters, polyorthoesters, polyphosphate esters, poly (ester—ether), polyanhydrides,
polyamides, polysaccharides, polyamino acids, and inorganic polyphosphazenes. Some of
these polymers have been increasingly used for the regeneration, repair, and replacement of
tissues and organs. Because these materials can be gradually degraded and removed through
various organ systems such as the liver and kidneys, harmful influences, if any, imposed by
these materials can be eliminated. Furthermore, when used for constructing tissue scaffolds,
biodegradable polymers with desired shapes can serve as guidance for cell migration and
pattern formation. With the degradation of the polymer scaffold, natural tissues can be
gradually established and strengthened, eventually integrating into the host system.

Biodegradable polymeric materials have been applied to biomedical research in
primarily two areas: wound healing and drug delivery. Linear aliphatic polyesters, such as
polyglycolides, poly (glycolide-l-lactide), poly (ester—ether), and poly (glycolide—
trimethylene carbonate), have been successfully used for enhancing wound closure and
healing. These polymers have been extensively studied for their structure, material properties,
and biological compatibility. Several types of biodegradable polymer have been used for
constructing drug delivery carriers. Examples include polyanhydrides and poly (ester—ether).
By controlling the rate of degradation, the rate of drug delivery can be regulated. In addition,
biodegradable polymers have been investigated for their potential use in tissue regeneration
and repair. For the last decade (since the mid-1990s), the synthesis and characterization of
biodegradable polymers are among the most active research areas in biomedical engineering.
Here, several common types of biodegradable polymers are discussed with a focus on the
structure, material properties, and potential applications to bioregenerative engineering.

Linear Aliphatic Polyesters

Linear aliphatic polyesters are straight-chain polymers in which monomers are joined
by the ester bond —COO—. Commonly used linear aliphatic polyesters include
polyglycolide (PG) or poly (glycolic acid) (PGA), polylactide (PL) or poly(lactic acid)
(PLA), polycaprolactone (PCL), poly(B-hydroxybutyrate), and poly(glycolide—trimethylene
carbonate). These polymers have“been successfully used in biomedical research and
application. Among these aliphatic polymers, polyglycolide and polylactide are basic
molecules that can be used to form copolymers and derive different forms of polymers. These
polymers have been frequently used in biomedical research.

Polyglycolides and Polylactides

Polyglycolides and polylactides can be synthesized from glycolic acids and lactic acids,
respectively. The direct condensation method can be used to synthesize low-molecular-
weight polyglycolides or polylactides (<3000 kDa). Common catalysts for such synthesis
include phosphoric acids, p-toluene sulphonic acid, and antimony trifluoride. For a polymer
larger than 3000 kDa, a process known as ring opening polymerization is necessary for
polymer synthesis. Several catalysts, such as stannous chloride dehydrate and aluminum
alkoxide, has been used for the synthesis of large polyglycolides and polylactides. The
thermal properties of polymers are described by the melting and glass transition temperature,
while the mechanical properties of polymers are expressed by the elastic modulus, tensile
strength, and maximal distensibility or strain. A typical polyglycolide material has a melting
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temperature of ~210°C and a glass transition temperature of ~36°C, whereas a polylactide
material possesses a melting temperature of ~170°C and a glass transition temperature of
~56°C. Mechanically, polylactide-based materials possess elastic moduli ranging from 1200
to 3000 MPa and tensile strength of 28-50 MPa depending on the molecular weight, and can
be extended to 2-6% of their original length before reaching the breakpoint.

The rate of polymer biodegradation is an important parameter considered in the design
and synthesis of biodegradable polymers. Polymers are usually degraded by hydrolysis of the
ester bonds, resulting in a decrease in molecular weight. Several factors are known to
influence the rate of polymer degradation. These include the chemical structure and
molecular weight of the polymer material as well as environmental conditions. For instance,
amorphous polymers can degrade more easily than crystalline polymers. Polymers with a
higher molecular weight may be degraded more slowly than those with a lower molecular
weight. Branched polymer molecules may be degraded faster than linear molecules. An
increase in temperature facilitates polymer degradation. For a typical semicrystalline
polylactide material, weight loss can be detected after 30 weeks in a phosphate buffer at
37°C.

Glycolides and lactides can form copolymers with each other as well as with other
types of esters. The copolymer formed on the basis of glycolides and I-lactides is known as
poly (glycolide-l-lactide). The relative contents of various esters in a copolymer may
influence the rate of polymer degradation. For instance, the degradation rate of poly
(glycolide-I-lactide) is dependent on the relative concentration of lactides. It is interesting to
note that the relationship is not linear. In the range of 0-25% of I-lactides, the rate of
degradation is inversely proportional to-the concentration of l-lactides, whereas in the range
of 75-100% of l-lactides, the rate of degradation is directly proportional to the concentration
of lactides. Interestingly, in the range of 25-75% of I-lactides, the rate of polymer
degradation does not change significantly with an increase in the concentration of lactides.
Thus, for the design of a copolymer, the degradation rate should be taken into account.
Ideally, a polymer material should have a degradation rate that is comparable to the rate of
native tissue formation.

Polyglycolides, polylactides, and their copolymers have been used for constructing
various forms of matrix for biomedical applications such as drug delivery and tissue repair.
These polymers can be also injected into target tissues. The biocompatibility and toxicity of
these polymers have been tested extensively. The degradation product of polylactides is lactic
acid, which is a natural metabolite in mammals and can be removed via physiological
metabolism. The metabolite of polyglycolides, glycolic acid, has been shown to be a low-
toxicity substance. An increase in acidity near a polymer implant may occur, but such a
change can be mitigated by a local pH treatment. In general, these polymers exhibit low
toxicity and are safe for in vivo implantation and injection.

Polycaprolactones

Polycaprolactone (PCL) are another type of polyester that is used in biomedical
research and application. Polycaprolactones can be synthesized by polymerization with
anionic, cationic, and coordination catalysts. For the anionic catalytic system, tertiary amines,
alkali metal alkoxides, and carboxylates are necessary for the polymerization. For the cationic
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polymerization system, several catalysts, including protic acids, Lewis acids, acylating
agents, and alkylating agents, are often used. The coordination polymerization system is used
for synthesizing high-molecular-weight polymers. Catalysts for this type of polymerization
include stannous octoate, alikoxides, and metallic elements such as Al, Sn, Mg, and Ti.
Polycaprolactone materials usually have the following thermal properties: melting
temperature ~60°C and glass transition temperature ~—60°C. Mechanically, polycaprolactone
materials can be stretched to a strain about 0.3 (~30% elongation) at a yielding stress about
11 MPa. The elastic modulus is about 0.3 GPa.

Polycaprolactone materials and polycaprolactone hybrids with other materials, such as
hydroxyapatite, poly-I-lactides, and silica, have been used in a number of biomedical
applications, such as scaffolding and repairing soft and bone tissues (Fig.1). Polycaprolactone
materials can be degraded by hydrolysis. /n vivo tests have shown that it takes about 2—4
years to completely degrade a polycaprolactone implant. Copolymerization or blending with
glycolides and/or lactides increases the rate of degradation. /n vivo animal tests have shown
that polycaprolactone materials exhibit low toxicity and do not significantly influence the
function of host cells and tissues.

Poly (f-hydroxy butyrate)

Poly (B-hydroxy butyrate), or PHB, is a polymer of P-hydroxybutyrate. Poly (B-
hydroxybutyrate) can be generated by natural fermentation of the bacterium Alcaligenes and
can also be synthesized by the plant flax or linumusitatissimum, which is genetically
transfected with gene constructs required for the synthesis of poly(B-hydroxy butyrate), or
other types of plants such as Arabidopsis thaliana, and Brassica napus. Poly (B-hydroxy
butyrate) is an amorphous material with a glass transition temperature of about —40°C and a
melting temperature of ~160°C. The failure strain (strain when a material is extended to the
failure point) of poly(B-hydroxybutyrate) jis about 0.15 or 15%. When poly (-
hydroxybutyrate) is blended with other types of polymers, such as hydroxyl hexanoate, the
failure strain can be increased depending on the relative contents of the polymer components.
The poly (B-hydroxybutyrate)-containing copolymer can be fabricated into various forms and
used for constructing tissue replacements (Fig.2). The degradation of poly (B-
hydroxybutyrate) is induced by hydrolysis.

In vitro tests have shown that high-molecular-weight poly (B-hydroxybutyrate) films
can be completely degraded at 25°C in freshwater within 3 weeks.
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Figure 1. Scanning electron microscopic images of freeze fracture hydroxyapatite
(HAP)/polycaprolactone (PCL) composite materials.

Polycarbonates

Polycarbonates are a group of - polyesters, including poly (urethane carbonate),
poly(ethylene carbonate), and poly(propylene carbonate). These polymers are synthesized
with dihydroxy compounds and carbonyl chloride. For aliphatic poly (urethane carbonate),
the glass transition temperature is about —18°C. The tensile failure stress of this polymer is
about 50 MPa, and the failure strain is about 416%. Clearly, this is a highly extendable
material. The degradation rate varies among different polycarbonate materials. For instance,
poly(ethylene carbonate) tablets implanted in the rat can be degraded within about 21 days,
poly(propylene carbonate) may last for 60 days, whereas poly (urethane carbonate) is stable
for a much longer time. This class of polymeric materials are biocompatible and has been
used for cell culture (Fig.3). These materials have also been used as biomaterials for
constructing cardiovascular implants (intra aortic balloons, cardiac valves, vascular
prostheses, pacemaker leads, ventricular assist devices and artificial heart diaphragms, heart
valves, vascular grafts, and urethral catheters) as well as reconstructive implants (wound
dressings, mammary prostheses, maxillofacial prostheses).

Polyamides

A polyamide is a polymer that is formed by joining monomers with an amide bond—
CONH—. Natural proteins are amide-based polymers. Amino acids can be used to synthesize
artificial polyamides. Typical examples are poly glutamic acid and poly lysine. Glutamic acid
and lysine can also form copolymers with other types of amino acids. Unlike other synthetic
polymers that have been tested in biomedical research, polymers based on amino acids are
composed of naturally occurring molecules and thus possess low toxicity. Such a feature
renders these polymers promising candidates as biomaterials for tissue repair and
regeneration as well as drug delivery. Here, poly glutamic acid is used as an example to
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demonstrate the principles of the synthesis, material properties, and potential biomedical
application of polyamides.

Figure 2. Scanning electron microscopic images of poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate)-based biomaterials:

(A) poly (3-hydroxybutyrate-co-3- hydroxyl hexanoate) materials;

(B) poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) with 5% gelatin blend;

(C) poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) with 10% gelatin blend;

(D) poly(3-hydroxybutyrateco-3-hydroxyhexanoate) with 30% gelatin blend.

Poly (glutamic acid) can be synthesized from poly (y-benzyl-l-glutamate) by
eliminating the benzyl group by using hydrogen bromide. Poly (glutamic acid) (PGA) can be
degraded by enzymatic hydrolysis. In particular, cystein proteases play a critical role in the
degradation of PGA. The time course of PGA degradation ranges from several hours to
months, depending on the concentration of proteinase, temperature, and the composition of
the polymer (with or without additional components). Poly (glutamic acid) exhibits little
toxicity when implanted into an animal tissue. Animals can tolerate a single dose of <800
mg/kg and an accumulated dose of <1.8 g/kg. Polyglutamic acid exhibits little
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immunogenicity in animal models. This type of materials can be used in various biomedical
applications, such as tissue repair and regeneration as well as drug delivery.

Polyphosphazenes

Polyphosphazenes are inorganic biodegradable polymers that are constituted with a
nitrogen—phosphorus (N==P) backbone. This type of polymer is synthesized via reactions of
polydichlorophosphazene with amines or alkoxides in tetrahydrofuran or aromatic
hydrocarbone solutions. Polymers with various side groups can be synthesized by mixing
different components. The material properties of polyphosphazenes are dependent on the
composition of the polymer. Biodegradable polyphosphazenes can be generated when amino
acid derivatives are used as side groups. For instance, the ethylglycinato-derived polymers
can be degraded into ammonia, phosphate, ethanol, and glycine. Experimental tests in vitro
have demonstrated that amino acid-based polyphosphazenes can be degraded within several
months. The rate of degradation is dependent on the type of amino acid selected for the
sidegroups.

Figure 3. Scanning electron microscopic images of MG63 osteoblast-like cells (2-day
culture) attached to the polycarbonate membrane surfaces with different micropore sizes: (A)
0.2, (B) 0.4, (C) 1.0, (D) 3.0, (E) 5.0, and (F) 8.0 um in diameter of micropore sizes.
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Polyphosphazenes have been used for constructing various structures, such as matrix
scaffolds (Fig. 4), hydrogels, and microspheres, for drug delivery. The degradation of
polyphosphazenes is sensitive to changes in temperature. Thus, the degradation rate of these
polymers can be regulated by controlling environmental temperature. Such polymers can be
used for constructing drug delivery carriers for temperature-related diseases. Other
environmental factors, such as pH, may also influence the rate of degradation of
polyphosphazenes. For instance, oxybenzoate-containing polyphosphazenes are pH-sensitive.
The degradation of this type of polymer can be controlled by altering the content of
oxybenzoate within a specifi ed range of pH. Such polymers can be used to deliver drug for
diseases that result in a change in pH. /n vivo animal tests with subcutaneous implantation
have shown that polyphosphazenes materials exhibit low toxicity, induce little inflamatory
reactions in host tissues, and are relatively safe for implantation and drug delivery.

P

Flgure 4. Scanning electron mlcrograph showing electrospun poly[bls(p methylphenoxy)
phosphazene fibre matrix with arterial endothelial cells after 24 h of culture.

Polyanhydrides

Polyanhydrides are polymers formed with anhydrides, compounds in which two
carbonyl groups are joined with an oxygen atom, RCO—O—COR’, where R and R’ are any
organic groups. The polymers are synthesized by reactions of diacids with anhydrides to form
acetyl anhydride prepolymers. High-molecular-weight polyanhydrides can be formed from
the prepolymers by melt condensation (180°C for 90 min in vacuo). The addition of
coordination catalysts, such as cadmium acetate and metal oxides, can facilitate the
polymerization process, increasing the molecular weight of the polymer. Polyanhydrides can
be dissolved in organic solvents such as chloroform and dichloromethane. Various
components can be copolymerized with anhydrides to alter the solubility. Homopolymers of
anhydrides usually exhibit a high level of crystallinity. Copolymerization with different
components may reduce the crystallinity, producing more amorphous materials.
Copolymerization also influences the mechanical properties of polyanhydrides.
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Polyanhydrides are degraded by hydrolytic erosion. A number of factors influence the
rate of polyanhydrides degradation. These include pH and copolymerization with different
compounds. An increase in pH facilitates polyanhydrides degradation. The incorporation of
different aliphatic monomers may facilitate the degradation of the polymer, whereas the
addition of methylene groups into the polymer backbone reduces the rate of degradation.
Thus, polyanhydrides with various levels of degradation can be synthesized by
copolymerization with various compounds. Polyanhydrides can be used to construct various
forms of matrix, such as disks and pellets, and can also be injected into target tissues. The
injection of mixed polyanhydrides and therapeutic substances is a promising technique for
controlled drug delivery. A number of studies have shown that polyanhydrides do not
significantly influence the growth of cultured cells and exhibit little toxicity when implanted
into target tissues in animal tests.

6. Biological materials
Collagen Matrix

Collagen matrix is found in mesenchymal and connective tissues, such as the
subcutaneous tissue and bone, and the adventitia of tubular organs (blood vessels, airways,
esophagus, stomach, and intestines). In mammalian tissues, there exist about 15 types of
collagen matrix, namely, collagen types [-XV. Among these types of collagen, types I, 11, III,
IV, V, IX, XI, and XII are commonly found in connective tissues. Collagen types I, II, III, V,
and XI are organized into filamentous structures, known as collagen fibrils, with a diameter
of ~10-100 nm. These fibrils usually form large collagen bundles as found in subcutaneous
tissues and the adventitia of tubular organs. Collagen types I and V are often found in the
bone, skin, cornea, tendon, ligament, and internal organs such as the lung, liver, pancreas, and
kidney. Collagen types II and XI are found in the cartilage, notochord, and intervertebral
disks. Collagen type III is found in blood vessels, skin, and internal organs. Collagen types
IX and XII are molecules that link other types of collagen fibril and are known as fibril-
associated collagens. These types are found in the cartilage, tendons, and ligaments. In
contrast to the filamentous collagen molecules, collagen type IV participates in the
construction of a membrane-like structure, known as the basal lamina, which underlies
epithelial and endothelial cells.

Collagen molecules play important roles in the constitution of mammalian tissues or
organs. The collagen matrix serves as a structural framework that supports cells, helps
organize cells into various forms of tissues and organs, and protects cells from mechanical
injury. In addition, collagen matrix participates in the regulation of cellular activities such as
cell survival, adhesion, proliferation, and migration. Collagen molecules can directly interact
with cells via the cell membrane collagen receptors, or indirectly via the mediation of
fibronectin, a matrix component that binds collagen molecules at one side and cell membrane
matrix receptors, known as integrins, at the other side. The binding of collagen and
fibronectin molecules to the integrin receptors initiate the activation of intracellular signaling
pathways that stimulate or activate mitogenic processes, including cell survival, proliferation,
and migration.

Given the structural and functional features, collagen matrix has long been used for
constructing drug-delivery devices and scaffolds for tissue regeneration. Collagen matrix has
been used in several forms: collagen gels, meshes, composites with different molecules, and
decellularized natural matrix. Collagen gels and meshes are suitable for drug delivery,
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whereas cell-free natural collagen matrix can be used as scaffolds or grafts for the repair or
regeneration of various tissues and organs, such as blood vessels, airways, intestines, and
bladder. Collagen gel can be spun into collagen fibres, which can be used to construct
collagen scaffolds for tissue repair and regeneration (Fig. 5).

Native collagen matrix is a suitable material for the construction of tissue scaffolds.
Such a material maintains the natural biological and mechanical characteristics and exhibits
superior biocompatibility compared to in vitro crosslinked collagen gels or matrix. To
prepare a native collagen matrix, mammalian tissue specimens can be collected from the
submucosa of intestines, the adventitia of blood vessels, and the subcutaneous tissue. Cells in
these specimens can be removed by various enzymatic and hydrolytic methods. Such
treatments eliminate the cellular immunogenicity of allogenic tissues (note that extracellular
matrix molecules exhibit neglible immunogenicity). The resulting cell-free collagen matrix
can be tailored into a scaffold with a desired form and used for tissue repair or regeneration.
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Figure 5. Scanning electron micrograph of electrospun collagen matrix.

Elastic Fibres and Laminae

Elastic fibres and laminae are major extracellular matrix components found in
mesenchymal and connective tissues. Elastic fibres are present in the lung, connective tissue,
the submucosa of intestines, and the wall of veins, whereas elastic laminae are found
primarily in the media of large and medium arteries. Elastic fibres and laminae are composed
of several proteins, including elastin, microfibrils, and microfibril-associated proteins. Elastin
is the most abundant protein in elastic fibres and laminae. Mature elastin is a highly insoluble
and hydrophobic protein, and is formed by crosslinking the 72-kDa elastin precursor, known
as tropoelastin. Tropoelastin is produced by several cell types, including the smooth muscle
cell, endothelial cell, and fibroblast, and is released into the extracellular space where
crosslinking and elastin formation take place. Elastic fibres and laminae play an important
role in the constitution of tissues and organs as well as in the maintenance of the stability of
tissues and organs. For instance, multiple layers of elastic laminae are found in large arteries.
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These laminae have long been known to contribute to the structural stability and mechanical
strength of the arterial wall. Arteries are subject to extensive mechanical stress induced by
arterial blood pressure. Without the support of the elastic laminae, vascular cells may be
overstretched under arterial blood pressure. Elastic laminae also contribute to the elasticity of
soft tissues, such as connective tissues and arteries. The recoil of the arterial wall is a critical
mechanism for the continuation of blood flow during diastole when cardiac ejection is
ceased. Elastic laminae have also been shown to serve as a signalling structure and play a role
in regulating arterial morphogenesis and pathogenesis. An important contribution of elastic
laminae is to confine smooth muscle cells to the arterial media by inhibiting smooth muscle
cell proliferation and migration, thus preventing intimal hyperplasia under physiological
conditions. In addition, elastic laminae exhibit anti inflammatory effects and inhibit leukocyte
adhesion, activation, and transmigration relative to collagen matrix. These features render
elastic laminae a potential material for vascular reconstruction. Furthermore, elastic laminae
and elastin-containing structures can be used to prevent inflammatory reactions after surgery.

7. Polysaccharides

Polysaccharides are polymers composed of many monosaccharides bonded together by
glycosidic bonds. There are a number of forms of natural polysaccharides, including
glycogen, cellulose, alginate, chitosan, starch, and glycosaminoglycan. These polysaccharides
are found in animals and plants, and play an important role for the survival and function of
animals and plants. Glycogen is a polymer composed of glucose monomers and synthesized
in animals for the storage of energy. Alginates are linear polysaccharides composed of f3-
mannuronic acid and a-guluronic acid, and are found in brown seaweed and in certain
bacteria. Starch is a polymer found in plants and synthesized for the storage of energy.
Cellulose is found in plants and bacteria. Chitosan is found in the shell of crabs and shrimps.
One of the important properties of polysaccharides is their ability to form hydrogel. This
property is the basis for polysaccharide-mediated drug delivery. Several types of
polysaccharide, such as cellulose, chitosan, and starch, have been used as materials for tissue
engineering and drug delivery.

Cellulose

Cellulose is a linear polysaccharide composed of d-glucose units jointed together by
1,4-B-glucosidic bonds. In plants, cellulose participates in the constitution of plant skeleton
and cell wall. Cotton is a well-known cellulose-containing material. Cellulose molecules are
often arranged in parallel, giving cellulose fibres high mechanical strength. Humans cannot
use cellulose as an energy source because of the lack of B- glycosidase, which catalyzes the
hydrolysis of B-glycosidic bonds (note that mammals have a-glycosidase that catalyzes the
hydrolysis of glycogen and starch). Cellulose can also be produced by bacteria. Bacterial
cellulose has been often used for tissue engineering and will be the focus here.

Several types of microorganism, including algae (Vallonia), fungi (Saprolegnia,
Dictystelium ~ discoideum), and bacteria (Acetobacter, Achromobacter, Aerobacter,
Agrobacterium, Pseudomonas, Rhizobium, Sarcina, Alcaligenes, Zoogloea) can synthesize
cellulose. Among these microorganisms, the bacterium Acetobacter xylinum, which is
usually found in fruits, vegetables, and alcoholic beverages, has been used to generate
cellulose for tissue engineering applications. In a culture medium, this bacterium can produce
a network of cellulose fibres. The cellulose fibres can be collected, fabricated into desired
forms, and used to construct scaffolds for tissue engineering applications. The bacterial
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cellulose synthesized by Acetobacter xylinum is similar to the plant cellulose in molecular
composition. Both types of cellulose contain d-glucose. However, bacterial cellulose exhibits
a higher crystallinity, higher water absorption capacity or lower hydrophobicity, higher
mechanical strength, and finer molecular arrangement compared to the plant cellulose.
Cellulose and its derivatives, such as cellulose nitrate, cellulose acetate, and cellulose
xanthate, can be easily fabricated into desired forms. Unlike other polysaccharides, such as
glycogen and starch, cellulose exhibits low water solubility and, therefore, a low rate of
degradation when implanted into an animal tissue. A decrease in the crystallinity and
hydrophobicity of cellulose usually results in an increase in the biodegradability of cellulose.
Given the chemical composition, bacterial cellulose is highly biocompatible and nontoxic to
the host. Furthermore, bacterial cellulose is a highly mouldable material and can be used to
fabricate scaffolds with desired forms. Cellulose-based materials have been used in a number
of biomedical applications. These include construction of cellulose membranes for
hemodialysis, construction of enzyme carriers for biosensors, drug delivery, construction of
scaffolds for the regeneration of various tissue types, such as the bone, cartilage, liver, skin,
and blood vessels. These investigations have consistently demonstrated that cellulose-based
materials elicit little inflammatory and toxic reactions. Cellulose has been proven a promising
material for the construction of tissue regenerating scaffolds.

Alginates

Alginates are linear polysaccharides composed of B-mannuronic acid and o-guluronic
acid. Alginates are found in brown seaweed and in certain bacteria. The content of f-
mannuronic acid and a-guluronic acid may vary depending on the plant or bacterial species
from which alginates are obtained. Alginates can be used to form hydrogel and matrix.
Divalent cations, such as Ca>" and Mn*", can initiate alginate gelation by linking o-guluronic
acid units between different polymer chains. The feature of gelation renders alginates a
potential material for tissue engineering applications, such as cell seeding and transplantation,
tissue repair, and drug delivery. Alginate gels with various mechanical properties can be
generated under different gelling conditions and by using different crosslinkers. Numerous
studies have been conducted to test-the elastic and shearing mechanical properties. Under
compressive forces, alginate matrices exhibit elastic modulus ranging from 1 to 1000 kPa,
depending on gelling and experimental conditions. Similarly, the shear modulus of alginate
matrices spreads widely from 0.02 to 40 kPa under different experimental conditions. Under
tensile forces, the maximal tensile strength or failure stress of alginate gels ranges from 3 to
35 kPa and the maximal or failure strain is from 0.3 to 1.25, dependin% on the composition of
alginates and the strain rate applied. Alginate gels cross-linked by Ca*" have been used for a
number of biomedical applications. One of the applications is alginate-mediated gene
delivery. Alginate microspheres have been fabricated to carry genes of interest. The alginate
microspheres can be delivered to target tissues, where the gene is released. Because of the
biodegradability of alginates, genes can be released in a controlled manner with the releasing
rate depending on the rate of alginate degradation. Similarly, an alginate-based gel or matrix
can be used to mediate controlled protein and drug delivery. In addition, alginate-based
materials have been fabricated and used to mediate wound healing. Alginates can form a thin
layer of gel when crosslinked by Ca®". Such a gel layer can be used to cover skin wound to
prevent the loss of body fluids and bacterial infection. Alginate-based materials can be used
to construct various forms of matrix scaffolds for the repair or regeneration of various tissue
types such as the cartilage, liver, and bone. Alginate materials have also been used to
construct capsules for cell transplantation. Cells can be encapsulated within alginate capsules
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and delivered to target tissues (Fig.6). The alginate capsules can partially protect the enclosed
cells from inflammation-induced injury.

Chitosan

Chitosan is a linear polysaccharide composed of d-glucosamine units jointed by B-1,4-
glycosidic bonds with randomly inserted N-acetylglucosamine units. Chitosan is a partially
deacetylated derivative of chitin, which is a copolymer of randomly distributed N-
acetylglucosamine and N-glucosamine units. A polymer molecule with more than 50% N-
acetylglucosamine units is known as chitin, and that with more than 50% N-glucosamine
units is called chitosan. Chitosan and chitin are found in the shell of crabs and shrimps and
are similar to cellulose in structure. Chitosan and chitin can be collected from these shellfish
sources. Chitosan is a semicrystalline molecule and is usually stable. It is insoluble in water,
but soluble in acidic solutions (pH ~5). The use of chitosan for tissue engineering relies
partially on its gelation ability. Chitosan solutions can be gelled in methanol and under a high
pH condition. A dried chitosan structure can be mechanically very strong. Chitosan
molecules are usually positively charged and can bind to molecules with negative charges,
such as glycosaminoglycans and alginates. A unique feature is that the charge density of
chitosan is dependent on pH. Such a feature renders chitosan a candidate material for pH
controlled drug delivery. When implanted in vivo, chitosan is degraded by lysozyme
catalyzed hydrolysis. Chitosan is disintegrated into- oligosaccharides. The rate of chitosan
degradation is inversely proportional to the degree of crystallinity. The crystallization of
chitosan is regulated by deacetylation. Chitosan molecules with increased deacetylation on
the N-acetylglucosamine units exhibit increased crystallinity and reduced degradation. In a
highly crystal form, it takes several months to degrade chitosan scaffolds in vivo. Amorphous
chitosan exhibits more rapid degradation. Chitosan is a polysaccharide that can be fabricated
into various forms of porous matrix: To produce a chitosan matrix, chitosan can be dissolved
in acetic acid. The chitosan—acetic acid solution can be frozen and lyophilized to produce
chitosan matrix. The freezing process induces the formation of ice crystals. The following
lyophilizing process removes the ice crystals, allowing the formation of a porous matrix. The
size of the pores can be controlled by altering the rate of ice crystal formation. Chitosan can
be used to make materials with various mechanical properties. A pure chitosan material
without apparent pores exhibits elastic modulus ranging from 5 to 7 MPa. However, the
introduction of pores reduces the elastic modulus and mechanical strength. Porous chitosan
materials could have an elastic modulus as low as 0.1 MPa. The failure strain or maximal
strain of chitosan is also dependent on the porosity of the material. Nonporous chitosan
materials can be stretched to a strain about 0.3, whereas a porous chitosan material can be
stretched to a strain about 1. Porous chitosan exhibits a nonlinear mechanical behaviour, i.e.,
the mechanical behavior is dependent on the level of strain and stress. The material gains
stiffness (with increased elastic modulus) when strain and stress are elevated.
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Figure 6. Cell-containing alginate beads for cell transplantation. Cells were encapsulated
with alginate beads by dropping the cell-alginate mixture into an agitated bath of calcium
chloride using a syringe. (A) A-low magnification image of the beads. (B) A higher-magnifi
cation image. (C) Cell-alginate beads were mixed into a calcium phosphate cement paste at a
54% volume fraction of alginate beads.
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Chemical modifications significantly influence the mechanical properties of chitosan
materials. For instance, the coating of a chitosan material with hyaluronic acid significantly
increases the tensile strength of the chitosan material. This mechanical reinforcement is due
to the formation of tight bonds between positively charged chitosan molecules and negatively
charged hyaluronic acid molecules. Such reinforced chitosan materials are suitable for
repairing tissues with high mechanical loads such as cartilage. Furthermore, the incorporation
of hydroxyapatite or other calcium containing materials into chitosan or chitin can generate
composite materials with increased mechanical strength. Such materials can be used for bone
repair or regeneration. Given the molecular structure, mechanical properties,
biocompatibility, and the capability of forming various matrix structures, chitosan and
chitosan derivatives have been considered candidate materials for the engineering and
regeneration of injured tissues and organs. Chitosan materials have been used to construct
matrix scaffolds for seeding, culturing, and transplanting cells into target tissues. These
materials have also been used as carriers for drug delivery. Several studies have shown that
chitosan can serve as a gene transfer carrier. Genes mixed with chitosan-based materials have
been successfully delivered to target cells in the knee joints in animal models. Chitosan-
mediated gene transfer can also be carried out together with cell transplantation, enhancing
therapeutic effects on target diseases.

Numerous investigations have shown consistently that chitosan and chitosan derivatives
are relatively nontoxic and biocompatible. In particular, chitosan-based materials do not
induce significant fibrous encapsulation around the implants. Although chitosan implantation
induces leukocyte infiltration during the early period (within days), chronic inflammation
does not occur significantly. The application of chitosan to cartilage repair and regeneration
has demonstrated a beneficial effect on the recovery of injured cartilage tissues, such as
stimulation of chondrocyte growth and expression of structural proteins. These observations
have demonstrated the feasibility of using chitosan and chitosan derivatives as biomaterials
for tissue regenerative engineering.

Starch

Starch is composed of d-glucose and is a form of polysaccharide for the storage of
energy in plants. It can be found in all plant seeds and tubers. There are two forms of starch:
amylase and amylopectin. Amylose is a linear polymer with the d-glucose units joined by the
al,4-glycosidic bonds, whereas amylopectin contains branching polymer chains, in which the
d-glucose units are joined by the al,4-glycosidic bonds in the linear portion and those at
branching points are joined by the al,6-glycosidic bonds.

Corn starch is usually used in biomedical research. Starch can be blended with
chemical compounds such as ethylene vinyl alcohol and cellulose acetate to make matrices
that can serve as engineering scaffolds or cell seeding/culture substrates. The fabricated
matrix can be reinforced by mixing with hydroxyapatite to form a composite material.
Polymer matrices of various forms can be prepared by injection molding. Starch and its
composites have been used as substrates for cell culture and carriers for cell transplantation.
Starch based materials do not significantly influence the growth and function of cultured
cells. These materials have also been used in vivo for several biomedical applications,
including drug delivery and tissue repair and regeneration. While starch may not be
mechanically strong, the addition of reinforcement compounds may enhance the mechanical
strength. As starch is composed of natural d-glucose, starch-based materials are usually
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nontoxic and biocompatible. Such features render starch a promising material for tissue
regenerative engineering.

Glycosaminoglycans

Glycosaminoglycans (GAGs) are linear polysaccharides composed of repeated
disaccharide units. Each unit contains an uronic acid and amino sugar molecule. According to
the type of the disaccharide unit, GAGs can be classified into several groups, including
chondroitin sulphate, hyaluronate, keratin sulphate, and heparin sulphate. A chondroitin
sulphate molecule is composed of a glucuronic acid and an N-acetylgalactosamine unit with a
SO4 group on the 4 or 6 carbon positions. A hyaluronate molecule contains a glucuronic acid
and an N-acetylglucosamine unit. A keratin sulphate molecule contains a galactose and an N-
acetylglucosamine unit with a SO4 on carbon position 6. A heparin sulphate molecule
contains a d-glucuronic acid and an N-acetyl-dglucosamine unit.

Glycosaminoglycans are found in mammalian connective tissues, such as the
subcutaneous tissue, cartilage, and blood vessels. These molecules attach to core proteins and
form proteoglycans, major extracellular matrix molecules known as ground substances.
Heparin sulphate is found on the surface of vascular endothelial cells and is similar in
structure and function to heparin, which is a potent anticoagulant: Glycosaminoglycans are
characterized by several general features, including the presence of a high density of negative
charges, high hydrophilicity and water solubility, and low crystallinity. However, there are
differences in material properties between various GAGs molecules. For instance,
hyaluronate is a large molecule and has a high gel-forming capability. These molecules
absorb a large amount of water, constituting a major-part of the extracellular matrix. Because
of the gel-forming capability, hyaluronate is often used as a media for drug-delivery or a
material for tissue repair and regeneration. The eomposition of hyaluronate may be modified
to construct materials with various properties. For example, partial esterification of the
carboxyl groups of hyaluronate molecules reduces the water solubility of the polymer and
increases its viscosity. Extensive esterification generates materials that form water-insoluble
films or gels. Thus, hyaluronate gels with desired properties can be prepared by altering
chemical compositions. Compared to hyaluronate, other types of GAGs exhibit poor gel-
forming capability in vitro. These GAGs alone have not been used extensively as
biomaterials. However, negatively charged GAGs can bind tightly to positively charged
molecules, such as chitin and chitosan, and form composite polymeric materials. Such
composite materials can be used to form gels with various material properties by altering the
relative contents of GAG and/or chitosan. Glycosaminoglycans and glycosaminoglycan-
based composite polymers have been used to construct hydrogels and matrices for various
biomedical applications, such as drug delivery, cell seeding and transplantation, tissue repair,
and tissue regeneration. Since GAGs are natural molecules, they are biocompatible and do
not cause significant toxic and inflammatory reactions. These molecules can be degraded at
different rates, depending on the compositions of the materials. For fully esterified
hyaluronate membranes, the lifetime is several months. A reduction in esterification increases
the rate of degradation.

8. Metallic materials as Biomaterials
Several types of metallic material have been used as biomaterials. These include iron
(Fe), chromium (Cr), cobalt (Co), nickel (Ni), titanium (Ti), molybdenum (Mo), and tungsten

(W). These materials have also been used to create alloys, providing favorable properties for
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the fabrication and performance of biomaterials. Typical examples of alloys include Co—Cr
and Ti alloys. In addition, stainless steels have been developed and used as biomaterials.
Because of their superior strength, elasticity, and endurance, metallic materials are often used
for the repair and replacement of bones and joints. For the past several decades, these alloys
have been well accepted for their performance, biocompatibility, and stability.

Stainless Steels as Biomaterials

Steels are artificially modified forms of iron with various carbon contents and are
characterized by mechanical hardness, elasticity, and strength. Thus, steels are considered
candidate materials for the repair of the skeletal system. The mechanical features of steels are
dependent on the content of carbon and temperature. The crystal structure of iron, which
determines the mechanical characteristics of iron, can be modulated by altering the treatment
temperature and carbon concentration. At a relatively cold temperature, say 20°C, iron atoms
are organized into a unit structure with a body-centered cubic form. In each unit, eight
neighboring atoms are symmetrically localized to the corners of an imaginary cube with one
atom at the cube center. An increase in temperature to a certain degree can induce a
transformation of the atomic structure from the body-centered cubic form into a unit structure
with a face-centered cubic form, in which the atoms are localized to the faces of an imaginary
cube. Carbon atoms can be integrated more easily into the iron unit structure with the face-
centered cubic form than that with the body-centered cubic form. Thus, an appropriate
alteration in temperature facilitates the integration of carbon into the iron. Carbon integration
enhances the stability, hardness, and strength of the iron. However, the solubility of carbon in
iron is relatively low. An excessive level of carbon induces carbon precipitation, a problem
influencing the endurance and mechanical properties of the steel. An appropriate
concentration of carbon is about 0.03%: A common problem for using steels as biomaterials
is corrosion. To resolve such a problem, chromium has been added to steels, rendering the
steels stainless. For the manufacturing of biomaterials, chromium is used at a concentration
ranging from 17 to 20%. However, the use of chromium introduces a problem: the mixing of
chromium and carbon can form carbides, which enhances carbon precipitation. An approach
used to mitigating carbide formation is to add nickel to the steel. Nickel can stabilize the iron
structure, prevent carbide formation, and enhance corrosion resistance. Nickel is used at a
concentration of 12—14% in steels as biomaterials. The chromium—nickel stainless steel has a
high yielding strength (>170 MPa) and is considerably corrosion-resistant. However,
corrosion can still occur when steel materials are implanted into the body. Thus, this material
is often used to fabricate temporary implants such as fracture plates and nails.

Co—Cr Alloys as Biomaterials

Co—Cr alloys are metallic mixtures containing primarily Co and Cr as well as various
amounts of other elements, such as Ni, Mo, Fe, C, Si, Mn, and Ti. There are two types of Co—
Cr alloy that have been fabricated and used as biomaterials: CoCrMo and CoNiCrMo alloys.
The CoCrMo alloys are composed of Co 63-68%, Cr 27-30%, and Mo 5-7%. The
CoNiCrMo alloys consist of Co 31.5-39%, Ni 33-37%, Cr 19-21%, and Mo 9-10.5%. These
alloys possess high yielding strength (~450 MPa for the CoCrMo alloys, and 240-655 MPa
for the CoNiCrMo alloys). The CoCrMo alloys can be cast, while the CoNiCrMo alloys can
be forged, into implants of desired shapes. Both types of alloy are highly corrosion-resistant.
These alloys are suitable materials for the fabrication of artificial bones and joints.
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Titanium and Titanium Alloys as Biomaterials

Titanium is a metallic material that is characterized by superior hardness, corrosion
resistance, and lightness (4.5 g/cm3 compared to 7.9 g/cm3 for iron). Given such features,
titanium has been used as a biomaterial for the replacement of bones and joints. Titanium
materials usually contain several elements, such as nitrogen, carbon, hydrogen, oxygen, and
iron. The contents of these elements are very low, with nitrogen ranging from 0.03-0.05%,
carbon about 0.1%, hydrogen about 0.015%, oxygen 0.18-0.40%, and iron 0.2-0.5%.
Titanium has been used to make alloys. A typical titanium alloy is Ti6Al4V, which contains
~6% aluminum, ~4% vanadium, ~90% titanium and low contents of nitrogen, carbon,
hydrogen, oxygen, and iron. The addition of aluminum and vanadium increases the strength
and corrosion resistance of the titanium alloy. For instance, pure titanium possesses yielding
strength ranging from 170 to 485 MPa, whereas Ti6Al4V exhibits yielding strength ~795
MPa. Other types of titanium alloys have also been created to provide more features suitable
for the performance of titanium alloys as biomaterials. Examples include Til3V11Cr3Al and
Til13Nb13Zr. The Til3V11Cr3Al alloy contains ~13% vanadium, ~11% chromium, ~3%
aluminum, and ~73% titanium. The addition of these elements enhances the strength of the
titanium alloy. The Til13Nb13Zr alloy is composed of ~13% niobium, ~13% zirconium, and
~74% titanium. The addition of these elements enhances the corrosion resistance of the
titanium alloy.

Potential Problems with Metallic Materials

There are two potential problems with the use metallic materials as biomaterials. These
are corrosion and bioincompatibility. These problems potentially influence the performance
and endurance of metallic biomaterials, especially when these materials are used to replace
bones and joints that are subject considerably high mechanical loads. Corrosion is a process
of metal degradation induced by chemical reactions, primarily oxidization. When subject to
water-based solutions containing dissolved oxygen and ions such as chloride and hydroxide,
metal atoms react with these species and form oxide or hydroxide compounds. These
compounds detach from the metal surface and dissolve in the solution. The metal is degraded
gradually. Since the physiological fluids in the human body contain oxidative chemical
species, providing a harsh environment for metallic implants, corrosive degradation of metals
occur at various rates, depending on the type of the metal and the local environment. Iron and
steels can be corroded easily in the presence of water and oxygen, whereas chromium, nickel,
and titanium are considerably corrosion-resistant. The concentration of oxygen in the
interstitial fluids varies considerably in the different compartments of the body. Such
variations significantly influence the rate of metal corrosion. An increase in oxygen
concentration facilitates metal corrosion.

In addition to chemical factors, physical factors such as mechanical loads and friction
accelerate metal corrosion. For instance, repetitive deformation of metal implants can induce
mechanical fatigue, which facilitates chemical corrosion, a phenomenon known as fatigue
corrosion. Shearing motions between two implants induces damage of the protective
passivation layer, contributing to corrosion, which is known as fretting corrosion. These
mechanical factors should be taken into account in the design of metallic implants.

There are several methods that can be used to measure the rate of corrosion. These
include the estimation of the number of ions liberated from a metal per unit time, the

measurement of the depth of the metal corroded away, and the measurement of the loss of the
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metal weight due to corrosion per unit time. These are fairly straightforward methods and can
be applied to in vitro tests and in vivo tests in animal models.

Several approaches can be used to reduce the rate of metal corrosion. For steel-based
implants, the addition of chromium can significantly reduce the rate of implant corrosion,
since chromium can form a stable passive chromium oxide film on the steel surface.
Modulation of carbon contents may also influence the rate of steel corrosion. Since excessive
carbon content induces carbon precipitation, which may facilitate steel corrosion, lowering
the carbon content is an effective approach to reduce the rate of steel corrosion.

Other metallic materials, such as cobalt and titanium, are considerably resistant to
corrosion, since these metals are inert in physiological fluids and can form a passivating
oxide film. Alloys based on these metallic materials exhibit improved resistance to corrosion.
Although corrosion-resistant alloys are used, corrosion still occurs in artificial metallic bones
and joints. Metallic corrosion often causes local swelling and pain, and influences the
function of the artificial implants. Corrosion can be detected by x-ray examination.

At surgery, inflammatory reactions and metal debris can be found in tissue surrounding
the metallic implants. Because corrosion accelerates metal wear and fatigue failure, metallic
implants with severe corrosion should be replaced.

9. Ceramics as Biomaterials

Ceramics are a group of inorganic, polycrystalline, and refractory materials, including
metallic oxides, carbides, silicates, hydrides, and sulphides. Ceramics are characterized by
several physical properties, including the hardness, inertness to physiological ionic fluids, and
resistance to high compressive stress. Given such properties, ceramics have been used as
biomaterials for the replacement of bones and teeth. In terms of their interaction with
biological tissues, ceramics can be classified into several types: bioactive, bioinert, and
biodegradable ceramics. The characteristics and applications of these ceramics are discussed
here.

Bioactive Ceramics

Bioactive ceramics are ceramics that can interact and form bonds with surrounding
tissues. Such ceramics can be used as “adhesives” for prostheses, enhancing the attachment
of prostheses to adjacent tissue. Given the mechanical strength and hardness, this type of
ceramic is often used as adhesive for orthopedic applications such as the repair and
replacement of bones and joints. A major type of bioactive ceramic is glass ceramics. This
type of ceramics is constructed with SiO,, CaO, Na,O, and P,Os. The adhesive properties of
glass ceramics are dependent on the formation of a surface layer composed of calcium
phosphate and silicon oxide (SiO,). Bioactive glass ceramics may not only serve as structural
materials, but also play a role in regulating the function of host cells. For instance, silicon—
calcium glass ceramics, once implanted into the skeletal system, can release silicon and
calcium ions, which stimulate osteoblast growth and differentiation. Such a process involves
genes that encode proteins responsible for the regulation of cell mitosis and differentiation. In
addition, a controlled release of soluble calcium and silicon from a composite material
composed of bioactive glass and resorbable polymer has been shown to enhance the
generation of vascularised soft tissues. Thus, by controlling the compositions and releasing
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rate of silicon and calcium, bioactive glass ceramics can be used to mediate the growth of
bone tissues.

Bioactive glass ceramics have been used not only for bone replacement but also for soft
tissue regeneration. Recent studies have shown that bioglass-coated polystyrene scaffolds
stimulate the proliferation of cultured fibroblasts. Such an influence is dependent on the
concentration of the coating bioactive ceramics. An excessive concentration of bioglass
induces a reduction in the rate of cell proliferation, in association with a change in cell shape.
A limited number of experiments have demonstrated that low concentration of bioglass
(0.01%) may stimulate the expression and release of vascular endothelial growth factor. /n
vivo experiments have shown that bioglass-coated scaffolds can be well tolerated for up to 42
days when implanted subcutaneously in the rat. While fibroblasts actively adhere to
poly(glycolic acid) (PGA) meshes, they rarely adhere to the bioglass particles. These
observations demonstrate that bioactive glass ceramics can be used as compounds for the
fabrication of composite scaffolds for soft tissue engineering.

Bioinert Ceramics

Bioinert ceramics, including alumina, zirconia, and carbons, have been used as
biomaterials. These ceramics are generally corrosion-resistant and wear-resistant. They do
not cause significant toxic, inflammatory, and allergic reactions and are relatively
biocompatible. These ceramics possess common ceramic characteristics such as hardness,
low friction, and resistance to compressive stress. Because of these characteristics, bioinert
ceramics are often used to fabricate bone plates, screws, femoral heads, and middle ear
ossicles. Alumina, or aluminum oxide (AI203), is a typical type of bioinert ceramics.
Alumina exists in nature as crystal corundum. A crystal form of alumina can be synthesized
by applying fine alumina powder to a flame of mixed oxygen and hydrogen. The mechanical
strength of synthetic alumina is dependent on the grain size and porosity. Alumina with small
grains and low porosity has high strength. A minimum of flexural strength 400 MPa and
elastic modulus 380 GPa is required for using alumina as an orthopedic biomaterial. In
general, alumina is a material that‘is characterized by hardness, low friction, inertness to
physiological fluid environment, low toxicity, and low immunogenicity. These properties
render alumina a suitable orthopedic biomaterial. Alumina has been used to fabricate
artificial joints and total hip prostheses.

Biodegradable Ceramics

Biodegradable ceramics are ceramics that can be degraded and absorbed in a biological
system. A number of biodegradable ceramics have been developed and used as biomaterials.
These include calcium phosphate, aluminum calcium phosphate, coralline, zinc-calcium-
phosphorous oxide, and zinc sulphate—calcium phosphate. Most biodegradable ceramics
contain calcium. Biodegradable ceramics are often used for constructing artificial bones and
drug delivery carriers, as well as to repair bone damages due to trauma, tumor removal, and
pathological disorders. A biodegradable ceramic implant may serve as a temporary frame that
guides the formation of the shape of remodeling tissues. The absorbed ceramic material can
be replaced by growing tissue, eventually restoring the natural structure and function of the
damaged tissue. Thus, biodegradable ceramics are suitable materials for orthopedic tissue
regeneration.
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Calcium phosphate is a typical biodegradable ceramic and has been used to fabricate
artificial bones. Calcium phosphate can be crystallized into a form known as hydroxyapatite.
Crystallized calcium phosphate can be very stiff and strong with an elastic modulus up to
~100 GPa. Note that the hardest tissue in our body, such as compact bones, dentin, and
dental enamel, is composed of the crystal form of calcium phosphate with structure similar to
hydroxyapatite. Thus, calcium phosphate is commonly used in orthopaedic regenerative
engineering for the replacement and repair of malfunctioned bones. Calcium phosphate-based
biomaterials are usually nontoxic and biocompatible. The biocompatibility of calcium
phosphate-based bioceramics has been a topic of research in orthopedic regenerative
engineering. Extensive investigations have shown that osteoblasts exhibit normal growth
patterns when cultured on calcium phosphate materials. In addition, calcium phosphate
biomaterials exert a stimulatory effect on the expression of osteogenic proteins and the
proliferation of osteoblasts. These observations demonstrate the suitability of using calcium
phosphate compounds as biomaterials for orthopaedic regenerative engineering.

Calcium phosphate ceramics can also be used to fabricate drug delivery devices. Drugs,
hormones, or growth factors can be packed into biodegradable calcium phosphate ceramics
for implantation and delivery into target tissues. With the degradation of the ceramic, drugs
or proteins can be gradually released. By controlling the density or compounds of the drug
delivery material, the rate of substance release can be regulated. Biodegradable ceramics can
be mixed with biodegradable polymers, such as poly d,/,-lactic acidpolyethyleneglycol
copolymer (PLA-PEG) to form composite materials. Such an approach enhances the
capability of controlling the rate of substance release. A composite ceramic material can also
serve as a scaffold for tissue regeneration. Biological active substances can be integrated into
the scaffold for controlled substance release, which enhances the regeneration of injured
tissues.

10. Success and Failures with Biomaterials and Medical Devices

Most biomaterials and medical devices perform satisfactorily, improving the quality of
life for the recipient or saving lives. Still, manmade constructs are never perfect.
Manufactured devices have a failure rate. Also, all humans differ in genetics, gender, body
chemistries, living environment and physical activity. Furthermore, physicians also differ in
their “talent” for implanting devices. The other side to the medical device success story is
that there are problems, compromises and complications that occur with medical devices.
Central issues for the biomaterials scientist, manufacturer, patient, physician and attorney
are: (1) what represents good design; (2) who should be responsible when devices perform
“with an inappropriate host response;” and (3) what are the cost/risk or cost/benefit ratios for
the implant or therapy?

An example involving left ventricular assist devices (LVADs, sometimes incorrectly
called artificial hearts) helps to clarify these issues. There are many complications with
LVAD:s including clotting, strokes, blood damage and bacterial infection. A clinical trial
called Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive
Heart Failure (REMATCH) led to following important statistics. Patients with an implanted
Heartmate® LVAD (Thoratec Laboratories) had a 52% chance of surviving for one year,
compared with a 25% survival rate for patients who took medication (the common therapy
for congestive heart failure). Survival for two years in patients with the Heartmate® was
23% versus 8% in the medication group. Also, the LVAD enhanced the quality of life for the
patients — they felt better, were less depressed, and were mobile. Note that patients
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participating in the REMATCH trial were not eligible for a heart transplant. In the case of
the LVAD, long-term clinical complications associated with imperfect performance of
biomaterials does not preclude clinical success overall. The LVAD is better than the next
best therapy.

These five characteristics of biomaterials science: multidisciplinary, multi-material,
need-driven, substantial market and risk-benefit colour the field of biomaterials.
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Chapter 8
Tissue engineering

1 Introduction

Tissue engineering (TE) is the application of engineering principles to cell culture for
the purpose of constructing functional anatomical units, normally for reconstructive surgery.
There are three main components: cell biology, materials science (polymer/protein
biochemistry), and biological engineering. TE aims to supply body parts for repair of
damaged tissues and organs, without causing an immune response or infections, or using
cadaveric tissue, or mutilating other parts of the patient. The dream is to blend the advantages
of biological integration from living grafts with the ease, stability, and safety of prosthetic
implants and as such it applies to most surgical specialities.

Two contrasting philosophies can be identified behind current approaches to tissue
engineering. The first assumes that living cells possess an innate and self-sufficient potential
for biological regeneration. The implication is that addition of suitable cell types to a suitable
support matrix which allows proliferation and movement will result in an organized and
functional tissue, resembling the tissue of origin. This is likely-to be the simplest, most
economic approach, where it can be applied. The second approach assumes that cells require
a greater degree of control to produce new and functioning tissue structures. This approach
reflects the understanding that, far from regenerating, mature tissues repair rather poorly in
vivo and many cells do not organize in culture. This view leads to more complex solutions,
generally supplying organizational cues to regulate resident cell function and provide spatial
and synthetic control cues. Based on what is understood about tissue repair and regeneration
biology it seems likely that epithelial and endothelial cell layers will prove better at
organizing themselves through innate cell behaviours. In particular, cells such as
keratinocytes and vascular endothelial cells make strong cell-cell interactions and form
coherent sheets. Conversely, connective tissues or mesenchymal layers, in which extensive
deposition and remodelling of collagen matrix is needed (central to many TE applications),
tend not to form appropriate structures spontaneously.

The contribution of tissue repair processes is important in TE developments, because
these are most surgical implants, including skin, blood vessels, heart valves, nerves, joint
surfaces, and ligaments. Consequently, there is a spectrum of stages at which TE constructs
can be designed to be implanted. At one end of this spectrum is the engineered tissue which is
designed to guide, control, and improve the repair function, effectively acting as an implanted
provisional tissue, for example to support peripheral nerve repair. At the other end of the
spectrum is a fully functioning tissue ready to work in the patient. It is presently
inconceivable that a functional peripheral nerve could be engineered to repair a defect or gap
in a nerve tract. What is needed is a cellular repair tissue to guide and encourage regeneration
of existing axons across the gap. This support function tends to be simpler to produce than a
fully functioning implant, needing simpler and shorter in vitro tissue maturation periods, as
this process occurs in vivo. However, tissue function will recover far more slowly and such
constructs need to be functionally sophisticated to control local repair processes long after
implantation.

Fully functioning implants include constructs designed to operate as large blood vessel
implants or heart valves, where significant periods of patient recovery are impossible or
impractical. Tissue applications falling between these two extremes can be tackled in a
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mixture of ways. Current forms of TE skin, for example, tend to resemble repair or
granulation tissue more than a skin graft, although graftable dermis would have many
advantages.

2 Design stages for tissue engineering

A generalized scheme for the design of a TE construct is given in Table 1 with some
specific examples. The surgical criteria are frequently based on previous procedures using
grafts and prostheses, including ease of fixation, minimal patient discomfort, and the rapid
restoration of function. The source of donor cells is critical to the design. However, this is
often overshadowed by the question of whether autologous cells are essential. Where a
mature implant is needed and little remodelling is expected, use of the patient's own cells is
favoured. However, allogeneic cells become more attractive where the TE construct is
designed as a temporary repair tissue. The implanted cells have a temporary role and are
expected to be gradually lost in remodelling. Allogeneic and xenogeneic cells can be
immunogenic and need special precautions to screen for infection. However, they are more
amenable for use in the mass production of consistent, rapidly available, low cost constructs
than is the case where the patient's own cells must be used. In this respect the use of cultured
cells appears to provide a fortunate advantage, in that prolonged culture or cryopreservation
seems to reduce the antigenicity of allogeneic cells. Early experiences with new
commercially available TE skin (Apligraf™), using neonatal human foreskin cells, appear to
support this view.

Design criteria related to the support-material include their porosity and structure. The
survival time of the material is important, as are its degradation products, cell adhesion
characteristics, and ability to propagate surface guidance and mechanical cues. These features
will, by accident or design, control the types of local cells which are recruited (macrophages,
polymorphs, fibroblasts, smooth muscle cells, epithelial, or endothelial cells), their spatial
organization, and the nature of the matrix they assemble. Three tissue examples are analysed
(skin, urothelium, and peripheral nerve) in terms of their TE requirements and design
features.

Table 1. Analysis of five major design stages useful to follow in TE constructions

Demonstration examples Repair
Design stage support Fully functioning Implant
Nerve repair Implant Large vessel Implant
Immediately functional
Rapid, aligned axon regeneration Mechanically strong
List and rank the Limited life of support material (fluid pressure and suturing)
imperatives Ease of surgical fixation Non-thrombogenic lumen Strong
Non-fibrogenic elastic wall
PLA/PGA synthetic polymer
Select and optimize Collagen sponge Collagen gel or collagen-GAG
Materials Fibronectin fibrous tube Sponge
(crosslinked) PLA or PGA synthetic polymer
Select and isolate Schwann cells (SC) Smooth muscle cells (SMCs)
the cells Perineural fibroblasts Endothelial cells (ECs)
or crude cell extracts from nerve fibroblasts
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Assembly and culture
Stages

Seed SCs at staging points along
material or seed SCs at distal

end of construct

Seed outer surface with fibroblasts
Minimal/zero culture before
implantation

Seed outer layers (SMCs)
Seed lumenal surface (ECs)
Long-term culture (under flow)

Incorporation of
control

and monitoring
processes

Minimally inflammatory substrate
Matrix

Contact guidance substrate surfaces
Material surface for rapid
Migration

Graded substrate degradation

Slow release growth factors

Fluid flow through lumen

Growth factors (e.g., VEGF, FGF)
Monitor for continuous endothelial
layer

Monitor for mechanical properties
of wall

Monitor for platelet adhesion to

(e.g., NGF, NT3) lumen

2.1 Tissue engineered skin

Tissue engineering of skin became feasible in 1975 with the demonstration that sheets
of human keratinocytes could be grown in the laboratory in a suitable form for grafting. This
was a simple, cohesive sheet of cells cultured from the donor on a feeder layer of fibroblasts.
This technique has been extensively modified and applied clinically, but as a skin treatment
without a dermal layer, its uses are limited. The epithelial component is able to regenerate in
culture, because the cells grow as a continuous sheet cover a suitable denuded surface,
producing a continuous layer which progresses to form cornified layers. However, it is the
underlying dermal layer which presents more difficulties, with its regular collagenous
architecture, blood capillaries, nerves, and accessory organs such as sweat glands. There are
various forms of implantable skin substitutes which can be considered as TE constructs. The
first and simplest is a basic collagen-glycosaminoglycan sponge known as Integra™.
Although Integra alone is a bioartificial material, rather than a TE construct, it has been used
to cany seeded cells, as have a number of other collagen sponges and hyaluronan films.
Integra consists of insoluble bovine collagen type I and the glycosaminoglycan chondroitin
sulfate in a ratio of 98:2. Dermagraft™ consists of PGA polymer mesh of suitable pore size,
seeded with human dermal fibroblasts from neonatal foreskins. As with Integra, this can be
covered in a keratinocyte sheet at the time of implantation. Apligraf™ consists of human
dermal fibroblasts seeded into a type I collagen gel and allowed to contract under tension. A
layer of human keratinocytes is then seeded over the upper surface at the air-liquid interface.
Both cell types in this construct are again derived from neonatal foreskins and so are
allogeneic. Such TE constructs are available for surgical use, though with a limited shelf-life,
presently in the order of five days. Clinical assessment of the performance and fate of
Apligraf suggests that implants normally integrate well into surrounding tissues, forming a
good skin cover. Importantly, there is no evidence of antibody formation to the bovine
collagen, and little sign of rejection of the allogeneic cells in the construct, which are likely to
disappear as the construct is remodelled.

2.2 Tissue engineered urothelium

As human urothelial cells and bladder smooth muscle cells can be cultured, it is likely
that construction of tissue engineered urothelial implants will be possible. The criteria are that
the final structures need to form elastic tubes or bladders able to remain patent (i.e., without

strictures), and the implant should not allow crystal formation from urine or harbour local
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infections. The structural requirements of the tissue are relatively simple in that an outer
muscle layer should be lined on the lumenal surface by an intact, differentiating sheet of
urothelium. Support materials tested have included resorbable polymers [poly(glycolic acid)
and poly(lactic-co-glycolic acid) co-polymer: PGA and PLGA] and cross- linked collagen
sponges. Isolated urothelial cells cultured on collagen sponges formed differentiated sheets of
urothelium over the surface of the material, with minimal tendency to promote crystal
deposition. Urothelial and bladder muscle cells seeded onto PGA scaffolds formed
urothelium-like, vascularised bilayered tissues when implanted into rabbits. Recently, this
technique has been applied to the tissue engineering of a functional bladder in dogs using a
fibrous PGA polymer base, shaped into a bladder, and coated in PLGA 50:50 co-polymers.
Muscle cells were seeded onto the outer surface of the bladder after which the lumenal
surface was coated with pre-cultured urothelial cells, before implantation. Implanted bladders
achieved near-normal performance and maintained this for up to 11 months.

2.3 Tissue engineered peripheral nerve implants

PROXIMAL STUMP ——3& Direction of regeneration ———#g DISTAL STUMP

Regenerating nerve cone

“Conduit’ Materi: Filll._nﬁ Material Additives

Collagen-GAG, PLGA, Collagen, Agarose, Fibrin, NGF, NT-3, IGF-1,
Hyaluronan, Fibronectin Fibres Fibronectin Fibres BDNF, FGF, CNTF.
Schwann Cells,

Transfected fibroblasts
Figure 1. Scheme illustrating the basic design and some variations for peripheral nerve
implants. Three elements are commonly used. The conduit outer layer (often the primary
source of guidance). The filling material can also incorporate guidance elements but more
often is for support of neural cells. Additives include a huge possible variety of growth and
neurotrophic factors in many forms, combinations, ratios, and release modes.

Peripheral nerve injury is a common consequence of trauma and tumour resection
surgery, with hundreds of thousands of reconstructive operations performed each year. Two
criteria dominate approaches to assisted repair of peripheral nerve injuries. The first is that
regeneration of axons should be guided as tightly as possible from their sprouting at the
proximal stump to where they rejoin the degenerating distal stump on the far side of the
defect. The second is that axonal regeneration across the nerve defect must be as fast as
possible. Prolonged delay of reinnervation leads to irreversible muscle atrophy. Nerve
guidance was achieved using silicone conduits attached between the nerve stumps and
reported using tubes of bioresorbable materials such as PLGA co-polymer, collagen type I,
and polymerized hyaluronan. The tube walls provide gross guidance, but no spatial cues are
available to axons or Schwann cells away from the tube wall. Support for neurite outgrowth
into the tube lumen has been provided by collagen and fibrin, with or without added growth
factors, but again such gels provide minimal directional information.

Initial outgrowth for short distances from the proximal stump can be rapid, but for gaps
of > 10-15 mm the process can slow or stop, probably due to a lack of supporting growth
factors and Schwann cells. Continued growth can be achieved by adding purified growth
factor or by seeding implants with Schwann cells. In another approach, optimization of the
migration speed (as well as direction) has been described for orientated fibronectin implants,
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by varying the proportion of fibrinogen in the polymer material, thus altering its surface
adhesion properties.

2.4 Cardiac-Tissue Engineering

Heart disease remains the leading cause of death in developed countries. Tissue
engineering offers a potential to grow in vitro functional equivalents of native myocardium
for use in tissue repair and to investigate new ways to treat or prevent the disease. In this
chapter, we focus on a tissue-engineering approach to the generation of a functional cardiac
patch. In the first part, we review the clinical problem and the requirements for the tissue
engineering of a functional cardiac patch in a form suitable for surgical implantation. In the
second part, we give an overview of the representative most significant research in cardiac
tissue engineering:

1. The biomimetic approach through the integrated use of cells, scaffolds, and bioreactors.
2. The mechanical stimulation of cardiomyocytes embedded in the collagen gels.
3. The cell-sheet approach.

We then describe in more detail the biomimetic approach to tissue engineering, where
the tissue-engineering approach is designed to mimic the main factors present in the native
myocardium: high cell density with multiple cell types, convective-diffusive oxygen transport
through a capillary network, and excitation—contraction coupling. Finally, we discuss some of
the current challenges and research needs.

2.4.1 Biometric approach to Cardiac tissue engineering

We describe here in detail the “biomimetic” approach we have developed for cardiac-
tissue engineering. The approach involves the ‘in vitro creation of immature but functional
tissues by an integrated use of: (1) differentiated cells, (2) biomaterial scaffolds that serve as
a structural and logistic template for tissue development and that biodegrade at a controlled
rate, and (3) bioreactors that provide environmental conditions necessary for the cells to
regenerate at a functional tissue.

In this approach, a bioreactor should ideally provide all necessary conditions in the in
vitro environment for rapid and orderly tissue development by cells cultured on a scaffold. In
general, a bioreactor is designed to perform one or more of the following functions: (1)
establish a desired spatially uniform cell concentration within the scaffold during cell
seeding, (2) maintain controlled conditions in culture medium (e.g., temperature, pH,
osmolality, levels of oxygen, nutrients, metabolites, regulatory molecules), (3) facilitate mass
transfer, and (4) provide physiologically relevant physical signals (e.g., interstitial fluid flow,
shear, pressure, electrical stimuli) during cultivation of cell-polymer constructs.

We used the tissue-engineering model system to mimic the major factors present in the
native myocardium. We focused on the following key parameters in the cell
microenvironment: high cell density with multiple cell types, convectivediffusive oxygen
transport through a capillary network, and orderly excitation contraction coupling (Table 2).
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Table. 2: Factors governing cardiac-tissue development in vitro and in vivo

In vivo In vitro
Cells High-density 5 x 10°® cells/cm’ 0.5-1 x 10° cells/cm’
Multiple cell types (myocytes, Multiple cell types (myocytes,
endothelial cells, fibroblasts) fi broblasts)
Oxygen and Convection and diffusion in
nutrient supply Convection and diffusion perfusion bioreactor
Capillary network (diameter 10 im, Parallel channel array in the
Geometry spacing 20 im) scaffold
Oxygen carrier Hemoglobin PFC emulsion (Oxygent®)
Excitation—
contraction Electrical signal propagation Ventricle | Electrical stimulation
coupling contraction Construct contraction

2.4.2 Perfusion during Seeding Enabled Physiologic Cell Density

To provide an oxygen supply to the cells at levels necessary to maintain their viability,
we developed a technique of seeding that involves (1) rapid cell inoculation into collagen
sponges using Matrigel® as a cell delivery vehicle, and (2) transfer of inoculated scaffolds
into perfused cartridges, with immediate establishment of the interstitial flow of the culture
medium (Figure.2A). Forward-reverse flow was-used for the initial period of 1.5-4.5 h to
further increase the rate and spatial uniformity of cell seeding. Unidirectional flow of culture
medium was maintained for the duration of cultivation. In this system, cells were “locked”
into the scaffold during a short (10 min) gelation period and supplied with oxygen always
during culture.

Cell distributions in the top, center, and bottom areas of a 0.65-pm-wide strip extending
from one construct surface to-the other are shown in Figure.2B. Constructs seeded in dishes
had most cells located in the 100 um thick layers at the top surface, and only a small number
of cells penetrated the entire construct depth. Constructs seeded in perfusion had high and
spatially uniform cell density throughout the perfused volume of the construct. Clearly,
medium perfusion during seeding was a key for engineering thick constructs with high
densities of viable cells, presumably due to enhanced transport of oxygen within the
construct.
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A e Orbital dish 25rpm

Rapid gel/cell inoculation
(12-10° cells in Matrigel)

Collagen sponge
(1 cm diameter x 3 mm thick)

Gas exchanger

Figure.2 High-density perfusion seeding. (A) Cells are rapidly inoculated into collagen
sponge using Matrigel and seeded, with alternating flow direction. (B) The method results in
a spatially uniform distribution of cells at physiologically high concentrations and high cell
viability. A full cross section through the center is shown for a construct inoculated with 12
million C2C12 cells and seeded for 4.5 h.

2.4.3 Perfusion During Cultivation Enabled Cell Viability and Aerobic Metabolism

Throughout the cultivation, the number of live cells in perfused constructs was
significantly higher than in dish grown constructs, due to the perfusion of culture medium
that was equilibrated in each pass with respect to oxygen and pH in an external-loop gas
exchanger (Figure 3A). Notably, the final cell viability in perfused constructs cultured for
eight days (81.6 £ 3.7%) was indistinguishable from the viability of the freshly isolated cells
(83.8 + 2.0%), and it was markedly higher than the cell viability in dish-grown constructs
(47.4 +7.8%) (Figure 3B).

Consistently, the molar ratio of lactate produced to glucose consumed (L/G) was 1 for
perfused constructs, indicating aerobic cell metabolism. In contrast, in orbitally mixed dishes,
with convective flow of medium around the constructs and molecular diffusion within
constructs, L/G increased progressively from 1 to 2, indicating a transition to anaerobic cell
metabolism (Figure 3C). Cell damage, assessed by monitoring the activity of lactate
dehydrogenase (LDH) in culture medium, was at all time points significantly lower in
perfusion than in dish cultures. Perfused constructs and native ventricles had more cells in the
S phase than in the G2/M phases, whereas the cells from dish-grown constructs appeared
unable to complete the cell cycle and accumulated in the G2/M phase. Cells expressing
cardiac-specific differentiation markers (sarcomeric o-actin, sarcomeric tropomyosin, cardiac
troponin I) were present throughout the perfused constructs and only within approximately a
100-pum-thick surface layer in dish-grown constructs.
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Spontaneous contractions were observed in some constructs early in culture and ceased
after approximately five days of cultivation, indicating the maturation of engineered tissue. In
response to electrical stimulation, perfused constructs contracted synchronously, had lower
excitation thresholds, and recovered their baseline function levels following treatment with a
gap junction blocker; dish-grown constructs exhibited arrhythmic contractile patterns and
failed to recover their baseline levels. However, most cells were round and mononucleated, a
situation likely due to the exposure of cardiac myocytes to hydrodynamic shear, in contrast to
the native heart muscle, where blood is confined within the capillary bed and therefore not in
direct contact with cardiac myocytes (Figure 3D). This motivated the design of scaffolds with
arrays of channels that provide a separate compartment for medium flow.
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Figure 3. Convective-diffusive oxygen transport during culture maintains a high density of
viable cells, aerobic cell metabolism, and uniform cell distribution. (A) Perfusion loop; (B)
cell viability; (C) cell metabolism; (D) distribution of cardiac Troponin I-positive cells.
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2.4.4 In Vivo-Like Oxygen Supply: Medium Perfusion, Channeled Scaffolds, and
Oxygen Carriers

To test the feasibility of using channeled scaffolds, cardiac constructs were first
engineered using a channelled collagen scaffold (UltrafoamTM, 1 cm in diameter x 3 mm
thick) seeded with neonatal cardiac myocytes and cultivated in perfusion at 0.5 mL/min for
10 days. The channel maintained its initial diameter and was surrounded with a 300 um thick
tissue layer. However, collagen is not optimal for cardiac-tissue engineering due to its poor
structural integrity. We thus explored the use of an elastomer, poly(glycerol sebacate), PGS
pretreated with neonatal rat cardiofi broblasts for three days in orbitally mixed dishes,
followed by the addition of rat cardiomyocytes and perfusion cultivation (Figure 4A). After
only three days of culture, cells on scaffolds formed constructs that contracted synchronously
in response to electrical stimulation (Figure 4C). The scaffold pores remained open, and the
pressure drop measured across the construct was as low as 0.1 kPa/mm. To mimic the oxygen
supply of hemoglobin, culture medium was supplemented by 10% v/v PFC emulsion
[OxygentTM, kindly donated by Alliance Pharmaceuticals Corp. (San Diego, CA)J;
constructs perfused with unsupplemented culture medium served as controls. Constructs were
subjected to unidirectional medium flow at a flow rate of 0.1 mL/min provided by a
multichannel peristaltic pump (IsmaTec). As the medium fl owed through the channel array,
oxygen was depleted from the aqueous phase of the culture medium by diffusion into the
construct space, where it was used for cell respiration. Depletion of oxygen in the aqueous
phase acted as a driving force for the diffusion of dissolved oxygen from the PFC particles,
thereby contributing to the maintenance of higher oxygen concentrations in the medium. Due
to the small size of PFC particles, the passive diffusion of dissolved oxygen from the PFC
phase into the aqueous phase was very fast, estimated not to be a rate limiting step in this
system. For comparison, in unsupplemented culture medium, oxygen was depleted faster,
because there is no oxygen carrier phase that acts as a reservoir (Figure 4B).

In PFC-supplemented medium, the decrease in the partial pressure of oxygen in the
aqueous phase was only 50% of that in-control medium (28 mmHg vs. 45 mmHg between the
construct inlet and outlet at the flow rate of 0.1 mL/min). Consistently, constructs cultivated
in the presence of PFC had higher amounts of DNA, troponin I, and Cx-43 and significantly
better contractile properties than control constructs. In both groups, cells were present at the
channel surfaces as well as within constructs. Improved construct properties were correlated
with the enhanced supply of oxygen to the cells within constructs. To rationalize
experimental data for oxygen transport and consumption in engineered cardiac constructs
with an array of channels, we developed a mathematical model of oxygen distribution in
cardiac constructs similar to the Krogh cylinder model. Concentration profiles of oxygen and
cells within the constructs were obtained by numerical simulation of the diffusive-convective
oxygen transport and its utilization by the cells. The model was used to evaluate the effects of
the medium perfusion rate, oxygen carrier, and scaffold geometry on viable cell density. The
model was used to define scaffold geometry and flow conditions necessary to cultivate
cardiac constructs with clinically relevant thicknesses (5 mm). Oxygen profiles were
modelled in a channel array consisting of channels 100 um in diameter and 100 um wall-to-
wall spacing at physiologically high cell density 1 - 10% cells/em®. At 0.049 cm/s, the oxygen
concentration increased significantly in both the tissue space and the channel lumen with the
increase in circulating PFC emulsion, from 0% to 6.4%.

Although the oxygen concentration in the tissue space with physiological cell density
increased considerably with the increase of circulating PFC concentration, from 0% to 6.4%,
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we had to increase the flow rate, keeping the shear stress in the physiological range 1
dyn/cm?, to provide enough oxygen for the entire 0.5-cm-thick construct. At our best
conditions (0.135 cm/s and 6.4% PFC) (Figure 4D), oxygen is not depleted at any point
within the tissue construct, and the minimum concentration of 33 puM is approximately five
times above the Km (oxygen concentration at which the consumption rate in the tissue space
is maintained at a maximum level).
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Figure 4. PFC emulsion increases the average oxygen concentration in the channel lumen
and tissue space by increasing the oxygen-carrying capacity of the culture medium. (A)
Channeled scaffolds were seeded with cells and perfused with culture medium that was
supplemented with a perfl uorocarbon (PFC) emulsion. A scanning electron micrograph
(SEM of a PGS scaffold with laser-bored channel array) is shown at two magnifications,
before seeding with cells. (B) Supplementation of culture medium with PFC markedly
increased the total oxygen content, as shown in table by data measured for two different
concentrations of PFC. (C) SEM of cardiomyocytes cultured on channeled PGS scaffold
perfused with PFC-supplemented culture medium. (D) Mathematical model of oxygen
distribution in a perfused channeled scaffold with physiological cell density (10 cells/cm’) in
the tissue space. Data are shown for the superficial flow velocity of culture medium of 0.135
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cm/s, for cultivations with unsupplemented culture medium (top image), and culture medium
supplemented with 6.4% (vol/vol) of PFC (bottom image). Tissue constructs had channels
that were 250 pum in diameter, spaced at 250 pm (wall-to-wall distance). Oxygen
concentrations in the channel (outlined by a box in the center) and tissue space (on the sides)
are shown by color code (on the right).

2.4.5 Excitation—Contraction Coupling: Electrical Stimulation

In native heart, mechanical stretch is induced by electrical signals, and the orderly
coupling between electrical pacing signals and macroscopic contractions is crucial for the
development and function of native myocardium (Severs, 2000). We therefore hypothesized
that applying electrical signals designed to induce synchronous construct contractions would
enhance cell differentiation and functional assembly of engineered tissue via physiologically
relevant mechanisms. To test this hypothesis, cardiac constructs prepared by seeding collagen
sponges (6 x 8 x 1.5 mm) with neonatal rat ventricular cells (5 - 10°) were stimulated using
supra-threshold square biphasic pulses (2 ms duration, 1 Hz, 5 V). The stimulation was
initiated after one to five days of scaffold seeding (three-day period was optimal) and applied
for up to eight days.

The application of electrical stimulation during construct cultivation markedly
enhanced the contractile behaviour. After eight days of culture, the amplitude of contractions
was sevenfold higher in stimulated than in nonstimulated constructs (Figure 5A), a result of
the progressive increase with the duration of culture. The excitation threshold (ET, the
minimum voltage at which the entire construct was observed to beat) decreased (Figure 5B)
and the maximum capture rate (MCR, the maximum pacing frequency for synchronous
construct contractions) increased (Figure 5C) both with time and due to electrical stimulation,
suggesting functional coupling of the cells. The shape, amplitude (100 mV), and duration
(200 ms) of the electrical activity recorded-for cells in constructs stimulated during culture
were similar to action potentials reported for constructs that were mechanically stimulated
during culture. After eight days, stimulated constructs demonstrated a remarkable level of
ultra structural differentiation, comparable in several respects to that of native myocardium.
Cells in stimulated constructs were aligned and elongated and contained centrally positioned
elongated nuclei, in contrast to round cells in nonstimulated constructs, which had a high
nucleus-to-cytoplasm ratio. Stimulated constructs and neonatal ventricles contained abundant
mitochondria positioned between myofibrils, in contrast to nonstimulated constructs,
containing mitochondria scattered around the cytoplasm and substantially larger amounts of
glycogen.

Electrical stimulation induced the development of long, well-aligned registers of
sarcomeres that closely resembled those in native myocardium (Figure 5D), representing a
hallmark of maturing cardiomyocytes. The volume fraction of sarcomeres in stimulated eight-
day constructs was indistinguishable from that measured for neonatal ventricles; in contrast,
nonstimulated constructs contained only scattered and poorly organized sarcomeres. In
stimulated constructs intercalated discs were positioned between aligned Z lines (Figure SE)
and were as frequent as in neonatal ventricles; gap junctions were also substantially better
developed and more frequent.

Myofibers aligned in the direction of the electrical field lines, possibly in an attempt to
decrease the apparent ET in response to pacing. In contrast, cells in nonstimulated constructs

stayed round and expressed relatively low levels of cardiac markers. After eight days,
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stimulated constructs exhibited a markedly higher density of Cx-43 than either early (three-
day) or nonstimulated constructs. Notably, the improved contractile properties of electrically
stimulated constructs were not reflected in any apparent differences in construct cellularity,
cell damage, or cell metabolism, but correlated instead with cell differentiation.

Myofibers aligned in the direction of the electrical field lines, possibly in an attempt to
decrease the apparent ET in response to pacing. Stimulated constructs and neonatal ventricles
expressed high levels of cardiac Tn-I, sarcomeric a-actin, Cx-43, a-MHC, and f-MHC and
contained elongated cells aligned in parallel (Figure SF, G). In contrast, cells in
nonstimulated constructs stayed round and expressed relatively low levels of cardiac markers.
Cross striations characteristic of mature cardiac myocytes were detected in stimulated
constructs and native ventricles but not in nonstimulated constructs.

In ongoing studies optical mapping to measure the impulse propagation in the
constructs cultivated in the presence or absence of electrical field stimulation is being
noticed. The constructs in the stimulated group had impulse propagation of 14.4 + 2.7 V/cm,
which was significantly higher than the impulse propagation in the nonstimulated group of
8.6 = 3.0 V/em. Our feasibility studies of implantation of the stimulated constructs in the rat
model of myocardial infarction indicate that the constructs readily integrate with the host
tissue and vascularize following implantation.
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Figure 5. Effects of electrical stimulation on functional assembly of engineered cardiac
constructs. (A) Contraction amplitude of constructs cultured for a total of eight days, shown
as a fractional change in the construct size. Electrical stimulation increased the amplitude of
contractions by a factor of 7. (B) The excitation threshold (ET) decreased and (C) the
maximum capture rate (MCR) increased signifi cantly both with time in culture and due to
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electrical stimulation. (*) denotes statistically signifi cant differences (P < 0.05; Tukey’s
post-hoc test with one-way ANOVA, n = 5-10 samples per group and time point). (D) The
structure of sarcomeres and (E) gap junctions observed in micrographs of stimulated
constructs after eight days of cultivation were remarkably similar to neonatal rat ventricles
and markedly better developed than in control (nonstimulated) constructs. Representative
sections of constructs stained for B-MHC (green, E) and a-MHC (red, G) cell nuclei are
shown in blue.

2.4.6 Multiple Cell Types

Attempts to engineer cardiac tissue, including our previous studies, typically involve
the use of cell populations enriched for cardiomyocytes (CM) by preplating and removing
rapidly adhering cells. The presence of multiple cell types for the in vitro cultivation of heart
tissue in their system, which involves the application of cyclic stretch.

Scaffold pretreatment with cardiac fibroblasts before the cultivation of cardiac
myocytes can enhance functional assembly of the engineered cardiac constructs by creating
an environment supportive of cardiomyocyte attachment, differentiation, and contractility.
Neonatal rat heart cells were sorted and used to prepare three distinct cell populations: rapidly
plating cells, identified as cardiac fibroblasts (CF); slowly plating cells, identified as cardiac
myocytes (CM); and the unseparated initial population of cells. (US). The structure and
function of engineered constructs with respect to the use of the coculture (as compared to CM
alone) and with respect to the regime of coculture (concurrent culture of CM and CF using
US population; sequential coculture of CF and CM) formed with CF alone were used as an
additional control. The cells were cultured for 11 _days on porous scaffolds made of poly
(glycerol sebacate) (PGS). Constructs in the CF + CM and CM groups exhibited similar
fractions of myocytes (55%) and fibroblasts (20%) and similar amounts of cardiac-specific
proteins. However, the constructs in the CF.+ CM group had significantly higher contractile
amplitude than the CM group (p < 0.05) and significantly lower excitation threshold than the
US group (p < 0.05). Also, the CF + €M group exhibited a stratified, 100- to 200-pm-thick
tissuelike structure that contained some elongated CM, in contrast to relatively less organized
cells in the US and CM groups. Thus, the sequential coculture of CF and CM on a synthetic
elastomer scaffold created an environment supportive of cardiomyocyte attachment,
differentiation, and contractile function. It is possible that CF played the role of a feeder layer
for the cardiac cells and conditioned the scaffold by secreting collagen, which is a natural
substrate for CM attachment. This approach can be used routinely to precondition the
scaffolds for cardiac-tissue engineering.

2.5 Tissue engineered Liver

Cell-based therapies for liver failure offer the potential to augment or replace whole-
organ transplantation. However, the development of such therapies poses unique challenges,
stemming largely from the complexity of liver structure and function. The field of liver-tissue
engineering encompasses several approaches collectively aimed at providing novel
therapeutic options for liver disease patients as well as elucidating fundamental
characteristics of liver biology. These approaches include the development of (1) in vitro
model systems that recapitulate normal liver function, (2) extracorporeal bioartifical liver
devices for the temporary support of liver failure patients, and (3) three dimensional
implantable therapeutic constructs.
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2.5.1 Cell sources for Liver Cell-based therapies

The choice of cell type is a critical parameter for any cell-based therapy. Table 3
highlights some of the key issues regarding the use of various cell sources. Immortalized
hepatocyte cell lines, such as HepG2 (human hepatoblastoma), the HepG2-derived line C3A,
HepLiu (SV40 immortalized) and immortalized fetal human hepatocytes have been utilized
as readily available surrogates for hepatic tissue. However, it has been suggested that these
cells lack the full functional capacity of primary adult hepatocytes, and for clinical
applications there is a risk that oncogenic factors could be transmitted to the patient. Thus,
the generation of conditionally immortalized lines and the incorporation of inducible suicide
genes have been considered as potential precautionary measures. The use of primary
hepatocyte-based systems could potentially eliminate these issues and provide the appropriate
collection of liver functions. Primary porcine hepatocytes have been utilized in a range of
BAL device configurations, with some encouraging results. However, the utility of
xenogeneic porcine cells for human liver therapies is restricted by immunogenicity and the
potential for xenozoonotic transmission of infectious agents such as porcine endogenous
retrovirus (PERV).

Table 3: Cell sources for liver therapies

Cell source Critical issues
Primary hepatocytes Sourcing, expansion, phenotypic instability,
Human, xenogeneic immunogenicity, safety (xenozoonotic)
Immortalized hepatocyte lines Range of functions, genomic instability, safety
Tumor-derived, SV40, telomerase, (tumorigenicity)
spontaneously immortalized
Stem cells Sourcing, differentiation effi ciency, phenotypic
Embryonic, liver progenitors (hepatoblasts, | instability, immunogenicity, safety
oval cells), other lineages (HSC, MAPC) (tumorigenicity)

Primary human hepatocytes are ultimately the preferred cell type for cell-based
therapies, and the development of primary hepatocyte—based approaches is the focus of
substantial ongoing research. Yet progress has been hindered by the limited supply of
primary human hepatocytes and certain aspects of hepatocyte physiology. Discussed in more
detail later, hepatocytes exhibit a loss of liver-specific functions under many conditions in
vitro. In addition, particularly for human hepatocytes, despite the significant proliferative
capacity during regenerative responses in vivo, mature hepatocyte proliferation in culture is
limited. As a result, alternative cell sources for liver cell-based therapies are being
investigated, such as diverse stem cell populations, which can retain significant proliferative
ability in vitro and exhibit either pluripotency or multipotency, thereby constituting a possible
source of hepatocytes as well as other liver cell types. Preliminary evidence suggests that
pluripotent embryonic stem cells can be induced to differentiate toward the hepatocyte
lineage in culture and methods to improve the range of acquired hepatocyte functions as well
as differentiation efficiency continue to be explored. Recently, an extracellular matrix
microarray platform was utilized to examine the influence of combinatorial mixtures of
matrix molecules on embryonic stem cell differentiation toward an early hepatic fate (Figure
6). In this system, an approximately 140-fold difference in the induction of an early hepatic
marker (Ankrd17) was observed between the least and the most efficient conditions,

175



underscoring the importance of high-throughput technologies in the elucidation of factors
affecting stem cell differentiation.
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Figure 6. Platforms for studying hepatocyte differentiation of embryonic stem cells and liver
progenitors. (A) Bright-fi eld alkaline phosphatase staining of day 1 ES cultures on ECM
microarrays in 15% serum medium (scale bar, 1 mm). (B, C) Phase-contrast images of day 3
arrays cultured with LIF (B) and with RA (C). Cells-cultured with LIF showed three-
dimensional features (in B, inset x-z confocal section, 77-um thickness). In contrast, RA-
induced cells grew as a relatively thin sheet (in C, inset x-z section, 25-um thickness). Scale
bars, 250 pm (inset scale bars, 50 um). (D) Bright-fi eld micrograph of selected X-gal-stained
ECM microarray conditions after 3 d of culture in RA. C1 + C3 + L + Fn (top left images)
induced higher Ankrdl7 reporter activity (arrowheads) than was seen in cells cultured on C3
+ L (bottom left images). Scale bars;, 250 pm. Magnified views of reporter activity: scale
bars, 50 um.

Bar graph: hierarchical depiction of “blue” image area (pooled data from four microarrays)
for each of the matrix mixtures. Error bars, s.e.m. (n = 32). The C1 + C3 + L + Fn culture
condition induced ~27-fold more B-galactosidase image area than the C3 + L cultures (Flaim
et al., 2005). (E) BMEL cell aggregates encapsulated within PEG hydrogels exhibit high
viability. Fluorescent labeling distinguished viable (green) from nonviable (red) cells. Scale
bar, 100 um. (F) Expression of albumin (black bars) and alcohol dehydrogenase (ADH, grey
bars) mRNA was determined by real-time quantitative RT-PCR at day 1 and day 5 following
encapsulation of aggregated BMEL cells. Expression for each gene is displayed relative to
basal expression exhibited by adherent BMEL cells before aggregation. The housekeeping
gene, HPRT, was utilized as a normalization control, and data are presented as the mean +
SD (n = 3, independent experiments).

In addition to embryonic stem cells, various fetal or adult stem/progenitor populations
have similarly been investigated. For example, multipotent adult progenitor cells (MAPC)
derived from bone marrow have been shown to exhibit hepatocyte differentiation potential.
Fetal hepatoblasts and oval cells are also intriguing possible cell types for liver cell-based
therapies. Hepatic development proceeds through the differentiation of liver precursor cells,
termed hepatoblasts, which exhibit bipotential differentiation capacity, defined by the ability
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to differentiate into both hepatocytes and bile duct epithelial cells (cholangiocytes). Notably,
in certain types of severe and chronic liver injury, an adult progenitor cell population, termed
oval cells, which shares many phenotypic markers and functional properties with fetal
hepatoblasts, mediates compensatory liver repair through a similar differentiation program.
Exposure to toxins or carcinogens that block hepatocyte proliferation, and consequently
normal liver regeneration, results in the proliferation of oval cells within the liver and
subsequent liver repair due to the differentiation of these cells. Recent work by Weiss and
colleagues demonstrates the development of bipotential mouse embryonic liver (BMEL) cell
lines that are derived from mouse E14 embryos and exhibit characteristics reminiscent of
fetal hepatoblasts and oval cells. In particular, these cell lines are nontransformed and
proliferative, demonstrate up-regulation of hepatocyte or bile duct epithelial markers under
distinct culture conditions in vitro and exhibit the capacity to home to the liver and undergo
bipotential differentiation in vivo within a regeneration context. This system highlights the
potential of progenitor cell lines for tissue repair. As such, toward the eventual incorporation
of BMEL cells into implantable tissue-engineered constructs, and discussed in more detail
later in this chapter, BMEL cells have been successfully encapsulated within a biomaterial
scaffold (PEG hydrogel), and their differentiation toward the hepatocyte lineage was
demonstrated to proceed efficiently in this system.

Although diverse stem and progenitor cell populations exhibit vast potential regarding
integration into hepatic therapies, many challenges remain, including the ability to dictate and
enhance differentiation, particularly within multicellular systems. Furthermore, regardless of
the cell source, the stabilization of hepatocyte functions remains a primary issue.
Microenvironmental — signals, including - 'soluble mediators, cell-extracellular matrix
interactions, and cell-cell interactions, have been implicated in the regulation of hepatocyte
function. Accordingly, the development of robust hepatocyte in vitro culture models that
allow for the controlled reconstitution of these environmental factors is a fundamental
prerequisite toward a thorough understanding of mechanisms regulating hepatocyte processes
and the improved functionality of liver cell-based therapies.

2.5.2 In Vitro Hepatic Culture models

An extensive range of liver model systems have been developed, some of which
include: perfused whole-organs and wedge biopsies; precision-cut liver slices; isolated
primary hepatocytes in suspension or cultured on extracellular matrix; immortalized liver cell
lines; isolated organelles, membranes, or enzymes; and recombinant systems expressing
specific drug metabolism enzymes. While perfused whole organs, wedge biopsies, and liver
slices maintain many aspects of the normal in vivo microenvironment and architecture, they
typically suffer from short-term viability (<24 h) and limited nutrient/oxygen diffusion to
inner cell layers. Purified liver fractions and single-enzyme systems are routinely used in high
throughput systems to identify enzymes involved in the metabolism of new pharmaceutical
compounds, although they lack the complete spectrum of gene expression and cellular
machinery required for liver-specific functions. In addition, cell lines derived from
hepatoblastomas or from immortalization of primary hepatocytes are finding limited use as
reproducible, inexpensive models of hepatic tissue.

However, such lines are plagued by abnormal levels and a repertoire of hepatic
functions, perhaps most notably the divergence of nuclear receptor—mediated regulation of
cytochrome P450 enzymes. Though each of these models has found utility for focused
questions in drug metabolism research, isolated primary hepatocytes are generally considered
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to be most suitable for constructing in vitro platforms for a multitude of applications. A major
limitation in the use of primary hepatocytes is that they are notoriously difficult to maintain
in culture, due to the precipitous decline in viability and liver-specific functions on isolation
from the liver. Accordingly, substantial research has been conducted since the mid-1980s
toward elucidating the specifi ¢ molecular stimuli that can maintain phenotypic functions in
hepatocytes. In subsequent sections, we present examples of strategies that have been used to
improve the survival and liver-specifi ¢ functions of primary hepatocytes in culture.

2.6 Tissue engineering of urologic structures

Tissue-engineering techniques are currently being investigated for the replacement of
lost or deficient genitourinary structures, including urethra, bladder, male and female genital
tissues, ureter and renal structures.

2.6.1 Urethra

Various strategies have been proposed to regenerate urethral tissue. Woven meshes of
PGA, without cells, have been used to reconstruct urethras in dogs. PGA has been used as a
cell transplantation vehicle to engineer tubular urothelium iz vivo. Small intestinal submucosa
(SIS) without cells was used as an on lay patch graft for urethroplasty in rabbits and a
homologous free graft of acellular urethral matrix was also used in a rabbit model. Bladder-
derived acellular collagen matrix has proven to be a suitable graft for repairing urethral
defects in rabbits. The created neourethras demonstrated @ normal urothelial luminal lining
and organized muscle bundles. Results were confi rmed clinically in a series of patients with
a history of failed hypospadias reconstruction whose urethral defects were repaired with
human bladder acellular collagen matrices (Figure, 7). An advantage of this material over
nongenital tissue grafts for urethroplasty is that it is “off the shelf,” eliminating the need for
additional surgical procedures for graft harvesting and decreasing operative time and
potential morbidity from the harvest procedure.
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Figure 7. Tissue-engineered urethra using a collagen matrix. (A) Representative case of a
patient with a bulbar stricture. (B) Urethral repair. Strictured tissue is excised, preserving the
urethral plate on the left side, and matrix is anastomosed to the urethral plate in an onlay
fashion on the right. (C) Urethrogram six months after repair. (D) Cystoscopic view of
urethra before surgery on the left side and four months after repair on the right side.

The foregoing techniques, using non-seeded acellular matrices, were successfully
applied experimentally and clinically for on lay urethral repairs. However, when tubularized
repairs were attempted experimentally, adequate urethral tissue regeneration was not
achieved, and complications, such as graft contracture and stricture formation, ensued (le
Roux, 2005). Seeded tubularized collagen matrices have performed better than their non
seeded counterparts in animal studies. In a rabbit model, entire urethral segments were
resected, and urethroplasties were performed with tubularized collagen matrices, either
seeded or nonseeded. The tubularized collagen matrices seeded with autologous cells formed
new tissue, which was histologically similar to native urethra. Those without cells led to poor
tissue development, fibrosis, and stricture formation.

2.6.2 Bladder

Gastrointestinal segments are commonly used as tissues for bladder replacement or
repair. However, these tissues are designed to absorb specific solutes, and when they come in
contact with the urinary tract, multiple complications may ensue, including infection,
metabolic disturbances, urolithiasis, perforation, increased mucus production, and
malignancy. Because of these problems, investigators have attempted alternative
reconstructive procedures for bladder replacement or repair, such as the use of tissue
expansion, seromuscular grafts, matrices for tissue regeneration, and tissue engineering with
cell transplantation.

1. Tissue Expansion

A system of progressive dilation for ureters and bladders has been proposed as a
method of bladder augmentation but has not yet been attempted clinically. Augmentation
cystoplasty performed with the dilated ureteral segment in animals has resulted in increased
bladder capacity ranging from 190% to 380%. A system progressively to expand native
bladder tissue has also been used for augmenting bladder volumes in animals. Within 30 days
after progressive dilation, neoreservoir volume was expanded at least 10-fold. Urodynamic
studies showed normal compliance in all animals, and microscopic examination of the
expanded neoreservoir tissue confirmed a normal histology. A series of immunocytochemical
studies demonstrated that the dilated bladder tissue maintained normal phenotypic
characteristics.

2. Seromuscular Grafis

Seromuscular grafts and deepithelialized bowel segments, either alone or over a native
urothelium, have also been attempted. Keeping the urothelium intact avoids complications
associated with the use of bowel in continuity with the urinary tract. An example of this
strategy is to combine the techniques of autoaugmentation and enterocystoplasty. An
autoaugmentation is performed, and the diverticulum is covered with a demucosalized gastric
or intestinal segment.
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3. Matrices

Nonseeded allogeneic acellular bladder matrices have served as scaffolds for the
ingrowth of host bladder wall components. The matrices are prepared by mechanically and
chemically removing all cellular components from bladder tissue. The matrices serve as
vehicles for partial bladder regeneration, and relevant antigenicity is not evident. For
example, SIS (a biodegradable, acellular, xenogeneic collagen-based tissue matrix graft) was
first used in the early 1980s as an acellular matrix for tissue replacement in the vascular field.
It has been shown to promote regeneration of a variety of host tissues, including blood
vessels and ligaments. Animal studies have shown that the nonseeded SIS matrix used for
bladder augmentation can regenerate in vivo.

In multiple studies using various materials as nonseeded grafts for cystoplasty, the
urothelial layer regenerated normally, but the muscle layer, although present, was not fully
developed. Often the grafts contracted to 60-70% of their original sizes, with little increase in
bladder capacity or compliance. Studies involving acellular matrices that may provide the
necessary environment to promote cell migration, growth, and differentiation are being
conducted. With continued research, these matrices may have a clinical role in bladder
replacement in the future. Recently, bladder regeneration has been shown to be more reliable
using SIS derived from the distal ileum.

4. Cell Transplantation

Cell-seeded allogeneic acellular bladder matrices have been used for bladder
augmentation in dogs. Trigonesparing cystectomy, was performed in dogs randomly assigned
to one of three groups. One group underwent closure of the trigone without a reconstructive
procedure; another underwent reconstruction with a nonseeded bladder-shaped biodegradable
scaffold; and the last underwent reconstruction using a bladder-shaped biodegradable scaffold
that delivered seeded autologous urothelial cells and smooth muscle cells.

The cystectomy-only and nonseeded controls maintained average bladder capacities of
22% and 46% of preoperative values, respectively, compared with 95% in the cell-seeded
tissue-engineered bladder replacements (Figure 8). The subtotal cystectomy reservoirs that
were not reconstructed and the polymer-only reconstructed bladders showed a marked
decrease in bladder compliance (10% and 42% total compliance). The compliance of the cell-
seeded tissue-engineered bladders showed almost no difference from preoperative values,
which were measured when the native bladder was present (106%). Histologically, the
nonseeded scaffold bladders presented a pattern of normal urothelial cells with a thickened
fibrotic submucosa and a thin layer of muscle fi bers (Figure 8, middle parcel). The retrieved
tissue-engineered bladders showed a normal cellular organization, consisting of a trilayer of
urothelium, submucosa, and muscle (Figure 8, right parcel). Preliminary clinical trials for the
application of this technology have been performed and are under evaluation.
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Figure 8. Comparison of tissue-engineered neobladders. Gross specimens and cystograms at
11 months of the cystectomy-only, nonseeded controls, and cell-seeded tissue-engineered
bladder replacements. The cystectomy-only bladder had a capacity of 22% of the
preoperative value and a decrease in'bladder compliance to 10% of the preoperative value.
The nonseeded controls showed significant scarring, with a capacity of 46% of the
preoperative value and a decrease in bladder compliance to 42% of the preoperative value.
An average bladder capacity of 95% of the original precystectomy volume was achieved in
the cell-seeded tissue-engineered bladder replacements, and the compliance showed almost
no difference from preoperative values, which were measured when the native sbladder was
present (106%).

2.6.3 Genital Tissues

Tissue-engineering techniques have been used to reconstruct male and female genital
tissues.

2.6.3.1 Corporal Smooth Muscle

Because one of the major components of the phallus is corporal smooth muscle, the
creation of autologous functional and structural corporal tissue de novo would be beneficial.
To examine functional parameters of engineered corpora, acellular corporal collagen matrices
were obtained from donor rabbit penis, and autologous corpus cavernosal smooth muscle and
endothelial cells were harvested, expanded, and seeded on the matrices. The entire rabbit
corpora was removed and replaced with engineered scaffolds. The experimental corporal
bodies demonstrated intact structural integrity by cavernosography and showed similar
pressure by cavernosometry when compared with normal controls. The control rabbits
(without cells) failed to show normal erectile function throughout the study. Mating activity
in the animals with the engineered corpora appeared normal by one month after implantation.
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The presence of sperm was confirmed during mating and was present in all the rabbits with
the engineered corpora. The female rabbits mated with the animals implanted with
engineered corpora and conceived and delivered healthy pups. Animals implanted with the
matrix alone were unable to demonstrate normal mating activity and failed to ejaculate into
the vagina.

2.6.3.2 Engineered Penile Prostheses

Although silicone is an accepted biomaterial for penile prostheses, biocompatibility
remains a concern. The use of a natural prosthesis composed of autologous cells may be
advantageous. A recent study using an autologous system investigated the feasibility of
applying the engineered cartilage rods in situ. Autologous chondrocytes harvested from rabbit
ear were grown and expanded in culture. The cells were seeded onto biodegradable poly-I-
lactic acid—coated PGA polymer rods and implanted into the corporal spaces of rabbits.
Examination at retrieval one month later showed the presence of well-formed, milky-white
cartilage structures within the corpora. All polymers were fully degraded by two months.
There was no evidence of erosion or infection in any of the implantation sites. Subsequent
studies assessed the long-term functionality of the cartilage penile rods in vivo. To date, the
animals have done well and can copulate and impregnate their female partners without
problems.

2.6.3.3 Female Genital Tissues

Congenital malformations of the uterus may have’ profound implications clinically.
Patients with cloacal exstrophy or intersex disorders may not have sufficient uterine tissue for
future reproduction. We investigated the possibility of engineering functional uterine tissue
using autologous cells. Autologous rabbit uterine smooth muscle and epithelial cells were
harvested and then grown and expanded in culture. These cells were seeded onto
preconfigured uterine-shaped biodegradable polymer scaffolds, which were then used for
subtotal uterine tissue replacement in the corresponding autologous animals. Upon retrieval
six months after implantation, histological, immunocytochemical, and Western blot analyses
confi rmed the presence of normal uterine tissue components. Biomechanical analyses and
organ bath studies showed that the functional characteristics of these tissues were similar to
those of normal uterine tissue. Breeding studies using these engineered uteri are currently
being performed.

Several pathologic conditions, including congenital malformations and malignancy, can
adversely affect normal vaginal development or anatomy. Vaginal reconstruction has
traditionally been challenging due to the paucity of available native tissue. Vaginal epithelial
and smooth muscle cells of female rabbits were harvested, grown, and expanded in culture.
The cells were seeded onto biodegradable polymer scaffolds, which were then implanted into
nude mice for up to six weeks. Immunocytochemical, histological, and Western blot analyses
confi rmed the presence of vaginal tissue phenotypes. Electrical field stimulation studies in
the tissue engineered constructs showed similar functional properties to those of normal
vaginal tissue. When these constructs were used for autologous total vaginal replacement,
patent vaginal structures were noted in the tissue-engineered specimens, while the nonseeded
structures were noted to be stenotic.
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2.6.3.4 Ureter

Ureteral nonseeded matrices have been used as a scaffold for the ingrowth of ureteral
tissue in rats. On implantation, the acellular matrices promoted the regeneration of the
ureteral wall components. In a more recent study, nonseeded ureteral collagen acellular
matrices were tabularized, but attempts to use them to replace 3-cm segments of canine
ureters were unsuccessful. Cell-seeded biodegradable polymer scaffolds have been used with
more success to reconstruct ureteral tissues. In one study, urothelial and smooth muscle cells
isolated from bladders and expanded in vitro were seeded onto PGA scaffolds with tubular
confi gurations and implanted subcutaneously into athymic mice. After implantation, the
urothelial cells proliferated to form a multilayered luminal lining of tubular structures, while
the smooth muscle cells organized into multilayered structures surrounding the urothelial
cells. Abundant angiogenesis was evident. Polymer scaffold degradation resulted in the
eventual formation of natural urothelial tissues. This approach has also been used to replace
ureters in dogs.

2.6.4 Renal Structures

Due to its complex structure and function, the kidney is possibly the most challenging
organ in the genitourinary system to reconstruct (using tissue-engineering techniques.
However, concepts for a bioartificial kidney are emerging. Some investigators are pursuing
the replacement of isolated kidney function parameters with the use of extracorporeal units,
while others are working toward the replacement of total renal function by tissue-engineered
bioartificial structures.

2.6.4.1 Ex Vivo Renal Units

Although dialysis is currently the most prevalent form of renal replacement therapy, the
relatively high rates of morbidity and mortality have spurred investigators to seek alternative
solutions involving ex vivo-systems. To assess the viability and physiologic functionality of a
cell-seeded device to replace the filtration, transport, metabolic, and endocrinologic functions
of the kidney in acutely uremic dogs, researchers introduced a synthetic hemofiltration device
combined with a renal tubular cell therapy device (containing porcine renal tubules in an
extracorporeal perfusion circuit). Levels of potassium and blood urea nitrogen (BUN) were
controlled during treatment with the device. The fractional reabsorption of sodium and water
was possible, and active transport of potassium, bicarbonate, and glucose and a gradual
ability to excrete ammonia were observed. These results demonstrated the technologic
feasibility of an extracorporeal assist device that is reinforced by the use of proximal tubular
cells.

Using similar techniques, a tissue-engineered bioartificial kidney-consisting of a
conventional hemofiltration cartridge in series with a renal tubule—assist device containing
human renal proximal tubule cells- was used in patients with acute renal failure in the
intensive care unit. Initial clinical experience with the bioartificial kidney and the renal
tubule—assist device suggests that such therapy may provide a dynamic and individualized
treatment program as assessed by acute physiologic and biochemical indices.
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2.6.4.2 In Vivo Renal Structures

Another method of improving renal function involves augmenting renal tissue with
kidney cell expansion in vitro and subsequent autologous transplantation. The feasibility of
achieving renal cell growth, expansion, and in vivo reconstitution with tissue-engineering
techniques has been explored. Most recently, an attempt was made to harness the
reconstitution of renal epithelial cells to generate functional nephron units. Renal cells
harvested and expanded in culture were seeded onto a tubular device constructed from a
polycarbonate membrane connected at one end to a Silastic catheter terminating in a
reservoir. The device was implanted into athymic mice. Histological examination of the
implanted devices over time revealed extensive vascularization, with formation of glomeruli
and highly organized tubulelike structures. Immunocytochemical staining confirmed the renal
phenotype. Yellow fl uid consistent with the makeup of dilute urine in its creatinine and uric
acid concentrations was retrieved from inside the implant (Yoo et al., 1996). Further studies
using nuclear transfer techniques have been performed showing the formation of renal
structures in cows (Figure 9). Challenges facing this technology include the expansion to
larger, three dimensional structures.

A Porous Membrane|

Silastic Coated
Cathete! \ Follagen

Allogeneic Cloned Autologous

Figure 9. Creation of kidney tissue from therapeutic cloning and tissue-engineering
strategies. (A) Illustration of the tissue-engineered renal unit. (B) Renal unit seeded with
cloned cells, three months after implantation, showing the accumulation of urinelike fluid.
(C) There was a clear unidirectional continuity between the mature glomeruli, their tubules,
and the polycarbonate membrane. (D) Elispot analyses of the frequencies of T-cells that
secrete IFN-gamma after primary and secondary stimulation with allogeneic renal cells,
cloned renal cells, or nuclear donor fibroblasts.

3 Cell substrates and support materials

The value of a tissue engineering cell support depends on the information and
suitability for the required adherent cell type or types. The information provided by the
material is most commonly simple spatial cues, providing support surfaces with, for example,
sufficient spacing for good cell growth. Biochemical information, such as surface reactive
groups able to promote or reduce adherence or to activate cell membrane receptors (e.g.,
integring) can be provided. More complex orientational and mechanical (tension,
compression, or shear) information can be expressed through the supporting matrix of the
construct.

184



The types of support materials available can be divided into discrete groups:
« Traditional: abiotic materials; metals, plastic, ceramics.
* Bioprostheses: natural materials modified to become biologically inert.
« Synthetic: resorbable polymers.
 Semi-natural: modified natural materials.
« Natural polymers: proteins, polysaccharides.

Composite devices can be constructed using more than one of these materials. For the
purposes of tissue engineering constructs it is possible to largely omit the first group of
traditional materials, because they are not designed to resorb or become biologically
integrated within a reasonable period. Hence constructs based on these are more likely to be
regarded as bioactive modifications of conventional prosthetic implants. In many cases, the
same is also true of bioprosthetic materials in current use. These are materials formed by
extensive chemical crosslinking of natural tissues, such as porcine heart valves and tendon.
The native, collagen-based connective tissue is stabilized by glutaraldehyde treatment to
produce non-immunogenic substrates which will survive largely unchanged at the
implantation site for many years. Although cell layers and even new connective tissue can
eventually grow over the surface of such bioprostheses in vivo, they have been designed and
fabricated primarily to function as long as possible independently and without modification
by surrounding host tissues. The resistance to cellular infiltration and remodelling of
bioprostheses is counter to the basic aims of tissue engineering and largely discounts their
use.

A variety of synthetic bioresorbable materials are degraded by hydrolysis and then
phagocytosed. The advantage of such materials is that production is relatively cheap and
easy, in a controllable and reproducible, manner at large scale. Disadvantages lie in their cell
compatibility, which is often not as good as for natural polymers, and their degradation
products, which can have unwanted cellular effects.

Polymer composition is critical. Varieties include PGA, PLA, polycarbonate, poly e-
caprolactone. The most ‘widely applied polymers in tissue engineering are PGA and PLA and
co-polymer PLGA. The composition, dimensions, and formation of these polymers can be
adjusted to control their survival in vivo (stability), their gross mechanical properties
(important in surgical handling and in replacing structural function), as well as their ability to
support cell growth. In the case of PLGA this control is through adjustment of the ratios of
PLA and PGA. PGA is crystalline, hydrophilic polyester, typically losing its mechanical
strength through hydrolysis over two to four weeks. In contrast, PLA is more amorphous and
hydrophobic, degrading to release lactic acid and losing mechanical strength after eight
weeks, though with much slower total resorption in vivo. PGA, PLA, and PLGA have been
used to support cells in a range of tissue engineering models including cartilage, urothelium,
smooth muscle, and skin. The format of the support material is also important for different
TE applications and relatively simple to modify using these polymers. The solid polymer
screws and pins used in orthopaedics are less applicable to TE but early forms of polymer
sutures were easily woven to give meshes and braids with porosities suitable for cell growth.
Non-woven foams are made by incorporation of salt crystals into the polymer casting and
subsequent dissolution by aqueous washing. Pore sizes are controlled by the size of the
seeded crystals, typically between 150-300 pum. These materials can be moulded and
extruded into a range of shapes including tubes for nerve guides. Semi-natural and natural
substrates are derived from natural macromolecular polymers or whole tissues. The
distinction between them lies in the extent to which materials are modified (to achieve
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aggregation or stabilization) and how much this leads to frank denaturation. The most critical
and pertinent test for TE applications is the extent to which a material participates in the
natural remodelling process with local cells.

An example of a chemically crosslinked polysaccharide is mammalian hyaluronan,
stabilized by benzyl esterification of increasing numbers of side chains. Hyaluronan is a
charged polysaccharide (glycosaminoglycan) found naturally at cell surfaces and in the
extracellular matrix. It is an important lubricant between gliding surfaces in soft tissues and
has been implicated in a range of cellular functions, including angiogenesis and tissue repair.
This aggregate, known as HYAFF (marketed as 'laser skin™), is progressively more stable as
crosslinking increases, but less of the material is biologically native and functional. Materials
can be made with varying levels of substitution and these survive for progressively longer
period’s in vivo, eliciting only modest inflammation and local connective tissue response.
HYAFF has been developed for use in skin grafting, particularly as a carrier for
keratinocytes. Collagen sponges are prepared from various forms of insoluble or aggregated
collagen, acid extracted, and crosslinked with agents such as carbodiimide, tannic acid or
diphenylphosphorylazide. Some of these treatments produce substrates which can be utilized
by cells in vivo and in vitro. A method for aggregating basement membrane into a cell
substrate, termed TypelV/TypelVox, has been described using oxidatively crosslinked
collagen purified from human placenta. It was designed principally to support growth of
epithelial and endothelial cell layers and tested for the repair of skin and dura.

The most natural polymer materials are those in which protein stabilization is produced
by drastic dehydration. This maximizes intermolecular interaction within polymers through
complete removal of hydration shells, to promote-intimate molecular packing. The most
widely studied of these materials is the collagen-chondroitin sulfate aggregate material,
which is available as 'Integra’. A range of forms have been tested with different added matrix
components.

Aggregates of plasma fibronectin, produced as aligned fibrous materials, are derived
from native protein solutions under- directional shear and stabilized by dehydration. Their
stability and attachment properties can be altered by treatment with trace levels of copper
salts. For example, trace levels of copper differentially regulated growth and migration of
Schwann cells and fibroblasts. This raises the possibility of producing modified substrates
which have cell selectivity, potentially useful in segregating cell types between anatomical
zones or layers.

The most natural forms of cell support are polymers whose aggregation can be achieved
in culture as it occurs in vivo. Examples include Matrigel, fibrin glue, collagen gels, and some
polysaccharides. Of the polysaccharides, chitosan and hyaluronan have been used in the form
of a hydrated gel. Agarose gels are used to support a chondrogenic phenotype in
chondrocytes. Matrigel is derived from tumour cells as a thick extracellular matrix,
containing type IV collagen, laminin, proteoglycans, and growth factors. Despite being a
natural substrate, its complex composition and tumour cell origin are limitations. There are
commercially available forms of fibrin glue or fibrin sealant designed for surgical use. These
are prepared from fibrinogen and thrombin from human plasma, stabilized by a bovine
protease inhibitor, aprotinin. One composite form, Neuroplast, comprising elastin and fibrin,
has been proposed as a substitute for dura mater and tympanic membranes. Fibrin materials
have also been used as implantable growth factor depots and agents promoting angiogenesis,
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forming a simple slow release depot for trapped agents. Growth factor depot formulation in
fibrin stabilizes FGF activity.

Collagen gels or 'lattices' were developed to study contraction as the gel shrinks or
tension is generated by fibroblasts. Untethered lattices shrink, producing smaller and denser
matrices, sometimes regarded as tissuelike materials, whilst tethered lattices generate
substantial endogenous forces. Collagen gels have been seeded with other cell types, such as
keratinocytes and endothelial cells. Numerous model tissues have been attempted, based on
contracted collagen gels as bioartificial grafts for skin replacement. The most advanced
application is a bilayered tissue engineered allograft, 'Apligraf™' based on a fibroblast
contracted lattice and keratinocyte layer. Orientated forms of collagen lattice have been
developed to provide spatial information to cells either mechanically or more deliberately,
using magnetic fields to provide contact guidance cues.

4 Cell sources

The first requirement for cell culture in any TE application is to generate sufficient cells
to seed. The stage at which cells are to be introduced into the implant, the amount of
remodelling of the implant substrate required, the degree of function, and the timing are
critical.

One of the most important questions which must be addressed is whether the source of
cells should be autologous, allogeneic, or: xenogeneic. The use of the patient's cells
(autologous transplant) is often the most straightforward option. A biopsy of the appropriate
tissue is taken from the patient, enzymatically digested or explant cultured, and the cells
grown to the required numbers. Whilst this method has the advantage of avoiding the
immune response and the possible transfer of infection inherent in the use of allogeneic cells,
it does have its drawbacks. Depending on the type of tissue required and the condition of the
patient (limiting factors here include disease state and age of patient), it may not be possible
to obtain adequate biopsy material. The cell type may pose problems, for example articular
cartilage, which has a relatively low density of cells with a low mitotic capacity. Cosmetic
issues influence the choice of skin for tissue engineering. Studies using keratinocytes derived
from the sole of the foot indicate that the implanted cells resume their original phenotype and
continue to produce a thickened epidermis. Genetically altering cells may alleviate this
problem, but more needs to be known about the origins and maintenance of these regional
cell differences within tissues.

Allogeneic sources of cells have advantages over autologous cells. It can be relatively
easy to obtain healthy donor tissue; the cells may be cultured on a large scale at central
'factory' sites, with none of the time constraints of autologous cells. The product will be
cheaper, of a consistent quality, and available as and when required by the patient. The major
problem associated with allogeneic cells is graft rejection. The level of immune response
generated by cells differs between cell types. For example, endothelial cells can induce a
large reaction whilst fibroblasts, keratinocytes, and smooth muscle cells are less
immunogenic. The reaction may also be dependent upon the donor age of the cells used, as
fetal or neonatal cells can elicit little or no immune response. There have been many studies
reporting methods for reducing the immunogenicity of transplanted cells, though with limited
success. The current strategies involve segregation of the donor cells from the host using cell
encapsulation techniques which allow only the passage in of oxygen and metabolites and the
exit of cell-generated hormones. There must also be scrupulous staged analyses of cells for
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possible infections, such as hepatitis, HIV, and CJD, as well as screening for potential
hazards, such as abnormal karyotype, or tumorigenic capacity.

Gene therapy has a role to play in tissue engineering. Cell populations can be altered by
adding genes either to increase their output of a certain protein or add to their repertoire of
expressed genes. Examples include the alteration of keratinocytes to produce
transglutaminase-1, which is deficient in patients with lamellar icthyosis, a disfiguring dermal
disorder. The engineered cells were transplanted in athymic mice and produced a normal
epidermis. The technique has also been used to induce fibroblasts and keratinocytes to release
factors they would not normally produce. Fibroblasts have been made to produce proteins
such as transferrin, factor IX, and factor VIIL. In the vascular system modified endothelial
cells have been used to produce antithrombogenic factors such as tissue plasminogen
activator. Chondrocytes have been engineered to produce an antagonist for IL-1, a major
cause of degradation of cartilage ECM.

The method of culture of cells for TE implants will depend on the function of the cells.
For many cell types, the classical monolayer (or equivalent large scale culture in roller bottles
or spinners) may allow proliferation of cells, but also increases the possibility of phenotypic
changes. Many cells revert to a fibroblast-like morphology after long-term monolayer culture
(e.g., chondrocytes) or if allowed to become too confluent may lose their proliferative
capacity (e.g., endothelial cells). This change may result in a loss of function due to the
inability to produce, for example, a certain hormone or the capacity to contract. It must be
assessed whether this alteration is temporary, i.e., cells revert to original phenotype when
replaced in a 3D format or under the influence of soluble factors in vivo, or if the changes are
irreversible. In either case it may be preferable to culture cells in an environment similar to
the in vivo situation.

Perfusion is a critical issue in 3D culture. A number of factors interact to determine
when nutrient and gaseous perfusion of a cell mass become limiting, including:
e cell density
e metabolic rate
e mean effective diffusion distance (cell to mixed nutrient source)
e density and anisotropy of diffusion path material

Culture medium is exhausted more quickly by near-confluent cultures whilst some cell
types, for example chondrocytes, survive at nutrient levels which would be critical to other
cell types. In many experimental models, cells (e.g., fibroblasts or chondrocytes) grow in low
density 3D aqueous gels. Collagen gels typically start at 95-98% water and these need to
contract to less than 20% of their starting volume before they approach the cell and matrix
densities of native tissues. Diffusion into such low density gels is rapid. In addition, 3D
collagen lattices have a random, homogeneous fibril structure almost never encountered in
native collagenous tissues. The native tissues have organized and aligned fibrous structures
which will produce pronounced anisotropic diffusion properties. In particular, diffusion will
be far more rapid parallel to rather than perpendicular to aligned collagen fibre bundles. As
matrix density and alignment are characteristics of mature rather than repair tissues, perfusion
will be a greater issue in TE of mature tissues. The principal means of addressing this
problem to date has been to incorporate a form of external pumping to generate a fluid flow
around or through the tissue construct. Throughout this section it is assumed that adequate
perfusion of the construct will also optimize the rate of growth and the deposition of ECM.
Control cues can also be optimized by adding growth factors and cytokines. Examples are the
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use of mitogenic growth factors to promote fibroblast proliferation (PDGF and FGF) or
VEGEF or FGF to optimize endothelial cell proliferation. Similarly, rates of matrix production
may be regulated by 'control cues' such as the TGFp and IGF families of growth factor.
However, the incorporation of specific growth factors is extremely cell system- and stage-
specific and this is made more complex by the need for multi-component cocktails.

5 Orientation

Cells require specific shape, directional, and spatial cues from their environment
including:
e contact or substrate guidance
e chemical gradients
e mechanical cues

In its simplest form, contact guidance uses the topographical features of the substrate.
Topographical features are most frequently in the form of aligned fibres or ridges of
appropriate dimensions (normally < 100 um for fibres). Cell types which are aligned in this
way include fibroblasts, tenocytes, neurites, macrophages, and Schwann cells. Bioresorbable
guidance templates suitable for tissue engineering are based on synthetic polymer substrates,
collagen fibrils and fibronectin. Alignment of collagen fibrils within native collagen gels has
utilized mechanical or magnetic forces, whilst tethering points, holes or defects in the gel and
the local effects of contractile cells can produce local orientation. Orientation of fibronectin
fibres involves application of directional shear as part of the fibre aggregation process. Figure
10 shows a form of orientated fibronectin -cable with a surface layer of aligned dermal
fibroblasts, which migrate rapidly along the structure. It is possible to use differential
attachment to substrates as a means of producing alignment in cells.

The speed of cell locomotion is cell type- and substrate-dependent, as demonstrated by
the ability to alter cell speed on more or less adhesive substrates. Fibroblast speeds of 20-40
um/h are common. It is possible to optimize cell speeds by suitable design of the substrate
composition but a far greater impact is made on recruitment by optimizing cell velocity.
Random direction of movement will have a minimal velocity until some guiding cue is
provided. In the case of cell guidance substrates, such as fibronectin fibre substrates or
patterned resortablc polymers, cell speed and persistence of motion can be linked with
directional cues to optimize the cellular velocity.
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Figure 10. Scanning electron micrograph showing human dermal fibroblasts aligned on a
fibronectin cable (alignment top to bottom).

5

Delivery of spatial or directional cues to cells in the form of chemical gradients through
3D constructs requires that the chemical agent not only stimulates the cell function, but also
that it is presented to cells as a directional gradient. A number of growth factors are
chemotactic and certain extracellular macromolecules, such as fibronectin and collagen,
produce chemotactic fragments on breakdown. Such diffusible agents can be important in
tissue organization. Angiogenesis, for example, is based’ on the concept that new vessels
move along gradients of diffusible factors. These can be towards sites of low oxygen tension
or high lactate concentration, or towards local sources of growth factor production. For
example, vascular endothelial cell growth factor{(VEGF) or FGF or matrix components such
as oligosaccharide fragments of hyaluronan influence angiogenesis. Whilst such gradients
may be useful in special circumstances,, their use in control of architecture is likely to be
limited in vitro. The most plausible circumstances would be for:

1. Control over short ranges (e.g:, between distinct cell layers in a tissue construct).
2. During early stages of matrix development and maturation.

Use of hydrated 3D matrices for support of cultured cells, based on collagen, fibrin or
fibronectin is helpful in minimizing convection mixing of gradients. However, as discussed
earlier there are likely to be major practical difficulties in producing and maintaining
effective gradients in a controlled manner as the matrix becomes dynamic, dense and
anisotropic.

5.1 Mechanical cues

A wide range of cell types are sensitive to mechanical loading. The mechanisms by
which cells respond to mechanical signals are complex and include modulation of cytosolic-
free calcium, stretch-sensitive ion channels and deformation of cytoskeletal or integrin
components. Responses can include changes in cell alignment, synthesis of active regulatory
molecules such as growth factors or hormones, altered matrix synthesis, and enzyme release.
There are at least three different forms of mechanical cue: tension, compression, and shear.
Fibroblasts are normally considered in terms of tensional forces, vascular endothelial cells
predominantly under fluid shear and chondrocytes are adapted to compression forces. It is
possible to further differentiate each of these forms of mechanical cue, for example into
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cyclical and static force or on the basis of loading velocity. However, our understanding of
the effects of these forms of loading or their combinations is limited.

Zone 2 [multi axial strain]
Zone 1 [uniaxial strain]

f \
— Mechanical load
e
P s, T Y
Stellate Elongate bipolar
cells cells
Rigid
Sup":f;‘l bar Collagen gel

Figure 11. Schematic illustration of fibroblast alignment produced in collagen gels by
uniaxial loading, Strain was aligned parallel with the long axis of the gel (and applied load in
zone 1) and cells here took on an elongate, bipolar morphology, parallel to the strain. Strain
in zone 2 was poorly aligned (represented by the dark triangle) due to the shielding effect of
the rigid support bars and cells here were stellate in shape showing no alignment.

A further, and potentially critical complexity, is that mechanical stimuli used in in vitro
experimental models frequently have little or no directional component. Systems which give
either non-orientated, or highly complex, multiple direction cues can give little information
on the control of architecture and tissue polarity. They are valuable primarily for
investigation of the role of mechanicall forces on tissue production, turnover, and
composition. A number of shear force models are being developed for tissue engineering of
tube tissues such as blood vessels. Fluid shear forces have been found to operate through
cytoskeletal changes, cell-cell adhesion sites and protein kinase and G protein signalling in
vascular endothelial cells. These pathways are reported to affect heat shock protein
phosphorylation, Cu/Zn superoxide dismutase activity and apoptosis. Alteration of
extracellular matrix production and cell shape and alignment are more likely to be important
for microarchitecture control cues. Current examples of tissue engineered tube structures for
use in fluid drainage are bioartificial blood vessels and bladder.

The ability of fibroblasts to become orientated along a uniaxial mechanical load affects
their pattern of matrix remodelling. Similar orientations have been reported in loaded skeletal
muscle cells. Multi-axial complex loading patterns, produced by the flexcell analytical model,
produces complex cell alignments, which are difficult to interpret, though collagen
production is quantitatively increased by loading. In uniaxial, cyclically loaded collagen
lattices, fibroblasts take on an alignment parallel with the maximum strain induced in the
material at any given location. This has been used in one experimental model to identify two
distinct zones of mechanical loading in the same gel (Figure 11).

Most studies of compressional loading have used chondrocytes in a 3D agarose gel
matrix or whole cartilage. The agarose matrix provides little or no attachment until
chondrocytes have elaborated their own pericellular matrix. In addition, agarose is essentially
homogeneous in structure, providing uniform mechanical support in all dimensions.
Consequently, newly synthesized matrix is easily detected and applied loads act uniformly
and predictably on most cells. In contrast, cartilage in organ culture contains cells in a non-
homogeneous matrix with mechanically distinct zones.
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Chapter 9
Cytotoxicity and viability assays

1 Introduction

Drug development programmes involve pre-clinical screening of vast numbers of
chemicals for specific and non-specific cytotoxitity against many types of cells. Both are
important for indicating the potential therapeutic target and safety evaluation. Animal models
have always played an important role in both contexts, and although cell culture systems have
figured largely in the field of cancer chemotherapy, where the potential value of such systems
for cytotoxicity and viability testing is now widely accepted, there is increasing pressure for a
more comprehensive adoption of in vitro testing in safety evaluation. The impetus for change
originates partly from financial considerations, because in vitro testing has considerable
economic advantages over in vivo testing. There is also an increasing realization of the
limitations of animal models in relation to human metabolism, as more and more metabolic
differences between species come to be identified. Finally and as importantly, there is the
moral pressure to reduce animal experimentation.

The safety evaluation of chemicals involves a range of studies on mutagenicity,
carcinogenicity, and chronic toxicity. Whilst the major application of in vitro cultures is the
analysis of acute toxicity, the existence of adequate culture systems would also improve the
prospects of chronic toxicity testing. Toxicology and cancer chemotherapy therefore share the
aim of determining the acute toxicity of a range of chemicals against a variety of cell types.
In both areas there may be several ultimate goals:

« identification of potentially active compounds

« identification of the mechanism by which:the' compound exerts its toxic effect
* prediction of anticancer activity

« identification of a potential target cell population

« identification of the toxic concentration range

« relationship of concentration to exposure time (C x T)

The fundamental requirements for both toxicology and screening for anticancer activity
are similar. They are first that the assay system should give a reproducible dose-response
curve with low inherent variability over a concentration range which includes the exposure
dose in vivo. Secondly, the selected response criterion should show a linear relationship with
cell number, and thirdly, the information obtained from the dose-response curve should relate
predictively to the in vivo effect of the same drug.

2 Background

Use of in vitro assay systems for the screening of potential anticancer agents has been
common practice almost since the beginnings of cancer chemotherapy in 1946, following the
discovery of the antineoplastic activity of nitrogen mustard.

Accumulated experience, both clinical and experimental, demonstrated the
heterogeneity of chemosensitivity between tumours, even those of identical histology. The
successful development of the in vitro agar plate assay for antibiotic screening precipitated
interest in the development of an analogous technique for 'tailoring' chemotherapy to suit the
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individual rumour and patient, thus removing the undesirable combination of ineffective
chemotherapy in the presence of non-specific toxicity.

The correlation between in vitro drug sensitivity exhibited by primary cultures of
human tumours and their in vivo counterparts argued for their use in drug evaluation
programmes, because they provided a closer approximation to the human clinical situation
than did the limited number of cell lines which were used.

The National Cancer Institute now routinely measures the growth inhibitory properties
of every compound under test against a panel of 60 human tumour cell lines which are
representative of major human tumour types. For each compound tested, the GIS0
(concentration of drug needed to inhibit cell growth by 50%) is generated from the dose-
response curves for each cell line. The pattern of all the cell lines as a group is then used to
rank compounds according to whether a new compound is likely to share a common
mechanism of action with compounds already present in the database (COMPARE). In recent
years, the COMPARE computer algorithm has been applied to correlate patterns of growth
inhibition with particular molecular properties of the cell lines. The developments in the field
of safety evaluation of drugs have been reviewed by several authors. There are a number of
advantages of in vitro testing for safety evaluation which include analysis of species
specificity, feasibility of using only small amounts of' test substances, and the facility to do
mechanistic studies.

3 Specific techniques

The choice of assay depends on the context in which the assay is to be used, the origin
of the target cells, and the nature of the test compounds. Parameters which vary between
assays include:

* culture method

« duration of drug exposure and drug concentration
* duration of recovery period after drug exposure

« end-point used to quantitate drug effect

3.1 Culture methods

The choice of culture method depends on the origin of the target cells and the duration
of the assay and, to some extent, dictates the end-point.

3.1.1 Organ culture

The advantages of organ culture relate to the maintenance of tissue integrity and cell-
cell relationships in vitro, giving a model that is more representative of the in vivo situation
than the majority of culture methods available. However, reliable quantitation of drug effect
is impaired by variation in size and cellular heterogeneity between replicates. Although the
method has been used extensively to study the hormone sensitivity of potentially responsive
target tissues, the number of studies relating to drug sensitivity is limited.

3.1.2 Spheroids

Spheroids result from the spontaneous aggregation of cells into small spherical masses
which grow by proliferation of the component cells. Their structure is analogous to that of a
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small tumour nodule or micrometastasis, and the use of spheroids for drug sensitivity testing
therefore permits an in vitro analysis of the effects of three-dimensional relationships on drug
sensitivity, without the disadvantages previously mentioned for organ culture. Specific
parameters which can be studied are:

* drug penetration barriers in avascular areas

« the effects of metabolic gradients (e.g., nutrients, metabolites, pO,, pCO>)

« the effects of proliferation gradients

The majority of studies have been carried out using spheroids derived from cell lines,
but primary human tumours also have the capacity to form spheroids in approximately 50%
of cases. The spheroid-forming capacity of normal cells is limited in comparison with tumour
cells, so stromal elements may be excluded during reaggregation of human tumour biopsy
material. Culture times in excess of two weeks are usually necessary for drug sensitivity
testing, and the method is therefore not suitable in a situation where results are required
quickly.

3.1.3 Suspension cultures
i. Short-term cultures (4-24 hours)

The short-term maintenance of cells in suspension for assay of drug sensitivity is
applicable to all cell sources. When the cells are derived from human tumour biopsy material,
the assay system has several theoretical advantages in that stromal cell overgrowth and clonal
selection are minimized, and results can be obtained rapidly. The method has been used
extensively in Germany for chemosensitivity studies on a variety of tumour types. A
modified method using either tissue fragments or. cells has been described, again with a
variety of tumour types using the incorporation of tritiated nucleotides into DNA or RNA as
an end-point. Limitations of the method relate mainly to the short time period of the assay,
which precludes long drug exposures over one or more cell cycles and takes no account of
either the reversibility of the drug's effect or of delayed cytotoxicity.

ii. Intermediate duration cultures (4-7 days)

Suspension cultures of intermediate duration are particularly suited to chemosensitivity
studies on haematological malignancies, and have been described in several reports.

3.1.4 Monolayer culture

The technique of growing cells as a monolayer has been most frequently applied to the
cytotoxicity testing of cancer cell lines, but the method has also been used with some success
for studies on the chemosensitivities of biopsies from a variety of different tumour types. In
the case of human biopsy material the greatest problems associated with the method are, first,
that the success rate is limited because adherence and proliferation of tumour cells is not
always obtained and, secondly, that contamination of tumour cell cultures by stromal cells
may occur. Some method of cell identification is therefore an essential part of such assays.
The technique has also found wide acceptance with toxicologists because appropriate cell
lines may be available for the development of models for specific organ systems.

Monolayers offer great flexibility in terms of drug exposure and recovery conditions,
and in methods of quantitation of drug effect. The range of microtitration plates now

available together with developments in automation has in turn led to microscale
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methodologies which are economical in terms of cell numbers required and reagents. There
have been major developments in this area in recent years facilitating high throughput drug
screening using cell lines. When cell numbers from biopsies are limited it may be feasible to
culture the cells until sufficient numbers are available for assay, although reports on changes
in chemosensitivity after subculture are conflicting. Two to three subcultures are probably
acceptable and, indeed, subculture has been recommended because variability between
replicates is reduced. When stromal cell contamination is unacceptably high, subculturing
also offers the possibility of 'purifying' tumour cell cultures by differential enzyme treatment
or physical cell separation.

3.1.5 Clonogenic growth in soft agar

Although monolayer cloning can be applied to cells cultured directly from the tumour,
the majority of reports in recent years have used suspension cloning to minimize growth of
anchorage-dependent stromal cells. Clonogenic assays have the theoretical advantage that the
response is measured selectively in cells with a high capacity for self-renewal (stem cells).
However, this is only true if colonies are clones (i.e., were initiated from one cell and not
from a clump) and are scored after many cell generations in clonal growth. Cloning
efficiencies of 0.01-0.1% may be obtained, but it is difficult to exclude the possibility of
clumps; whilst ten generations (about 1000 cells) can be readily obtained in monolayer
cloning, suspension colonies are often scored after four to six cell generations (16-64 cells).
Given that some of these colonies started out as clumps of three or four cells or larger, the
generation number could be as low as two and their capacity for self-renewal in doubt.

Technical problems have been encountered using solid tumours and effusions from
patients, which unfortunately influence interpretation of results. These include difficulties in
obtaining a pure single cell suspension from epithelial tumours, very low plating efficiencies
(<< 1%), the formation of colonies from anchorage-dependent cells under certain growth
conditions, requirements for large cell numbers, and finally the somewhat subjective nature
of colony quantitation. Critical assessment of the technical difficulties which have been
encountered with the 'human tumour stem cell assay' can be found in several reports. An
alternative methodology, developed by Courtenay and others gives higher plating
efficiencies, and in a comparison with the 'Hamburger-Salmon' system it was apparent that
the methodology used influenced the chemosensitivity profile obtained (Figure 1).

In recent years comparatively few publications have dealt with the applied use of the

assay, but there have been several reports describing methods of improving plating
efficiencies in soft agar.
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Figure 1. Dose-response curves of a melanoma xenograft cultured in soft agar using
the 'Courtenay' method (¢) and the 'Hamburger-Salmon' method (O). Cells were exposed to
the drugs for 1 h, plated at 3 x 10* cells per tube or dish, and scored for colonies after 14 days
incubation. Control cultures produced about 400 colonies using both methods.

3.2 Duration of drug exposure and drug concentrations

The choice of drug concentrations should be dictated by consideration of the
therapeutic levels which can be achieved with clinically used drug dosages. When the
compound is undergoing pre-clinical screening for potential antitumour activity this is not
possible. Accumulated evidence on effective in vitro levels of compounds with known in vivo
activity suggests an upper limit of 100 pg/ml.



Pharmacokinetic data are available for many of the clinically used anticancer drugs, and
parameters which are relevant to in vitro assays include the peak plasma concentration and
the plasma clearance curves (Figure 2). A detailed description of pharmacological
considerations may be found -elsewhere. Pharmacokinetic data on most cancer
chemotherapeutic agents, which includes peak plasma concentration, the C X T parameter
(where C is concentration and T is time in hours), and the terminal half-life (t2) of the drug
in plasma, have been summarized. When no pharmacokinetic data are available, an
approximation of the plasma levels can be obtained by calculation of the theoretical
concentration obtained when the administered dose is evenly distributed throughout the total
body fluid compartment. It is axiomatic that the concentration range adopted should give a
dose-response curve. The same provisos apply when deciding on appropriate drug
concentrations for the assessment of acute toxicity, though upper concentration levels may be
in excess of 100 pg/ml.

Pharmacokinetic data show that maximum exposure to drug occurs in the first hour
after intravenous injection and, for this reason, an exposure period of 1 h has been chosen by
many investigators. Whilst this may be adequate for cycle-specific drugs, such as the
alkylating agents, longer exposure times over several cell cycles may be necessary for phase-
specific drugs. Prolonged drug exposure using a variety of cancer chemotherapeutic agents
has been shown to result in gradually decreasing IDso values, as exposure times increase
(figure 3). In some cases these reach a stable minimum plateau value. Rate of penetration of
the drug may also be a limiting factor when short exposure times are used. Ultimately the
question of duration of drug exposure becomes one of practicality. If a significant effect is
achievable in 1 h, then this should be used.-Many drugs may bind irreversibly to intracellular
constituents and the actual exposure may therefore be in excess of 1 h due to drug retention.
Others, principally the antimetabolites and antitubulins, are more likely to be reversible if not
present at the sensitive phase of the cell cycle, and prolonged exposure spanning one or more
cell cycles may be required. Resistance of the surviving fraction when short exposures are
used may be due to the phase of the cell cycle during drug exposure, but genetically resistant
cells (i.e., with resistance even at the appropriate phase of the cell cycle) can only be
demonstrated unequivocally after a prolonged exposure. When prolonged drug exposure
times are used, it should be remembered that the theoretical C X T value is only equal to the
actual C X T value when the drug retains full activity at 37 °C over the entire exposure period
and the response is linear with time. Data on the stability of some anticancer drug solutions at
37 °C have been reported. The effective concentration of drug may also be reduced by
binding of drug to the surface of the incubation vessel and medium components.
Considerations such as those described above are also relevant for assessment of the acute
toxicity of a compound.
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Figure 3. Effect of prolonged drug exposure on IDsy values for 6-mercaptopurine
(MP), thioguanine (TG), methotrexate (MT), cyclophosphamide (CY), chlorambucil (CB),
mustine (MU), thiotepa (TT), and vinblastine (VB), tested against HeLa cells using a
microtitration plate assay. Drugs were replaced at 24 h intervals for the 48 h and 72 h
exposures, and at 24, 48, and 72 h for the 7 day exposure. A break in the time axis is
therefore shown between 3 and 7 days.
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3.3 Recovery period

The inclusion of a recovery period following drug exposure may be important for three
reasons:

a. When metabolic inhibition is used as the end-point, it allows the cells to recover from
metabolic perturbations which are unrelated to cell death.

b. Sublethal damage can be repaired and therefore not interfere with the assay result.

c. Delayed cytotoxicity, perhaps not expressed until one to two cell cycles after drug
treatment, can be measured.

d.

Depending on the drug and the end-point, absence of a recovery period can either
underestimate or overestimate the level of cell kill achieved. However, it is equally important
that the recovery period is not too long, because cell kill can then be masked by overgrowth
of a resistant population. In monolayer assays which monitor cell counts or precursor
incorporation, the cells must remain in the log phase of growth throughout the exposure and
recovery period.

4 End-points
4.1 Cytotoxicity, viability, and survival

Cytotoxicity assays measure drug-induced- alterations in metabolic pathways or
structural integrity which may or may not be related directly to cell death, whereas survival
assays measure the end-result of such metabolic perturbations, which may be either cell
recovery or cell death. Theoretically, the only reliable index of survival in proliferating cells
is the demonstration of reproductive integrity, as evidenced by clonogenicity. Metabolic
parameters may also be used as a measure of survival when the cell population has been
allowed time for metabolic recoveryfollowing drug exposure.

4.2 Cytotoxicity and viability

Some cytotoxicity assays offer instantaneous interpretation, such as the uptake of a dye
by dead cells, or release of >'Chromium or fluorescein from pre-labelled cells. These have
been termed tests of viability, and are intended to predict survival rather than measure it
directly. On the whole these tests are good at identifying dead cells but may overestimate
long-term survival. Most imply a breakdown in membrane integrity and irreversible cell
death. Other aspects of cytotoxicity, measuring metabolic events, may be more accurately
quantified and are very sensitive, but prediction of survival is less certain as many forms of
metabolic inhibition may be reversible. In these cases impairment of survival can only be
inferred if depressed rates of precursor incorporation into DNA, RNA, or protein are
maintained after the equivalent of several cell population doubling times has elapsed.

4.2.1 Membrane integrity

This is the commonest measurement of cell viability at the time of assay. It will give an
estimate of instantaneous damage (e.g., by cell freezing and thawing), or progressive damage
over a few hours. Beyond this, quantitation may be difficult due to loss of dead cells by
detachment and autolysis. These assays are of particular importance for toxic agents which

exert their primary effect on membrane integrity.

. 5 .
i. *’Chromium release
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Labelling cells with >'Cr results in covalent binding of chromate to basic amino acids of
intracellular proteins. These labelled proteins leak out of the cell when the membrane is
damaged, at a rate which is proportional to the amount of damage. The method is used in
immunological studies for determining cytotoxic T cell activity against target cells. Natural
leakage of °'Cr from undamaged cells may be high, and therefore the time period over which
the assay can be used is restricted to approximately 4 h. Additionally, the target cells must be
prelabelled before incubation with drug or effector cells, and the final preparation for
counting as well as counting itself is time-consuming. In one comparative study which
evaluated °'Cr release as an end-point for anticancer drug cytotoxicity testing the method was
found to be of no value.

ii. Enzyme release assays

Enzyme release assays for measuring membrane integrity have been developed which
overcome some of the problems of the >'Cr release assay. Different enzymes have been used,
though LDH has been found to be generally useful, because it is released by a range of cell
types. This paper describes the assay for determining cytotoxicity of antibody-dependent and
T cell-mediated reactions. The assay also has application in the wider context of toxicity
testing, and has been used to investigate hepatotoxicity.
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Figure 4. Effect of doxorubicin (0.12 pg ml-1.h) on MDAY-D2 cells as assessed by
three different techniques: Coulter counter particle counts (-) (v axis units are cells/ml x 10™);
ratio of living tumour cells to duck red blood cells, normalized to the same scale as the
Coulter counts (- -), and percentage viability (---) y axis units are percentage viability (living
cells/living and dead cells x 100). , control cultures; O, doxorubicin-treated cultures.
iii. Dye exclusion

Viability dyes used to determine membrane integrity include trypan blue, eosin Y,
naphthalene black, nigrosin (green), erythrosin B, and fast green. Staining for viability

assessment is more suited to suspension cultures than to monolayers, because dead cells
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detach from the monolayer and are therefore lost from the assay. A major disadvantage may
be the failure of reproductively dead cells to take up dye, as demonstrated when cells with
impaired clonogenicity showed 100% viability according to dye exclusion. The method has
been renovated, however, and technical innovations introduced which attempt to circumvent
some of the problems commonly associated with such assays.

Comparison of cell counts versus percentage viability versus viable cell/duck cell ratio
demonstrated the increased sensitivity of the latter method (Figure 4). The method has been
applied with equal success to solid tumours, effusions, and haematological malignancies.

iv. Fluorescent dyes

There are a number of fluorescent probes now available for measuring membrane
integrity. These are shown in Table 1.

Table 1. Commercially available Kits for oytotoxicity assays

Company Kit Method
Lumitech | Vialight Bioluminescent detection of ATP.
Lumitech | Apoglow Measures changes in ADP/ATP ratio.

Quantos Cell proliferation
Stratagene | assay kit Measures fluorescence of a dye when bound to DNA.

Metabolism of tetrazolium salts to insoluble formazan
Sigma MIT-based assay kit products by mitochondrial enzymes.
Metabolism of tetrazolium salts to soluble (XTT)

Sigma XTT-based assay kit formazan products by mitochondrial enzymes.
Sigma Acid phosphatase-based assay

kit Uses p-nitrophenol phosphate as substrate.
Sigma Neutral red-based assay kit Neutral red taken up by lysosomes and Golgi bodies.
Sigma Kenacid blue-based assay kit | Binds to protein.
Sigma Sulforhodamine B-based

assay kit Binds to protein.
Sigma Lactate dehydrogenase-based

assay kit Measures membrane integrity.

Cell Census Plus™ system for | Cells pre-labelled with fluorescent dye. After drug
Sigma cell proliferation analysis exposure immunostaining can be used to detect drug

using flow cytometry effects on specific subsets of cells.

4.2.2 Respiration and glycolysis

Drug-induced changes in respiration (oxygen utilization) and glycolysis (carbon
dioxide production) have been measured using Warburg manometry. Other authors have
determined dehydrogenase activity by incorporating methylene blue into agar containing
drug-treated cells, cell death being indicated by non-reduction of the dye. The latter method
has the disadvantage of being non-quantitative, whilst the former, although quantitative, has
not been widely adopted because the technical manipulations involved are extensive and
unsuited to multiple screening. The more direct approach of monitoring pH changes in
cultures containing an appropriate pH indicator has also been described.
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4.2.3 Radioisotope incorporation

Measurement of the incorporation of radiolabelled metabolites is a frequently used end-
point for cytotoxicity assays of intermediate and short-term duration.

i. Nucleotides

Measurement of [3H]thymidine incorporation into DNA and [*H]uridine incorporation
into RNA are commonly used methods of quantitation of drug cytotoxicity. In short-term
assays, which do not include a recovery period, there are a number of disadvantages, all of
which relate to a failure of [3H]thymidine incorporation to reflect the true DNA synthetic
capacity of the cell. These are:

a. Changes may relate to changes in size of the intracellular nucleotide pools rather than
changes in DNA synthesis.

b. Some drugs such as S-fluorouracil and methotrexate which inhibit pyrimidine
biosynthesis (de novo pathway) cause increased uptake of exogenous [*H]thymidine
due to a transfer to the 'salvage' pathway, which utilizes preformed pyrimidines.

c. Continuation of DNA synthesis in the absence of [3H]thymidine incorporation can
occur.

d.

The low labelling index of human tumours with resultant low levels of nucleotide
incorporation in short-term assays necessitates the use of high cell densities, which can
restrict the number of drugs and range of concentrations tested when cell numbers are
limited. Two 'hybrid' techniques have been reported, which combine the advantages of the
soft agar culture system with the facilitated quantitation offered by the use of radioisotopes.
Both assays are of intermediate duration (about four days) and use [*H]thymidine
incorporation into DNA as an end-point.-In one method the cells are grown in liquid
suspension over soft agar, whilst in the other the cells are incorporated in the soft agar. Given
that a homogeneous cell population is-available, [*H] nucleotide incorporation can be used
after an appropriate recovery period to measure survival or, in the presence of drug, to
measure an antimetabolic effect, but with the reservations expressed above.

ii. [ IJlododeoxyuridine (">’ I]Udr)

['*1]Udr is a specific, stable label for newly synthesized DNA which is minimally
reutilized and can therefore be used over a 24 h period to measure the rate of DNA synthesis;
quantitation is facilitated because the isotope is a gamma emitter. Disadvantages include its
variable toxicity to different cell populations, which therefore means that more cells are
required because [125 I1Udr must be used at low concentrations.

ii. [’P|Phosphate (°P)
fii.

The rate of release of **P into the medium from pre-labelled cells is a function of the
cell type and is increased in damaged cells. This has been used as a measure of drug efficacy.
The incorporation of *?P into nucleotides has also been used as an index of drug cytotoxicity.
Neither method has been routinely adopted.

iv. ["*C] Glucose
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Glucose incorporation is used as a cytotoxicity end-point because it is a precursor
which is common to a number of biochemical pathways. The method has not been widely
used.

v. PH | Amino acids

Protein synthesis is an essential metabolic process without which the cell will not
survive, and incorporation of amino acids into proteins has been used as an index of
cytotoxicity. The most extensive studies have utilized monolayers of cells growing in
microtitration plates, using either incorporation of [*H] leucine measured by liquid
scintillation counting, or [3 *S]methionine incorporation, measured using autofluorography.

vi. ®Calcium (°Ca)

Unrelated compounds may produce alterations in the permeability of cell membranes to
calcium, such that increased calcium uptake results. Measurements of **Ca uptake can
therefore be used.

4.2.4 Total protein content

Protein content determination is a relatively simple method for estimating cell number.
It is particularly suited to monolayer cultures, and has the advantage that washed; fixed
samples can be stored refrigerated for some time before analysis without impairment of
results, facilitating large scale screening. Over estimation of cell number may arise with
drugs which inhibit replication without inhibiting protein synthesis (e.g., BrdU,
methotrexate). Assessment of cytotoxicity requires the demonstration of an alteration in the
accumulation of protein per culture over time, preferably at several points, or at one point
after prolonged drug exposure and recovery, as described above.

4.2.5 Colorimetric assays

The advent of sophisticated microplate readers which allow rapid quantitation of
colorimetric assays has paralleled the development of a variety of assays which use some
form of colour development as an end-point for quantitating cell number. These include
methods which reflect:

e protein content (methylene blue, Coomassie blue, Kenacid blue, sulforhodamine B,
Bichinoninic acid)

e DNA content (Hoechst 33342) or DNA synthesis (BrdU uptake)

e lysosome and Golgi body activity (neutral red)

e enzyme activity (hexosaminidase, mitochondrial succinate dehydrogenase)

Linear relationships between end-point and cell number have been demonstrated for all
these methods. Discrimination between live and dead cells in monolayer assays is not
relevant, because dead cells will usually detach, given sufficient time. In suspension cultures
this aspect is relevant, however, and needs to be considered when choosing an appropriate
assay. Methods which make use of fluorescent dyes have increased in the past five years and
bioluminescent assays have also been developed for measuring ATP levels.

i. Protein content
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Several methods are available for measuring the protein content of cell monolayers.
These include the use of the Folin-Ciocalteau reagent according to the method of Lowry and
amido black. Several new techniques for colorimetric determination of protein content are
also available. These include methylene blue, sulforhodamine B, Kenacid blue, Coomassie
blue G-250 and Bichinoninic acid (BCA).

ii. DNA content

DNA content may be measured in microtitration plates by staining with dyes whose
fluorescence is enhanced by intercalation at AT-specific sites on the chromatin, such as
Hoechst 33342 and 2-diamidinophenylindole (DAPI). DNA synthesis may also be
determined using bromodeoxyuridine (BrdU). The amount of BrdU incorporated is detected
immunohistochemically using a monoclonal antibody to BrdU, and the binding may be
quantitated using appropriate conjugates and chromogenic substrates.

iii. Lysosomal and Golgi body activity

The uptake of neutral red by lysosomes and Golgi bodies has been used to quantitate
cell number. The stain appears to be specific for viable cells, but the main limitation of the
method is the difference in uptake between cell types. Thus, some cell types, such as
activated macrophages and fibroblasts, take up large amounts very rapidly whereas others,
such as lymphocytes, show negligible staining.

iv. Tetrazolium dye reduction

The most widely used technique involves ithe use of a tetrazolium salt (e.g., MTT,
3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) which is metabolized to an
insoluble coloured formazan salt by mitochondrial enzyme activity in living cells. The
method was first described in 1983 as a rapid colorimetric method for immunological studies,
and modifications for this application-have been described. The technique is particularly
useful for assaying cell suspensions because of its specificity for living cells. One
disadvantage is the need to use unfixed cells, which may impose time restraints. The potential
of the technique for drug sensitivity testing of human tumours was recognized, and early
reports of its use are promising. These include the possibility of increased mitochondrial
enzyme activity in drug-treated cells and the effect of medium conditioning by cells on
formazan production. The absorption spectrum of MTT-formazan has also been shown to be
dependent upon pH and cell density and a method has been described which overcomes these
problems and increases linearity between MTT-formazan and cell density especially at high
cell numbers. Another derivative, XTT (2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) produces a soluble formazan end-
product and is therefore easier to use than MTT because there is no need to carry out the
solubilization procedure. The XTT derivative has been used successfully for quantitating
colony formation in soft agar.

v. Luminescence-based cell viability testing

Levels of ATP in a cell population provide a sensitive indication of cell viability. The
luminescence reaction used to determine ATP levels is based on the following reaction.
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Luciferase
+
ATP + p-luciferin + O; — AMP + 2P + CO, + light
T
Mg>*

The sensitivity range has been reported as 20 cells/ml to 2 X 107 cells/ml. A number of
commercial kits are available for measuring ATP by luminescence (Table 2).

V. Apoptosis

Many anticancer drugs kill cells by apoptosis and measurement of apoptosis is
therefore important in the evaluation of cytotoxicity. Apoptosis can be determined in a
number of ways including:

e morphological criteria

e DNA laddering

e detection of phosphatidyl serine in the outer plasma membrane using annexin V
conjugated to FITC or biotin (Tables 1 and 2)

Table 2. Fluorescent probes used to investigate membrane integrity

Dye Characteristics
Membrane-permeant esterase substrate; cleaved by esterase in living
Calcein-AM cells to yield calcein, which fluoresces green in the cytoplasm.
Ethidium- High affinity red fluorescent nucleic acid stain which penetrates
homodimer membrane of dead but not live cells.

Red fluorescent nucleic acid stain which penetrates membrane of dead
Propidium iodide | but not live cells.

Green fluorescent membrane stain which can be used in combination
with-propidium iodide for cell-mediated cytotoxicity assays studying

DiOC18 membrane integrity.

Chromatide™

BODIPYF®L-14-

dUTP (Molecular

Probes) Fluorescent labelled nucleotide used in TUNEL assay.

Annexin V binds to phosphatidyl serine and fluorescent label allows
demonstration of transfer of phosphatidyl serine from inner to outer
Annexin V-FITC | plasma membrane which is a feature of apoptosis.

CyQUANT™ GR
(Molecular Proprietary green fluorescent dye which shows enhanced fluorescence
Probes) when bound to cellular nucleic acids

4.3 Survival (reproductive integrity)

Survival assays give a direct measure of reproductive cell death by measuring plating
efficiency either in monolayer or in soft agar. The end-points described in the previous
section can also be used as an index of reproductive integrity providing the design of the
assay incorporates a recovery period.
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4.3.1 Cloning in monolayer

Cells generally have a higher cloning efficiency in monolayer than in soft agar. Normal
cells and tumour cells will form colonies in monolayer, and the method is not therefore
applicable to tumour biopsy material, unless criteria are available to discriminate between
tumour and non-tumour cells. Feeder layers of irradiated or mitomycin C-treated cells can be
used to increase plating efficiencies, and indeed small drug-resistant fractions are more likely
to be detected in the improved culture conditions existing when feeder cells are used.

4.3.2 Spheroids

Various methods can be used to quantitate the effect of drugs on spheroid growth.
These are:

e relative changes in volume of treated and untreated spheroids
e cloning efficiency in soft agar of disaggregated spheroids
e cell proliferation from spheroids adherent to culture surfaces

The first method is rather insensitive because spheroid growth tends to plateau, and the
second may be affected by difficulties with disaggregation to a single cell suspension and low
plating efficiencies.

4.3.3 Cell proliferation

Growth curves may be determined and the doubling time during exponential growth
derived. An increase in doubling time is taken as an indication of cytotoxicity, but it must be
stressed that this is a kinetic measurement averaged over the whole population and cannot
distinguish between a reduced growth rate of all cells and an increase in cell loss at each cell
generation. Estimates of cytotoxicity based on cell growth in mass culture must utilize the
whole growth curve, or they may be open to misinterpretation. If 50% of cells die at the start
of the experiment, the growth rate of the residue, determined in log phase, may be the same,
but will show a delay. In practice, it is difficult to distinguish between early cell loss and a
prolonged lag period. Cell growth rates must be taken as only a rough guide to cytotoxicity,
and accurate measurements of cell survival and cell proliferation should be made by colony-
forming efficiency (survival) and colony size (proliferation).

5 Assay comparisons

In spite of the diversity of methodologies used for cytotoxicity and viability testing,
approximately the same levels of correlation between in vitro sensitivity and in vivo response
have been reported when the methods have been applied to human tumour biopsy material. A
number of comparative studies have been undertaken, which generally indicate that
appropriately designed cytotoxicity assays give results which are comparable to clonogenic
assays. The relative merits of clonogenic and non-clonogenic assays have been discussed and
reviewed.

6 Interpretation of results
6.1 Relationship between cell number and cytotoxicity index

The validity of a cytotoxicity index is dependent upon the degree of linearity between
cell number and the chosen end-point, and this should be confirmed for any cytotoxicity
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assay. In clonogenic assays a linear relationship may not occur at low cell numbers due to the
dependence of clonogenic growth on conditioning factors, whilst at high cell densities
linearity is lost due to nutritional deficiencies. In cytotoxicity assays linearity may be lost at
the upper end due to density-dependent inhibition of the relevant metabolic pathway, whilst
the sensitivity limit of the assay may affect linearity at the lower end. This would cause
apparent stimulation at low drug levels and an overestimation of cell kill at higher
concentrations. Control cell numbers at the end of the assay must therefore fall on the linear
portion of the curve. The accuracy at higher levels of cell kill is dependent on the range over
which linearity extends, and influences the number of decades of cell kill which can be
measured. If results are plotted on a log scale this may imply that the assay is accurate down
to three or four decades of cell kill, which should be confirmed before expressing results in
this way. This is particularly important in in vitro drug combination studies when synergism
or additivity is often observed beyond the second decade of cell kill.

7.2 Dose-response curves

Results are commonly plotted as dose-response curves using a linear scale for
percentage inhibition (of isotope incorporation, for example) and a log scale for surviving
fraction on clonogenic tests. Assay variation for replicate points is routinely depicted as mean
+ standard deviation; a minimum of three replicates is therefore required for each test point.
Some method is required for defining the sensitivity.of a cell population in relation to other
cell populations, or different test conditions; several parameters are available and are shown
in Figure 6.

7.2.1 Area under curve method

The use of this method acknowledges the probability that the shape of the dose-
response curve may be instrumental in influencing the outcome of drug exposure, rather than
cell kill at any one concentration. It is calculated using the trapezoidal method which adds the
area of rectangles and triangles under the survival curve. The method has been applied most
extensively in the 'human tumour stem cell assay'. Some drugs do not produce curves with an
easily defined ICsy value and AUC may provide a more easily quantifiable result.

7.2.2 Cut-off points for definition of sensitivity and resistance

If plots of dose-response curves from comparisons of cell lines show that they maintain
their relative sensitivity rankings at different concentrations (i.e., crossing-over of dose-
response curves is minimal), then information on the relative sensitivities of different cell
lines can be obtained by defining sensitivity at one concentration, and this is the most
commonly used method for in vitro predictive testing. When retrospective correlations
between in vitro data are made for defining these cut-off points, an intermediate zone is found
where tumours cannot be defined as sensitive or resistant, and there is no clear-cut correlation
between in vitro results and clinical response. The size of the intermediate zone will be at
least partly related to the inherent variability of the assay, larger zones being associated with
higher standard deviations. Although sensitivity may be defined at one concentration it is
recommended that more than one concentration is tested, particularly in the developmental
stage of the assay.

7.2.3 IDs¢ and 1Dy, values
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Cell sensitivity may also be defined by the IDsy and IDgy values (i.e., drug
concentration required to inhibit viability by 50% or 90%). These values may also be termed
IC (inhibitory concentration), LC (lethal concentration), or GI (growth inhibition), but they
are all determined in the same way.

7.2.4 Correlation between in vitro and in vivo results

Criteria for defining tumours as sensitive or resistant are based on retrospective
correlations between in vitro results and clinical responses, using a training set of data. Even
when a laboratory is using an established method for tumour sensitivity testing, 'own
laboratory' sets of training data should be obtained to allow for inter-laboratory variation. The
response of patients with tumours of intermediate sensitivity may be influenced by prognostic
factors other than tumour sensitivity (e.g., tumour burden at onset of chemotherapy, stage of
disease, histology, tumour cell doubling time, previous chemotherapy, and performance
status). When analysing results for correlations, some attempt to stratify patients according to
these parameters may assist in providing more meaningful data. Quantitative assessment of
tumour response is also of paramount importance. It is pointed out that in vitro
chemosensitivity can be expected only to indicate that some degree of cell kill will be
achieved in vivo, not that the patient will achieve a complete response to treatment. The true
positive correlation rate of an assay is defined as:

St/SP + SYRP
St/SP

where the numerator of each fraction is the in vitro test response (t) and the denominator is
the in vivo patient response (p). S' and R" are respectively the number of tumours showing in
vitro sensitivity or resistance according to the selected cut-off points. SP and R’ are
respectively the number of patients achievinga clinical response or no clinical response to the
drug tested in vitro. The true negative rate is-defined as:

RYRP + RYSP
RYRP

In assessing the significance of the correlation rates obtained, these should be compared
with the correlation rates which would be obtained were the in vitro results randomly
distributed. For example, a drug gives a 50% response rate in vivo, and 50% of tumours show
in vitro sensitivity to this drug. If the in vitro results are randomly distributed between
sensitivity and resistance, then the chances of obtaining a positive correlation between in
vitro sensitivity and in vivo response are 50% of 50% (i.e., 25%), and of obtaining a positive
correlation between in vitro resistance and in vivo resistance. The overall apparent positive
correlation rate is therefore 50%. In vitro versus in vivo correlations are also complicated by
the use of combination regimes to treat patients. Strictly speaking, correlations should be
made only when in vitro data is available for all drugs used. Whether or not they are tested in
combination depends on the treatment protocol, because some drugs are administered
sequentially. Also, if the assay can only measure two decades of cell kill it may be too
insensitive to detect additive or synergistic effects.

7.2.5 Combinations of drugs

A 96-well plate clonogenic assay based on limiting dilutions has been used to look at
additive and supra-additive (synergistic) effects of drug combinations. The data is analysed
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using the formula plating efficiency (PE) = -In (number of negative wells)/(total number of
wellsj/mumber of cells plated per well. Fractional survival data are then fitted to the linear
quadratic model,

F = exp [-(OD + (BD2)] and AUC analysed by numerical integration using appropriate
software.

8 Pitfalls and troubleshooting

Problems which may be encountered with these assays include:
e large standard deviations
e variability between assays done on the same cell population
e stimulation to above control levels

8.1 Large standard deviations
Possible reasons for large standard deviations include:

e Faults in aliquoting cell suspension, which are most likely to be made due to
inadequate mixing of cell suspension during dispensing leading to uneven distribution
of cells between replicates.

e The presence of large cell aggregates in the original cell suspension, leading to
uneven distribution of cells between replicates.

e Non-specificity of cytotoxicity end-point (e.g., due to measurement of nonspecific
binding of radioactivity.

8.2 Variation between assays

Replicate assays on different days cannot be performed on human tumour biopsy
material to check day-to-day reproducibility, but this can be evaluated using cell lines. It is a
recognized problem that cell lines which show consistent sensitivity profiles may show
'deviant' results occasionally, for reasons which cannot be identified. Specific reasons for
failure to obtain reproducible results may include:

e Failure to harvest the cell population at an identical time point (e.g., exponential
growth versus early confluence versus late confluence).

e Deterioration of stock drug solutions.

e When drug solutions have a short half-life they must be used immediately after
diluting to ensure consistency in the drug levels available to cells in each assay.

o Failure to standardize incubation conditions.

The assay system must be checked for reproducibility before applying it to human
biopsy material.

8.3 Stimulation to above control levels

Stimulation can be a true measure of cellular events but may be due to technical
artefacts. These include:

(a) Non-specific binding of radioactivity.

(b) Density-dependent inhibition of metabolic pathways in controls which is not evident in
test situations where some cell kill has been achieved.
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(c) Stimulation of uptake of metabolic precursors by antimetabolites (e.g., thymidine by 5-
fluorouracil and methotrexate).
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Figure 5. The effect of growth unit size on the survival curves of a murine melanoma
cell line (CCL) to melphalan (a) and of a human melanoma biopsy to actinomycin D (b).
Growth unit size and frequency was measured using FAS II. automated image analysis
system. ¢, - 60 um; O, - 104 um; ¢, a 124 urn; D, a 140 (um. Mean + s.e. shown.

Plated cell density influences the distribution in ‘size of growth units in clonogenic
assays, with large units decreasing as plated cell numbers increase. The effect of this on drug
sensitivity profiles was examined and, as expected, the dose-response curve was strongly
influenced by the size criterion used for colony scoring, with stimulation to above control
levels occurring when large colonies were scored (Figure 5).
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Chapter 10

Genetic Engineering

1 Introduction

To explore the role of a gene, we need to analyse its regulation and expression during
and after development, the function of its product, and interactions with other proteins. In
most cases, it is necessary to be able to transfer the gene, or its manipulated form, into cells.
However, as mammalian cells do not take up foreign DNA efficiently, the availability of
effective methods for introducing genes into the cells is essential. Many gene transfer
methods have been developed that are routinely used by scientists studying mammalian cells.
Moreover, with the advancement of recombinant DNA technology, gene transfer techniques
have become powerful tools in gene cloning and mapping, construction of transgenic
animals, and gene therapy.

In this chapter some of the most commonly used methods for introducing genes into
mammalian cells, including transfection by calcium phosphate precipitation and cationic
lipids, electroporation, and the techniques of microcellmediated chromosome transfer and
irradiation fusion gene transfer, will be discussed. Other techniques of gene delivery, which
are not discussed here, include DEAE dextran neutralization, microinjection of DNA directly
into the cells and the use of viral vectors.

Due to their versatility and efficiency, viral vectors have become attractive tools for the
introduction of genes into human cells in gene therapy studies. Their drawbacks are the
biological hazards associated with viruses and-in some cases the immunogeniciry of viral
vectors. Alternative therapeutic gene delivery, systems use cationic lipids as carriers of the
exogenous DNA.

2 Transfection

Gene transfer methods by transfection can be classified into two major categories:
biochemical and physical. The biochemical methods include calcium phosphate precipitation
and lipid-mediated transfections, and physical transfection is achieved by electroporation.
The choice of method depends on the cell type. For example, haematopoietic cell lines are
more efficiently transfected by electroporation than the biochemical based methods, whereas
some cell types take up DNA efficiently when it is associated with cationic lipids rather than
calcium phosphate precipitates. Conversely, cationic lipids can be highly toxic to some other
cell types.

Following transfection, the exogenous DNA remains in the nucleus for a limited time
unless it is integrated into the host genome. However, even in the non-integrated form, the
transfected DNA is subject to the regulatory mechanisms that control gene expression and
therefore its genes can be expressed transiently. This transient gene expression has been
exploited in studies such as the analysis of regulatory sequences and optimization of
transfection conditions. Integration of the transfected gene into the host genome, Conversely,
gives rise to stable retention of the exogenous gene in the cells, providing constitutive
expression.
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In most transfection experiments the cDNA of the gene of interest is inserted into a
mammalian expression vector that carries an expression cassette consisting of a strong
promoter, such as the LTR promoter of Rous sarcoma virus (for expression of the gene in
mammalian cells), a multiple cloning site, and a polyadenylation sequence. The vector also
contains a bacterial origin of replication and a bacterial selectable marker (for propagation
and selection of the vector in bacterial cells). To isolate the few transfected mammalian cells
from the majority of non-transfected ones, a dominant mammalian selectable marker is also
utilized. This marker may be on a different vector that is cotransfected into the cells along
with the vector or DNA sequence that carries the target gene. In this case, although the co-
transfected DNAs are not physically linked, a considerable number of them integrate into the
genome in large concatemeric structures that can be up to 2000 kb. Therefore it is believed
that at some stage after entering the cell co-transfected DNA sequences are ligated to each
other before integrating into the host genome. Transfection is a powerful tool for cloning
genes that give rise to phenotypic effects in the transfected cells. This gene cloning strategy,
however, requires the rescue of the exogenous DNA from the genomes of the cells that
exhibit the phenotypic effects. Several procedures have been described to achieve this, but
they are often cumbersome and involve second rounds of transfections followed by
construction of genomic libraries from the secondary transfectants and screening of this
library for the cloned gene. Hence, other types of vectors have been generated that utilize the
Epstein-Barr virus (EBV) origin of replication. The EBV origin of replication allows these
vectors to replicate in human cells during each cell division while maintained in an episomal
state (i.e., non-integrated). Therefore these vectors have two advantages. First, they give rise
to greater transfection efficiencies, because they do not need to integrate to be maintained,
and secondly, following transfection, they can be shuttled back into an E. coli host, thus
making their subsequent isolation easier. The EBV-based shuttle vectors were successfully
used in cloning the human ¢cDNAs for Fanconi's anaemia complementation group C (FACC)
and xeroderma pigmentosum group C (XPCC) genes.

2.1 Calcium phosphate-DNA co-precipitation

The method of calcium phosphate-DNA co-precipitation is the most widely used
technique for the transfection of mammalian cells. This technique was first introduced by
Graham and Van der Eb in 1973. Since then there have been many modifications and
optimization protocols for obtaining higher transfection frequencies for both stable and
transient expressions of exogenous genes. The principle of this technique is the formation of
insoluble calcium phosphate-DNA complexes in a supersaturated solution. This is achieved
by adding a solution containing DNA and CaCl, to a buffered saline solution containing
phosphate and incubating the mixture for a period of time, to allow the formation of calcium
phosphate-DNA co-precipitates. The mixture is added to culture cells in medium followed by
incubation at 37°C for a period, usually between 6-24 hours, depending on the cell type.
DNA molecules enter the cells by endocytosis of the calcium phosphate-DNA co-
precipitates. Several of the factors that influence the efficacy of this method are described
below.

2.1.1 DNA
The concentration, topology, and quality of DNA affect the transfection efficiency. It
has been shown that suboptimal concentrations of DNA drastically reduce the efficiency of

calcium phosphate transfection. In agreement with this, studies on the kinetics of the
formation of calcium phosphate-DNA complex indicate that high DNA concentrations inhibit

221



this process and lead to reduction of DNA associated with the insoluble complex. Moreover,
Chen and Okayama have reported that supercoiled plasmid DNA gives rise to several-fold
higher numbers of stable transformants than linearized DNA.

2.1.2 pH

Optimum pH range for the formation of calcium phosphate precipitates for most cell
lines is 6.95 to 7.05. It has been suggested that the CO, level in the incubator during
transfection also influences the transfection frequency.

2.1.3 Standing and incubation times

Standing time greatly affects the quality of precipitates for transfections. The longer the
calcium phosphate-DNA mixture is incubated before addition to the cells the coarser the
precipitates will become, and as there is an optimal size of the precipitates to be taken up by
cells, fine-tuning is needed to obtain the best standing time. It appears that the solubility of
calcium phosphate is reduced by increasing the temperature; however, most protocols suggest
room temperature and varying standing times of 1-20 minutes. Incubation time for
transfection varies between a few hours up to 16 hours, depending on the cell type.

2.2 Gene transfer
2.2.1 Lipid-mediated gene transfer (lipofection)

The use of cationic lipids for DNA transfection into mammalian cells has become
widespread because several features of these reagents make them attractive vehicles for gene
delivery, particularly in gene therapy. For instance, they are safer than viral vectors, can be
produced in large quantities, and can deliver large DNA fragments of up to several megabase
pairs long into cells.

There are many formulations of ‘lipid reagents for transfection, but they normally
contain a positively charged moiety attached to a neutral lipid component. The first
generation of lipid reagents for transfection contained neutral lipids that relied on methods for
capturing DNA molecules within the liposomes, but today's cationic lipids form lipid-DNA
complexes that make the transfection efficiency independent of encapsulation of DNA. On
mixing of these reagents with DNA, the charged head groups are drawn towards the
phosphate backbone of DNA and form lipid-DNA complexes. When the suspension of these
complexes is added to the cells, the positively charged head groups of the lipid are attracted
to the negatively charged cell membrane. The end result is that the lipid-DNA complex is
either fused to the cell membrane or enters the cell by endocytosis, transferring its DNA load
into the cell. It is due to these properties of the cationic liposomes that efficient DNA delivery
has been achieved in many cell lines.

Various liposome formulations are commercially available but it is important to bear in
mind that the transfection efficiency depends very much on the cell type and the chemical
and physical structure of the cationic liposomes, particularly with respect to the liposome size
and cationic head group. Thus preparations must be compared to identify the formulation that
gives the best transfection efficiency for the cell line of interest. Other significant factors in
using these reagents for DNA transfection are lipid:DNA ratio, their concentrations, DNA
quality, cell culture density, and the duration of exposure of cells to the lipid.

2.2.2 Viral mediated gene transfer
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a. Retroviral Vectors

Basics of the retrovirus virion and infection. Retrovirus virions contain a protein
capsid that is lipid encapsulated. Virions range in diameter from 80 to 130 nm. The viral
genome is encased within the capsid along with the proteins integrase and reverse
transcriptase. The genome consists of two identical positive (sense) single-stranded RNA
molecules ranging in size from 3.5 to 10 kilobases. Following cellular entry, the reverse
transcriptase synthesizes viral DNA using the viral RNA as its template. The cellular
machinery then synthesizes the complementary DNA which is then circularized and inserted
into the host genome. Following insertion, the viral genome is transcribed and viral
replication is completed. The majority of retroviruses are oncogenic although the degree to
which they cause tumors varies from class to class.

Retroviral receptors. Retroviruses of cats and mice are typically classified by host
range. This has led to the use of the following termonology. Ecotropic viruses are viruses
which use receptors unique to mice and are only able to replicate within the murine species.
Xenotropic viruses uses receptors found on all cells in most species except those of mice.
Polytropic and amphotropic viruses use different-receptors found in both murine and
nonmurine species.

The retroviral genome. The retroviral genome consists of little more than the genes
essential for viral replication. The prototype and simplest genome to describe is that of the
Moloney murine leukemia virus (MMLV)-in contrast to the highly complex genomes of the
HTLV and HIV retroviruses. The genome can be divided into three transcriptional units:
gag, pol and env. The gag region encodes genes which comprise the capsid proteins; the pol
region encodes the reverse transeriptase and integrase proteins; and the env region encodes
the proteins needed for receptor recognition and envelope anchoring. An important feature
of the retroviral genome is the long terminal repeat (LTR) regions found at each of the gene.
The LTR plays an important role in initiating viral DNA synthesis and its integration as well
as regulating transcription of the viral genes.

MMLYV genome:

Retroviral Vectors for Gene Transfer : MMLV

MMLYV vectors. To date, these vectors have been used more than any other gene
transfer vehicle. They are produced simply by replacing the viral genes required for
replication with the desired genes to be transferred. Thus, the genome in retroviral vectors
will contain an LTR at each end with the desired gene or genes in between. The most
commonly used system for generating retroviral vectors consists of two parts, the retroviral
DNA vector and the packaging cell line.
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Retroviral DNA vectors are plasmid DNAs which contain two retroviral LTRs in the
region internal to these LTRs for insertion of the desired gene. A portion of a retroviral
plasmid DNA vector, LNSX, is shown below.

Bl STl Sl

The gene of interest is cloned into the multicloning site following the simian virus
SV40 promoter (SV). As one can imagine, these plasmid DNAs can be manipulated to meet
a variety of needs allowing for multiple applications and the design of very elegant vectors.

Packaging cell lines provide all the viral proteins required for capsid production and
the virion maturation of the vector. These packaging cell lines have been made so that they
contain the gag, pol and env genes. Early packaging cell lines contained replication
competent retroviral genomes and a single recombination event between this genome and
the retroviral DNA vector could result in the production of a wild type virus. This led to the
term "helper virus contamination” and to this date, with all viral vectors systems, it is
important to insure that the vector be free of helper virus. Current packaging systems require
that three homologous recombination events occur for any wild type virus production. As
this is an extremely rare event, current cell lines are considered to-be helper free, although it
is still wise to test for contamination of any wild type virus. There have been a wide variety
of packaging cell lines produced as well as retroviral. DNA vectors, and most are
commercially available. For the MMLV vectors it s the packaging cell line which
determines if the vector is ecotropic, Xxenotropic or amphotropic. Dependent upon the target
cells it is important to ensure that the correct packaging cell line be chosen.

Vector preparartion. Following insertion of the desired gene into in the retroviral
DNA vector, and maintainance of the proper packaging cell line, it is now a simple matter to
prepare retroviral vectors. The retroviral DNA vector is transferred into the packaging cell
line using calcium phosphate mediated transfection, a procedure which we will describe in
later lectures. After approximately two days for virion production, the virus is harvested, and
this virus is then used to infect a second packaging cell line. Doing this will allow you to
produce a virus with a variety of host ranges. The flow chart below is a quick schematic of
vector production.

Packaging Cells

Plasmid Containing
Transfect Cells || <—= selectable

Retroviral vector

Harvest Virus and Infect
Packaging Cells Having a

sired Host Range
—, Clone Vector- \mf_ected Cells|
In Selective Medium

. = .
vector-Producing
Clonal Cell Lines

Test Clones for
1. Unrearran
2. Vector Titer
3. Absence of Helper Virus
4. Expression of Inserted Gene
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Human immunodeficiency viruses (HIV) are the most recently discovered
members of the retrovirus family and have led to the new classification of lentivirus. Like
other members of the retroviral family, the HIV genome contains the gag, pol and env genes.
In addition, several other nonstructural proteins which serve regulatory functions are
contained within its genome. Below is the diagram of the HIV genome considered to be one
of the most complex among the retroviruses. Notice that the basic genome units (gag, pol

and env) and LTRs predominate the genome.
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Potential applications. Rather than an in depth focus on HIV biology, we will discuss
the current applications of the HIV virus‘in gene therapy. HIV-based vectors are recent
developments in the field of gene therapy and focus on treatment of AIDS. Vector
production is similar to that of MMLV vectors, and HIV vectors possess all the same
advantages and disadvantages as their MMLV counterparts. An exciting application of HIV
vectors is to use HIV vectors to target genes selectively into HIV-containing cells. The goal
is that genes delivered by the HIV vector would allow selective killing of any cell previously
or subsequently infected with HIV. An example of how this might be accomplished focuses
on the tat and rev genes found in the HIV genome. These genes are also found only in cells
infected with HIV. By using a tat and rev induced promoter to drive the expression of a
toxin gene, any cell infected with HIV should be selectively killed upon expression of the
toxin gene. Of course this system does require that a cell become infected with HIV but once
infected the cell would terminate as would the HIV virus. A major concern in using HIV
vectors is the fact that there is a strong possibility for genetic recombination between
infectious HIV and the HIV vector itself. Such an event would result in the HIV vector
acting as an infectious HIV particle. One possible method to overcome this risk would be the
inclusion of a suicide gene into the HIV vector genome. The suicide gene would make cells
infected with the HIV vector genome sensitive to a drug that would poison only those cells
containing the HIV vector genome. An example of a suicide gene is the Herpes simplex
virus thymidine kinase gene, and ganciclovir is the drug which would yield selective
toxicity.
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Table 1. Advantages and disadvantages of retroviral vectors

Advantages Disadvantages
High Transduction Effciency Requires dividing cells for infectivity
Insert Size up to 8kB Low Titers (10°- 107)
Integrates into host genome resulting in
sustained expression of vector Integration is random
In vivo delivery remains poor. Effective only
Extremely well studied system when infecting helper cell lines
Vector protiens not expressed in host

b. Adenoviral Vectors

Adenoviruses were discovered in 1953 as investigators hurriedly attempted to identify
the causative agents of the common cold. There are currently 47 distinct serotypes and as
many as 93 different particular varieties of adenovirus, all of which generally infect the
ocular, respiratory or GI epithelium. In 1977, Frank Graham developed a cell line which
enabled the first production of recombinant adenoviruses in a helper free environment. Since
this time, adenoviral vectors have recevied much attention as gene transfer agents and
currently offer a wide variety of gene therapy applications.

Basic structure of the adenovirus virion. Adenoviral virions are icosahedral in shape,
70 to 90 nm in diameter, and are not enveloped. The viral capsid contains 252 protein
components the majority of which are three proteins: fiber, penton based and hexon. Fiber
and penton base proteins are important in receptor binding and cell internalization, whereas
hexon comprises the majority of the viral capsid. The viral genome is large, consisting of a
single double-stranded DNA molecule 36 to 38 kilobases in size. Viral DNA replication and
transcription are complex, and viral replication and assembly occur only in the nucleus of
infected cells. Mature virions are released by cellular disintegration.

Adenoviral infection is a highly complex process. It is initiated by the virus binding to
the cellular receptor. Internalization occurs via receptor-mediated endocytosis followed by
release from the endosome. After endosomal release, the viral capsid undergoes disassembly
as it journeys to the nuclear pore. Nuclear entry of the viral DNA is completed upon capsid
dissociation, and the viral DNA does not integrate into the host genome but remains in an
episomal state.

Replication deficient adenoviruses. As adenoviral replication depends on the E1A
region of the viral genome, all recombinant adenoviral vectors have this region of its genome
deleted, and are referred to as "replication-deficient". Such vectors are capable of infecting a
cell only once, no viral propagation occurs, and the infected cell does not die as a result of
vector infection.

Adenoviral vector production. Recombinant adenoviral vectors are prepared from
two components: viral DNA vector and a packaging cell line. The adenoviral DNA vector is a
plasmid DNA that contains a portion of the viral genome. It has had the E1A region deleted,
and desired genes are cloned into a multicloning site that has been inserted in place of the
E1A region of the genome. Unfortunately the large size of the adenoviral genome pervents
the use of a single plasmid-based system in vector production. Instead, the adenoviral vector
is produced using either in vitro ligation or homologus recombination. Using in vitro ligation,
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wild-type adenoviral DNA is isolated and cleaved with the restriction endonuclease Clal. The
digested viral DNA is then ligated onto the adenoviral DNA vector containing the gene of
interest which has previously been digested with Clal. The ligated DNA species is then
transfected into the packaging cell line. The homologous recombination system can use either
Clal digested viral DNA or a plasmid containing all the adenoviral sequence downstream
from the Clal site. Both the adenoviral DNA vector and the viral DNA component are co-
transfected into the packaging cell line. These DNA species are then left to undergo
homologous recombination within the cells resulting in vector production. The diagram
below illustrates both the in vitro ligation and homologus recombination protocols.

Vector production. The 293 cell line is utilized for viral production. This is a human
kidney cell line which has been stably transfected with the E1A region of the adenoviral
genome. This allows the vector to<be made and matured within the 293 cell, yet vectors
prepared from this cell line will lack the E1A region and remain replication-deficient. As
with any viral vector system, one must ensure that the vector produced is free of wild-type
contamination. In the adenoviral system, at least two homologous recombination events must
occur to obtain wild type virus.

Advantages and disadvantages. Adenoviral vectors have a high transduction
efficiency, are capable of containing DNA inserts up to 8 kilobases, have extremely high viral
titers {on the order of 1010-1013), and infect both replicating and differentiated cells. Also, as
they lack integration, they can not bring about mutagenic effects caused by random
integration into the host genome. Disadvantages of adenoviral vectors include the following:
(1) expression is transient because the viral DNA does not integrate into the host, (2) viral
proteins are expressed in the adenoviral vector following administration into the host, and (3)
adenoviral vectors are an extremely common human pathogen and in vivo delivery may be
hampered by prior host immune response to one type virus.

Table 2. Advantages and disadvantages of adenoviral vectors

Advantages Disadvantages
Expression is transient (viral DNA does
High transduction efficiency not integrate)
Viral protiens can be expressed in host
Insert size up to 8kb following vector administration
In vivo delivery hampered by host immune
High viral titer (10'°-10™) response
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Infects both replicating and differentiated
cells

¢. Lentiviruses

Lentiviruses are a subclass of Retroviruses. They have recently been adapted as gene
delivery vehicles (vectors) thanks to their ability to integrate into the genome of non-
dividing cells, which is the unique feature of Lentiviruses as other Retroviruses can infect
only dividing cells. The viral genome in the form of RNA is reverse transcribed when the
virus enters the cell to produce DNA, which is then inserted into the genome at a random
position by the viral integrase enzyme. The vector, now called a provirus, remains in the
genome and is passed on to the progeny of the cell when it divides. The site of integration
is unpredictable, which can pose a problem. The provirus can disturb the function of
cellular genes and lead to activation of oncogenes promoting the development of cancer,
which raises concerns for possible applications of lentiviruses in gene therapy. However,
studies have shown that lentivirus vectors have a lower tendency to integrate in places that
potentially cause cancer than gamma-retroviral vectors. More specifically, one study found
that lentiviral vectors did not cause either an increase in tumor incidence or an earlier onset
of tumors in a mouse strain with a much higher incidence of tumors. Moreover, clinical
trials that utilized lentiviral vectors to deliver gene therapy for the treatment of HIV
experienced no increase in mutagenic or oncologic events.

For safety reasons lentiviral vectors never carry the genes required for their
replication. To produce a lentivirus, several plasmids are transfected into a so-called
packaging cell line, commonly HEK 293. One or more plasmids, generally referred to as
packaging plasmids, encode the virion proteins, such as the capsid and the reverse
transcriptase. Another plasmid contains the genetic material to be delivered by the vector.
It is transcribed to produce the single-stranded RNA viral genome and is marked by the
presence of the y (psi) sequence. This sequence is used to package the genome into the
virion.

Lentiviruses have the unique ability amongst retroviruses of being able to infect non-
cycling cells. Vectors derived from lentiviruses have provided a huge advancement in
technology and seemingly offer the means to achieve significant levels of gene transfer in
vivo. As the particles are often pseudotyped with the envelope of the vesicular stomatitis
virus (VSV), the vector can serve to introduce genes into a broad range of tissues and can
be used in vivo. Furthermore, it has been demonstrated that in vive expression is sustained
for several months without detectable pathology. In the original lentivirus vectors described
by Naldini et al (Naldini et al., 1996a) (Naldini et al., 1996b) , the vector pPCMVARS.2
supplies all but the HIV envelope in trans, the vector pMD.G is used to produce the VSV-
G pseudotype, while the transgene (lac Z) is inserted into the plasmid pHR’, which uses a
lentiviral LTR, a splice donor and gag splice donor and acceptor associated with a rev
responsive element. These three plasmids are used to transduce 293T cells and the
supernatant assayed for p24 gag activity.

From these original experiments, new plasmids have been devised which have more
versatile features. These include such plasmids as pLenti4/V5-DEST™, pLenti6/V5-
DEST™, pLenti6.2/UbC/V5-DEST™ (Invitrogen Life Technologies Inc.) which utilize
Gateway Technology™ (Invitrogen Life Technologies Inc.) in which recombination occurs
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through the at7R1 and attR2 and thus allows for rapid cloning Lentiviral systems for gene
delivery are generally derived from the human immunodeficiency virus. The VDL utilizes
a vector construct that employs a nonhomologous viral envelope (derived from the
vesicular stomatitis virus), possess only three HIV genes, and separates the genes encoding
the components necessary for viral packaging onto four different plasmids. These features,
in conjunction with several other biosafety enhancements, prevent recombination of
replication-competent HIV.

All lentivirus vectors produced in the VDL are produced in compliance with GLP
standards. The production of a lentivirus virus begins with cloning the gene of interest (goi)
into an entry plasmid of the Gateway Technology™ (Invitrogen). The entry plasmid
containing your gene of interest is then recombined with one of the ViraPower™ Lentiviral
Expression plasmids using Gateway Technology™ (Invitrogen). The ViraPower plasmids
which lacks the gag/pol envelope genes and other accessory genes. The expression plasmid
is cotransfected into 293FT cells with three supercoiled packaging plasmids
(pLP1(gag/pol), pLP2 (rev) and pLP/VSV-G (VSV-G envelope) which supply helper
functions and viral proteins in trans. At 48-72 hours post-transfection, the supernant
(containing the viral particles) is harvested and clarified. At this point lentiviral vectors can
be used to transduce the mammalian cell line of choice.

2.3 Electroporation

Electroporation involves exposure-of-cells in suspension to a pulsed electric field that
causes transient formation of pores in the cell membrane, allowing exchange of
macromolecules between the extracellular environment and the cytoplasm. Removal of the
electric field results in spontaneous sealing of the pores, since the field strength and duration
of the pulse are within the tolerable range for the cells. Parameters that affect the transfection
efficiency of electroporation are discussed below.

2.3.1 Voltage

One of the most important factors affecting transfection efficiency by electroporation is
the electric field strength across the cell which, at a critical point, leads to the localized
breakdown of the cell membrane and formation of pores. The field strength is described by:

E=V/d

where E is the field strength, V is the voltage, and d is the distance between electrodes, there
is a direct correlation between the field strength and voltage. Moreover, the field strength is
also proportional to the product of the capacitor voltage and the cell diameter. Therefore the
optimum voltage for different cell types varies and has to be determined empirically.
Generally, efficient introduction of DNA into cells occurs at field strengths that give rise to
20-80% cell death. It is noteworthy that after electroporation many cells that exhibit trypan
blue exclusion and adhere to the plate die and detach within 48 hours post-transfection and
therefore counting the cells by trypan blue exclusion may provide an inaccurate measure of
the number of viable cells.

2.3.2 Time constant
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Most electroporations are performed using exponential decay waves that are generated
by an instant surge of voltage followed by its exponential decline over a time period. This is
defined as time constant and is a product of capacitance and the electroporation buffer
resistance. Time constant is a useful parameter for ensuring reproducibility of the pulse.
Some commercial electroporation apparatuses indicate the time constant after each pulse and
provide the opportunity to compare different pulses and hence reproducibility of the
electroporation.

To modify the time constant, the capacitance of the apparatus and/or the buffer
resistance can be altered. Higher ionic strength of the buffer and shorter distance between the
electrodes result in lower resistance. The resistance is however inversely proportional to the
cross-sectional area of the path and therefore it is possible to manipulate the resistance by
changing the volume of the electroporation buffer as well.

2.3.3 Buffer

The composition of the electroporation buffer determines its resistance and hence
influences the time constant. In some cases growth media have also been used as the
suspension medium. It is therefore essential to determine the best buffer/medium for each cell
type empirically.

2.3.4 Temperature

There are different opinions with regards to_the cell suspension temperature before,
during, and after the electric pulse. Some reports indicate higher transfection frequencies at
room temperature whereas others suggest incubation of cells in the presence of DNA on ice
at least ten minutes before and after applying the pulse.

2.3.5DNA

Increasing  DNA concentration results in higher transfection frequency by
electroporation. High transfection efficiencies have been reported with up to 80 ug/ml of
DNA, Carrier nucleic acids have also been used to increase the transfection efficiency, but
their nature appears to play an important role. For instance salmon sperm DNA increases
transfection efficiencies of some human cell types whereas yeast tRNA results in lower
transfection frequencies.

2.3.6 Cells

Like other transfection methods the type of cells and the cell cycle phase at the time of
electroporation are important factors in determining the efficiency of transfection by
electroporation. In most cases best results are obtained with 1 x 10° to 2 X 107 cells/ml at
exponential growth phase.

2.4 Staining of cells for expression of B-galactosidase

Factors that influence the efficiency of a gene delivery system have to be tested
empirically to obtain the best conditions for a particular cell line. For this purpose, use can be
made of reporter genes, including the genes that code for f-galactosidase, luciferase, and
chloramphenicol acetyl transferase (CAT). The reporter gene can be transfected into cells and
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its expression analysed by a biochemical assay and/or histochemical staining 24-72 hours
post-transfection. Because there tends to be a correlation between transient expression of the
reporter gene and stable transformation of cells, this method can be used to determine the
optimum conditions for both transient and stable transfections.

2.5 Rescue of episomal plasmids

This method was originally described by Hilt for the isolation of viral DNA from
mouse cells. The episomal Epstein-Barr virus (EBV) vectors such as the pREP series of
expression vectors (Invitrogen) can be rescued from transfected cells and used to transform E.
coli cells for their propagation.

3 Microcell-mediated chromosome transfers

Cell-cell fusion of somatic cells is a simple way of transferring genetic material from
one cell to another, where all the chromosomes of the participating cells are engulfed within a
single cell membrane. A more refined method of transferring genetic information is the
method of microcell-mediated chromosome transfer (MMCT), where only one chromosome,
or a small group of chromosomes, is transferred to the recipient cell.

The MMCT technique has been a powerful tool in a variety of studies involving the
transfer of human chromosomes to rodent cells and the generation of monochromosomal
human-rodent cell hybrids. However, because rodent cell hybrids lose the human
chromosomes at high frequencies, one of the first considerations is to have the means for
selecting the cells that have received and retained the desired chromosome. Naturally
occurring markers such as dihydrofolate reductase, thymidine kinase, and hypoxanthine-
guanine phosphoribosyl transferase;on chromosomes 5, 17, and X, respectively, can be used
to isolate human-rodent hybrids that carry these chromosomes. However, for the majority of
the human chromosomes exogenous markers have to be used to tag the chromosomes before
their transfer into the recipient rodent cells. The two most widely used markers for this
purpose have been the nco gene, which confers resistance to neomycin, and the bacterial
xanthine-guanine phosphoribosyl transferase (gpt) gene, which enables mammalian cells
carrying this gene to utilize xanthine rather than hypoxanthine in the salvage pathway of
purine biosynthesis. Methods such as calcium phosphate co-precipitation and retroviral
transduction have been used to transfer these markers into human cells and to generate
monochromosomal hybrids.

Microcell-mediated chromosome transfer has been particularly useful in the mapping of
DNA repair genes. In these studies, complementing DNA repair genes have been assigned to
particular chromosomes by individually transferring human chromosomes into DNA repair
defective cell lines and identifying the chromosomes that restore proficient DNA repair. This
technique has also been used in other studies such as chromosomal localization of tumour
suppressor genes, gene regulation, manipulation of chromosomal alleles and introduction of
human minichromosomes into mouse embryonal stem cells. The donor cells in MMCT
experiments are usually rodent cells carrying a single human chromosome, tagged with a
selectable marker such as gpt, neo, or hyg, and are called mouse-human monochromosomal
hybrids. Several groups have constructed monochromosomal hybrid panels that can be
obtained directly from the laboratories that constructed them, purchased from commercial
centres or from public resource institutes, such as Coriell Cell Repositories
(http://locus.umdnj.edu/nigms/hybrids/sumintro.html) and the UK MRC Human Genome

231



Mapping Project Resource Centre (http://www.hgmp.mre. ac. uk/Research/). It must be noted
that in some cases in addition to the selected intact human chromosome, a monochromosomal
hybrid may have retained a small fragment(s) of another human chromosome and therefore
careful characterization of these hybrids is essential before their use in any chromosome
transfer experiment.

The procedure of MMCT involves five main stages, which are illustrated in Figure 1

and described below.
+ Colcemid
30-40 Hours

Donor cell with a Formation of microcells
gpttagged chromosome (MXP)
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centrifugation in Ficoll gradient Enucleation
Glavﬂy sedimentation Microcelis having
in Ficoll gradient single chromosomes

Fusion D '
Selection in ux‘\ @

Microcell hybrid
axF)
Recipient cell

(MxS)

Figure 1. Microcell-mediated chromosome transfer. In this method a single
chromosome that is tagged with a dominant marker (such as the bacterial guanine
phosphoribosyl transferase (gpt) gene) is encapsulated into a microcell by colcemid-induced
micronucleation of its donor cell. The microcell is then extruded from the micronucleate cell
by centrifugation in a discontinuous Ficoll gradient containing cytochalasin B and then size
fractionated in a continuous Ficoll gradient. Fusion of the microcell to a recipient cell and
growth in MX medium (medium containing mycophenolic acid and xanthine) gives rise to
colonies of microcell hybrids that contain the tagged chromosome from the donor cell. MX =
culture medium containing mycophenolic acid and xanthine. MXR = resistant to MX. MXS =
sensitive to MX.

3.1 Formation of micronuclei

Micronucleation describes the process of formation of micronuclei and is induced by
treating donor cells with a mitotic inhibitor such as colcemid. Treatment of the cells with
sublethal doses of colcemid results in disruption of microtubule formation during cell
division followed by the formation of micronuclei when the cells enter interphase. Each
micronucleus contains one or a few chromosomes within a membrane.

The appropriate dose of colcemid has to be determined empirically. In general,
micronucleation can be induced in rodent cells with lower doses (0.01-0.10 pg/ml) of
colcemid than in human cells, which need higher concentrations (10-20 ng/ml) of this drug.
In the MMCT, micronucleation is achieved by prolonged incubation (30-40 hours) of mouse
human monochromosomal hybrid cells, as donors of the human chromosome, in medium
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containing 0.02 pg/ml of colcemid. Another method has been described in which the donor
cells are treated with colcemid for a shorter period of time (8-16 hours) followed by
incubation for 4-6 hours at 37°C in medium containing cytochalasin B, which is a mitotic
inhibitor and induces nuclear extrusion.

3.2 Enucleation

When micronucleate cells are treated with relatively high concentrations of
cytochalasin B (10 pg/ml) the micronuclei can be extruded in two ways: as monolayer cells
or as cells in suspension.

3.2.1 Enucleation of monolayer cells

Micronucleate cells can be enucleated while they are still attached to the surface of
either a tissue culture flask or to sterile pieces of plastic cut from tissue culture plates in the
shape of disks or bullets. If the cells are attached to a tissue culture flask, the flask is filled
with serum-free medium containing 10 pg/ml cytochalasin B and then centrifuged. If,
Conversely, micronucleate cells have been generated on disks or bullets, they are enucleated
by transferring the disks, cell side down, to 50 ml centrifuge tubes containing serum-free
medium supplemented with 10 ug/ml of cytochalasin B and centrifuged at high speed. The g
force of the centrifugation, of course, must not exceed the tolerable limit for the tissue culture
flask or the pre-cut plastic pieces.

3.2.2 Enucleation in suspension

Enucleation is achieved by first harvesting the micronucleate cells by trypsinization and
then centrifuging them in a discontinuous Ficoll gradient in the presence of cytochalasin B.

3.3 Purification of microcells

The end-result of enucleation of micronucleate cells is the release of microcells as
compartments containing single, or just a few chromosomes, with a thin rim of cytoplasm
encircled by a cell membrane. Microcells can be purified on the basis of their size either by
unit gravity sedimentation or by filtration through polycarbonate nitres with pore size of 5
um or 8 pm. alternatively; the crude microcell preparation is transferred into tissue culture
flasks followed by incubation at 37°C for several hours. In this period of incubation, which
varies for different donor cell types, the contaminating cells that are intact adhere to the
surface of the tissue culture flasks and the microcclls, which are non-adhering, remain
floating in the medium and can be collected.

3.4 Fusion of microcells to recipient cells

There are two main methods for the fusion of microcells to the recipient cells. One
method uses polyethylene glycol (PEG) in combination with phytohaemagglutinin-P (PHA-
P). The role of PHA-P in this procedure is to increase agglutination of the microcells to the
surface of the recipient cells and hence enhance the fusion efficiency. The optimum duration
of PEG treatment has to be determined empirically for each cell type. An alternative method
uses inactivated Sendai virus for fusing the microcells to the recipient cells, but the former
method is more widely used, owing to its efficiency and simplicity.
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3.5 Selection of microcell hybrids

In this step the monochromosomal hybrids are selected by growing the fusion products
in medium containing an appropriate selective agent. If the human chromosomes are tagged
with the neo or 4yg genes, neomycin or hygromycin are used to select the monochromosomal
hybrids respectively. If, Conversely, the human chromosomes are tagged with the gpt gene,
the selection is performed by growing the cells in MX medium, containing mycophenolic
acid and xanthine. The gpt gene is the bacterial analogue of the mammalian /prt gene in the
purine biosynthesis pathway. The product of this gene utilizes xanthine instead of
hypoxanthine, which is the substrate for the Aprt gene product. Selection in MX medium is
therefore based on blocking the endogenous pathway of purine biosynthesis by mycophenolic
acid and supplementing the medium with xanthine. Therefore, only the cells containing the
gpt gene product can utilize the xanthine component of the selection medium to bypass the
inhibitory effect of mycophenolic acid and survive.

Microcell collection tube

Reservoir

Bottle containing
0.5% BSA

Figure 2. Gradient system for size fractionation of microcells. This is a schematic
diagram of a system for purification of microcells by unit gravity sedimentation in a
continuous Ficoll gradient. The gradient maker is connected to a 10 ml bottle via a tube that
is sealed with a clamp. Thus the clamp can control the flow of solution through the system.
The bottle is also connected to the bottom of a reservoir, which can be the barrel of a 50 ml
syringe. Two magnetic stirrers, one in chamber B of the gradient maker and one in the bottle,
are used to mix the solutions gently. The components of this system have to be sterile and
assembled on a non-vibrating bench. To prevent contamination, it is necessary to cover the
gradient maker chambers and the reservoir with pre-sterilized aluminium foil throughout the
process, before and immediately after the addition of solutions. This and supplementing the
culture medium with amphotericin B after the fusion step helps prevent yeast and fungal
infection of the cells.

4 Irradiation fusion gene transfer

The technique of irradiation fusion gene transfer (IFGT) allows the generation of a
varied array of hybrids that can be used in investigations such as gene mapping and/or
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positional cloning of genes. Figure 3 is a schematic illustration of the IFGT technique for
reducing the amount of human DNA in somatic cell hybrids.

= = * —>» Death
lonizing radiation

Chromosomal fractionation
of the irradiated ceils

Recipient cell (OuabainS)

Donoccell(OuabainR)

Radiation-reduced hybrid
(Ouabain™)

Figure 3. Irradiation fusion gene transfer. Chromosomes of donor cells that carry a
selectable marker are fragmented by exposure of the cells to high doses of ionizing radiation.
The irradiated cells are then rescued by fusing them to-a recipient cell line that is sensitive to
the selective marker. The resulting hybrids (that retain fragments of the donor cell
chromosomes are isolated by selection in medium containing the selective marker. OuabainR
= resistant to ouabain. OuabainS - sensitive to-ouabain.

4.1 Use in mapping genes

The IFGT technique was-first introduced by Goss and Harris (54). They based their
work on two observations:

a. lonizing radiation breaks chromosomes into smaller fragments with sizes that are
proportional to the radiation dose. Therefore, the closer two genes are together the
more likely they are to segregate within a segment of DNA after treatment with
ionizing radiation.

b. Fragments of foreign DNA can, under certain conditions, be introduced into
mammalian cells where they can replicate and express their genes.

In their study Goss and Harris determined the linkage between four X chromosome
genes and their order. These genes were those coding for the enzymes hypoxanthine guanine
phosphoribosyl transferase (HPRT), phosphoglycerate kinase (PGK), glucose-6-phosphate
dehydrogenase (G6PD), and a-galactosidase (a-gal). Irradiated lymphocytes were fused to a
hamster cell line lacking HPRT activity. Unfused lymphocytes were removed by washing and
the hybrids were grown under HAT selection (medium containing hypoxanthine,
aminopterin, and thymidine). Therefore, only the recipients of the humant HPRT gene could
survive. It was shown that both the gene order and distance between the genes could be
determined by this technique.

IFGT was also used to map 14 DNA probes from a region of human chromosome 21q
spanning 21 Mb. These experiments started with a Chinese hamster/human somatic cell

hybrid containing a single copy of human chromosome 21q and very little other human
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chromosomal material. The hamster/human hybrid cells were irradiated with 80 Gy X-rays.
The lethally irradiated cells were fused to hamster cells lacking the HPRT gene, and the
hybrids were selected in HAT medium. In this selection only those hybrids which had
received the hamster HPRT gene from the irradiated cells could survive. Therefore, there was
no direct selection for human sequences. The presence of the markers in the radiation hybrids
was confirmed by Southern blot hybridization analysis and it was found that each of the 14
chromosome 21 markers was retained in 30-60% of the radiation hybrids. Statistical analysis
on the results was then used to construct a map of the markers on chromosome 21. These
mapping data were in agreement with those obtained from pulse-field gel electrophoresis
studies, indicating that it is possible to determine the distance between different markers, and
their order on the chromosome, by estimating the frequency of breakage between them.
Radiation hybrid panels have become very useful tools in mapping human genes because
they can be screened by polymorphic as well as non-polymorphic markers, which are
uninformative in linkage mapping. One such panel is the GeneBridge4 radiation hybrid
mapping panel which is available from the UK MRC Human Genome Mapping Project
Resource Centre, UK MRC HGMP-RC (http://www.hgmp.mrc.ac.uk/Research/). This panel
consists of 86 clones of the whole human genome and can be used for ordering genetic
markers and estimating their distances. After obtaining the panel, the investigator screens this
panel with the marker of interest and submits the data to the UK MRC HGMP-RC, where
they are statistically analysed and the results returned.

4.2 Use in positional cloning

The most important factor in the positional cloning of a gene is the identification or
isolation of markers that are tightly linked to that gene. One possible way to achieve this is to
use the method of IFGT to construct a panel of radiation reduced hybrids. If, for example, the
aim is to clone a human gene, for which no tightly linked marker has been identified, a hybrid
is generated that contains the smallest possible chromosome fragment carrying the gene of
interest. In this case the best donor cell is'a human-rodent monochromosomal hybrid or a
hybrid that contains only a segment of the human chromosome carrying the gene. The
generated radiation reduced hybrids can then be analysed using techniques such as
polymerase chain reaction (PCR) or Southern blot hybridization for the presence of known
markers in the critical region. This can lead to the identification of a marker that is closely
linked to the gene. Moreover, new sequence tagged site (STS) markers can be generated from
the hybrid with the least amount of human DNA by the method of inter-Alu-repeat sequence
PCR (IRS-PCR), which amplifies sequences between the Alu-repeat elements. The new STS
markers are then analysed for their linkage to the gene and for isolation of yeast artificial
chromosomes (YACs) that serve as the primary tools for the next stage of positional cloning.

A point to consider in the generation of radiation reduced hybrids for positional cloning
by IFGT is that because the selectable marker on the human chromosome is likely to be too
far away from the gene, direct selection for the human chromosome cannot be applied.
Therefore it is necessary to generate donor monochromosomal hybrid cells with a selectable
marker (e.g, ouabain resistance) on the non-human chromosomes, or use recipient cells that
are defective in a gene such as HPRT. Thus, selection of the radiation reduced hybrids is
achieved by growing the cells in ouabain or HAT medium. This, therefore, limits the use of
IFGT in positional cloning of a gene to instances where the gene has phenotypic effects in the
resulting hybrids or where flanking markers have been identified. An example of successful
use of the IFGT technique in positional cloning of a gene is the identification of ku80 as the
mutant gene in the DNA repair deficient xrs cells.
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4.3 Irradiation doses

The relationship between the dose of irradiation and the size or number of human DNA
fragments retained in the recipient cells has been studied by using a hamster/human somatic
cell hybrid containing human chromosomes 3 and X as the source of human DNA fragments.
These cells were irradiated with a lethal dose of 25-250 Gy y-rays. The irradiated cells were
rescued by fusing them to a thymidine kinase' (TK-) hamster cell line followed by selection
of the radiation hybrids in HAT medium, allowing only the survival of hybrids receiving the
hamster Tk gene. Alu-PCR analysis showed the presence of unselected human DNA
sequences in the isolated hybrids. The presence or absence of markers specific to
chromosome 3 or X in the hybrids was also tested. This analysis as well as fluorescence in
situ hybridization (FISH) studies on the radiation hybrids suggested that the number of
human DNA fragments in these hybrids was independent of the irradiation dose. However,
the sizes of the fragments were dose-dependent. By increasing the irradiation dose from 50 to
250 Gy a five- to tenfold reduction in the sizes of the largest fragments was observed. Also
human marker retention frequencies declined from 0.27 to 0.03. The Xq27-Xq28 region was
used as a model to estimate the size range of the retained fragments in the radiation hybrids.
40% of the hybrids generated following 50 Gy y-rays retained fragments in the range of 3-30
Mb, 10% retained the whole chromosome arm, and the remaining 50% retained fragments of
less than 2-3 Mb. The retention of 3 Mb or larger fragments decreased to less than 6% in
hybrids generated at the higher dose of 250 Gy.

References

Anderson, M. J., Fasching, C. L, Xu, H. J., Benedict, W. F., and Stanbridge, E. J. (1994).
Genes Chromosomes Cancer, 9,251.

Athwal, R. S., Smarsh, M., Searle, B. M., and Deo, S. S. (1985). Somat. Cell Mol. Genet., 11,
177.

Capecchi, M. R. (1980). Cell 22.479.

Chekmareva, M. A., Hollowell, C. M., Smith, R. C., Davis, E. M., LeBeau, M. M., and
Rinker Schaeffer, C. W. (1997). Prostate, 33, 271.

Chen, C. and Okayama, H. (1987). Mol. Cell. Biol., 7, 2745.

Chu, G., Hayakawa, H., and Berg, P. (1987). Nucleic Adds Res., 15, 1311.

Cotter, F. E., Das, S., Douek, E., Carter, N. P., and Young, B. D. (1991). Genomics, 9, 473.

Cox, D. R., Burmeister, M., Price, E. R., Kim, S., and Myers, R. M. (1990). Science, 250,
245.

Crystal, R. G., McElvaney, N. G., Rosenfeld, M. A., Chu. C. S., Mastrangeli, A., Hay, J. G.,
et al. (1994), Nature Genet., 8, 42.

Desmaze, C., Zucman, J., Delattre, O., Thomas, G., and Aurias, A. (1992). Hum. Genet., 88,
541.

Dieken, E. S., Epner, E. M., Fiering, S., Fournier, R. E., and Groudine, M. (1996). Nature
Genet, 12,174.

Fournier, R. E. K. (1982). In Techniques in somatic cell genetics (ed. J. W. Shay), p. 309.
Plenum Press, New York and London.

Gaillard, C. and Strauss, F. (1990). Nucleic Acids Res., 18, 378.

Gao, X. and Huang, L. (1995). Gene Then, 2, 710.

Goss, S. J. and Harris, H. (1975). Nature, 255, 680.

Graham, F. L. and van der Eb, A. J. (1973). Virology, 52, 456.

Graw, S., Davidson, J., Gusella, J., Watkins, P., Tanzi, R., Neve, R., et al. (1988). Somat Cell
Mol Genet, 14, 233.

237



Gyapay, G., Schmitt, K., Fizames, C., Jones, H., Vega-Czarny, N., Spillett, D., et al. (1996).
Hum. Mol. Genet, 5, 339.

Hafezparast, M., Kaur, G. P., Zdzienicka, M., Athwal, R. S., Lehmann, A. R., and Jeggo, P.
A. (1993). Somat. Cell Mol. Genet., 19, 413.

Harrington, R. D. and Geballe, A. P. (1996). Ann. Clin. Lab. Sd, 26, 522.

Hirt, B. (1967). J. Mol. Biol, 26, 365.

Hug, P. and Sleight, R. G. (1991). Biochim. Biophys. Acta, 1097, 1.

Ishizaki, K., Oshimura, M., Sasaki, M. S., Nakamura, Y., and Ikenaga, M. (1990). Mutat.
Res., 235, 209.

Jeggo, P. A., Hafezparast, M., Thompson, A. F., Broughton, B. C., Kaur, G. P., Zdzienicka,
M. Z., et al. (1992). Proc. Natl. Acad. Sri. USA, 89, 6423.

Jolly, D. J., Esty, A. C, Bernard, H. U., and Friedmann, T. (1982). Proc. Natl. Acad. Sri.USA,
79, 5038.

Jordan, M., Schallhorn, A., and Wurm, F. M. (1996). Nucleic Acids Res., 24, 596.

Kanamori, H. and Siegel, J. N. (1997). Exp. Cell Res., 232, 90.

Kaur, G. P. and Athwal, R. S. (1989). Proc. Natl. Acad. Sci. USA, 86, 8872.

Kaur, G. P. and Athwal, R. S. (1993). Somat. Cell. Mol. Genet., 19, 83.

Koi, M., Umar, A., Chauhan, D. P., Cherian, S. P., Carethers, J. M., Kunkel, T. A., et al.
(1994). Cancer Res., 54, 4308.

Lambert, C., Schultz, R. A., Smith, M., Wagner McPherson, C., McDaniel, L. D., Donlon, T.,
et al. (1991). Proc. Natl. Acad. Sri. USA, 88, 5907.

Legerski, R. and Peterson, C. (1992). Nature, 359, 70.

Lemer, T. J., D'Arigo, K. L., Haines, J. L, Doggett, N. A., Taschner, P. E., de Vos, N., et
al.(1995). Am. J. Med. Genet, 57, 320.

Li, Q., Hu. N., Daggett, M. A., Chu, W. A., Bittel, D., Johnson, J. A., et al. (1998). Nucleic
Acids Res., 26, 5182,

Lowy, L., Pellicer, A., Jackson, J. F., Sim, G. K.;Silverstein, S., and Axel, R. (1980). Cell,22,
817.

Lugo, T. G., Handelin, B., Killary, A. M., Housman, D. E., and Fournier, R. E. (1987). Mol.
Cell. Biol., 7, 2814.

Matsuda, T., Sasaki, M., Kato, H.; ' Yamada, H., Cohen, M., Barrett, J. C., et al. (1997).
Oncogene, 15, 2773.

McCutchan, J. H. and Pagano, J. S. (1968). J. Natl. Cancer Inst., 41, 351.

McNally, M. A., Lebkowski, J. S., Okarma, T. B., and Lerch. L. B. (1988). Biotechniques, 6,
882.

Meguro, M., Mitsuya, K, Sui, H., Shigenami, K., Kugoh, H., Nakao, M., et al. (1997). Hum.
Mol. Genet, 6, 2127.

Neumann, E., Schaefer-Ridder, M., Wang, Y., and Hofschneider, P. H. (1982). EMBO]J.,, 1,
841.

Nieuwenhuijsen, B. W., Chen, K. L., Chinault, A. C., Wang, S., Valmiki, V. H., Meershoek,
E. ], etal. (1992). Hum. Mol. Genet, 1, 605.

O'Briant, K., Jolicoeur, E., Garst, J., Campa, M., Schreiber, G., and Bepler, G. (1997).
Anttcancer Res., 17, 3243.

Oshima, J., Yu, C. E., Boehnke, M., Weber, J. L, Edelhoff, S., Wagner, M. J., et al. (1994).
Genomics, 23,100.

Palese. P. and Roizman, B. (1996). Proc. Natl. Acad. Sci. USA, 93, 11287,

Perucho, M., Hanahan, D., Lipsich, L., and Wigler, M. (1980). Nature, 285, 207.

Perucho. M., Hanahan, D., and Wigler, M. (1980). Cell, 22, 309.

Potter, H., Weir, L., and Leder, P. (1984). Proc. Natl. Acad. Sri. USA, 81, 7161.

238



Radomska, H. S., Satterthwaite, A. B., Burn, T. C., Oliff, I. A., and Tenen, D. G. (1998),
Gene, 222, 305.

Ringertz, N. R. (1978). Natl. Cancer Inst. Monogr., 48, 31.

Robertson, G. P., Hufford, A., and Lugo, T. G. (1997). Cytogenet. Cell Genet., 79, 53.

Robins, D. M., Ripley, S., Henderson, A. S.. and Axel, R. (1981). Cell, 23, 29.

Ron, H., Sonoda, Y., Kumabe, T., Yoshimoto, T., Sekiya, T., and Murakami, Y. (1997).
Oncogene, 16, 257.

Saxon, P. J., Srivatsan, E. S., Leipzig, G. V., Sameshima, J. H., and Stanbridge, E. J. (1985).
Mol. Cell. Biol, 5,140.

Shapero, M. H., Langston, A. A., and Fournier, R. E. (1994). Somat Cell Mol. Genet, 20,
215.

Shen, M. H., Yang, J., Loupart, M. L, Smith, A., and Brown, W. (1997). Hum. Mol.
Genet,6,1375.

Siden, T. S., Kumlien, J., Schwartz, C. E., and Rohme, D. (1992). Somat. Cell Mol. Genet,18,
33,

Stackhouse, M. A., Ortiz, J. B., Sato, K., and Chen, D. J. (1994). Mutat. Res., 323, 47.

Stangos, G. A., Huttner, K. M.Juricek, D. K., and Ruddle, F. H. (1981). Mol. Cell. Biol., 1,
111.

Starck, J., Doubeikovski, A., Sarrazin, S., Gonnet, C, Rao, G., Skoultchi, A., et al.(1999).
Mol. Cell. Biol., 19, 121.

Strathdee, C. A., Gavish, H., Shannon, W. R., and Buchwald, M. (1992). Nature, 358, 434.

Taccioli, G. E., Gottlieb, T. M., Blunt, T., Priestley, A., Demengeot, J., Mizuta, R., et al
(1994). Science, 265,1442.

Tanaka, K., Satokata, 1., Ogita, Z., Uchida; T., and Okada, Y. (1989). Proc. Natl. Acad. Sri.
USA, 86, 5512.

Zimmerman, U. (1982). Biochim. Biophys. Acta, 694, 227.

239



Chapter 11
Stem Cells

1 Stem Cell

Stem cells are a class of undifferentiated cells that are able to differentiate into specialized cell
types found in most, if not all, multi-cellular organisms. Research in the stem cell field grew out of
findings by Canadian scientists Ernest A. Mc Culloch and James E. Commonly, stem cells come
from two main sources: Embryos formed during the blastocyst phase of embryological development
(embryonic stem cells) and Adult tissue (adult stem cells). Both types are generally characterized by
their potency, or potential to differentiate into different cell types (such as skin, muscle, bone, etc.).
In adult organisms, stem cells and progenitor cells act as a repair system for the body, replenishing
specialized cells, but also maintain the normal turnover of regenerative organs, such as blood, skin,
or intestinal tissues. Stem cells can now be grown and transformed into specialized cells with
characteristics consistent with cells of various tissues such as muscles or nerves through cell culture.
Highly plastic adult stem cells from a variety of sources, including umbilical cord blood and bone
marrow, are routinely used in medical therapies. Embryonic cell lines and autologous embryonic
stem cells generated through therapeutic cloning have also been proposed as promising candidates
for future therapies.

2 Properties
The classical definition of a stem cell requires that it possess two properties:

1. Self-renewal - the ability to go through numerous cycles of cell division while
maintaining the undifferentiated state.

2. Potency - the capacity to differentiate into specialized cell types. In the strictest sense,
this requires stem cells to be either totipotent or pluripotent- to be able to give rise to
any mature cell type, although multipotent or unipotent progenitor cells are sometimes
referred to as stem cells.

3 Potency

e Pluripotent, embryonic stem cells originate as inner mass cells within a blastocyst.
The stem cells can become any tissue in the body, excluding a placenta. Only the
morula's cells are totipotent, able to become all tissues and a placenta.

e Totipotent - the ability to differentiate into all possible cell types. Examples are the
zygote formed at egg fertilization and the first few cells that result from the division
of the zygote.

e Pluripotent - the ability to differentiate into most cell types. Examples include
embryonic stem cells and cells that are derived from the mesoderm, endoderm, and
ectoderm germ layers that are formed in the beginning stages of embryonic stem cell
differentiation.

e Multipotent - the ability to differentiate into a closely related family of cells.
Examples include hematopoietic (adult) stem cells that can become red and white
blood cells or platelets.

e Oligopotent - the ability to differentiate into a few cells. Examples include (adult)
lymphoid or myeloid stem cells.
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e Unipotent - the ability to only produce cells of their own type, but have the property
of self-renewal required to be labeled a stem cell. Examples include (adult) muscle
stem cells.

4 Basic principles for identification and purification of stem cells

Although there is not complete agreement among scientists of how to identify stem
cells, most tests are based on making sure that stem cells are undifferentiated and capable of
self-renewal. Tests are often conducted in the laboratory to check for these properties.

One way to identify stem cells in a lab, and the standard procedure for testing bone
marrow or hematopoietic stem cell (HSC), is by transplanting one cell to save an individual
without HSCs. If the stem cell produces new blood and immune cells, it demonstrates its
potency.

Clonogenic assays (a laboratory procedure) can also be used in vitro to test whether
single cells can differentiate and self-renew. Researchers may also inspect cells under a
microscope to see if they are healthy and undifferentiated or they may examine
chromosomes.

To test whether human embryonic stem cells are pluripotent, scientists allow the cells
to differentiate spontaneously in cell culture, manipulate the cells so they will differentiate to
form specific cell types, or inject the cells into an-immunosuppressed mouse to test for the
formation of a teratoma (a benign tumor containing a mixture of differentiated cells).

Epithelial tissues, such as the epidermis and the lining of the gut, share a common
feature in that they are constantly shedding cells from their outer surface. This constant cell
loss is compensated by continual replacement through cell proliferation in a highly regulated
process. In humans the entire outer layer of the skin is shed daily, while the entire epithelial
lining of the mouse gut is-replaced every three to four days. As this process continues
throughout life it has been argued that this is proof of the existence of long-lived stem cells.
The definition of such<a stem cell is that it lacks certain tissue-specific differentiation
markers, remains in the tissue throughout life, retaining proliferative capacity, and gives rise
to daughters, some of which generate differentiated cells and others which are themselves
stem cells. The cells should also be capable of regenerating the tissue after injury. It has been
demonstrated in the epidermis that the proliferative compartment consists not only of stem
cells and post-mitotic cells, but also of a transit amplifying population. Transit amplifying
cells are produced initially by the division of stem cells and, although they have a high
proliferative capacity, their lifespan is limited and eventually all the cells will differentiate
and be shed from the tissue. When approaching the question of whether or not a particular
tissue contains a discrete stem cell population it is necessary to establish whether there is true
proliferative heterogeneity within the tissue. There are three possibilities: first, all the cells
may have equal proliferative potential, secondly, only a subpopulation of non-differentiated
cells may divide or thirdly, as in the skin, there are two types of proliferative cell, stem cells
and transit amplifying cells. The latter may be represented by a continuous distribution of
proliferative capacity, from unlimited to a single division only. Alternatively there may well
be two clear proliferative subpopulations that can be distinguished by criteria such as the
morphology of colonies produced in cell culture.

4.1 Assessment of proliferative heterogeneity
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In the epidermis it has been shown that there is proliferative heterogeneity within the
keratinocyte population. Barrandon and Green showed that there are three types of colony
formed when these cells are placed in culture, in high calcium medium, in the presence of a
3T3 feeder layer. The three colony types formed are called paraclones, meroclones, and
holoclones, and these classifications are based on the type of progeny produced by the
colonies when they are passaged into fresh dishes (Figure 1). Paraclones form small, irregular
colonies, composed almost entirely of differentiated cells. Colonies produced by holoclones
are large and round, consisting mostly of small cells, surrounding a central region of stratified
differentiated cells. Meroclones produce colonies which do not have a smooth outline and are
smaller than those produced by holoclones. It is believed that the stem cells produce
holoclones and transit amplifying cells, paraclones. The origin of meroclones in this
definition is not clear, although it has been speculated that they are produced by stem, cells
that generate transit amplifying cells at a higher rate than those producing holoclones.
Epithelial cells from other tissues, including prostate, also show this heterogeneity in clonal
growth properties and this type of experimental approach could well be of use in stem cell
studies in the breast, gut epithelium, and liver. As for epidermal keratinocytes, three colony
types are formed: small abortive clones, large, round, fast growing colonies made up almost
exclusively of small cells, and an intermediate colony type which may grow rapidly but
contains larger differentiated cells and is irregular in shape. Cloning is a useful tool for the
assessment of proliferative capacity and differentiation state of different colonies. If the cell
type can be cloned from single cells it is possible to avoid ring cloning altogether and grow
single colonies in 32 mm dishes.

Parent culture dish

C
Figure 1. When keratinocytes are cultured at low density three types of colony are seen
in the parent culture dish. Subcloning of the largest type of colony (A) yields many large
colonies, along with several small and some abortive colonies. Subcloning a small colony (C)
produces only small and abortive colonies, whereas an abortive colony (B) will produce no
colonies. Large colony-forming cells behave like stem cells whereas small colony-forming
cells behave like transit amplifying cells.

5 Embryonic stem cells
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Embryonic stem cells are derived from a four- or five-day-old human embryo that is in the
blastocyst phase of development. The embryos are usually extras that have been created in IVF (in
vitro fertilization) clinics where several eggs are fertilized in a test tube, but only one is implanted
into a woman.

Sexual reproduction begins when a male's sperm fertilizes a female's ovum (egg) to form a
single cell called a zygote. The single zygote cell then begins a series of divisions, forming 2, 4, 8, 16
cells, etc. After four to six days - before implantation in the uterus - this mass of cells is called a
blastocyst. The blastocyst consists of an inner cell mass (embryoblast) and an outer cell mass
(trophoblast). The outer cell mass becomes part of the placenta, and the inner cell mass is the group
of cells that will differentiate to become all the structures of an adult organism. This latter mass is the
source of embryonic stem cells - totipotent cells (cells with total potential to develop into any cell in
the body).

Figure 2. Human embryonic stem cell colony

In a normal pregnancy, the blastocyst stage continues until implantation of the embryo
in the uterus, at which point the embryo is referred to as a fetus. They do not contribute to the
extra-embryonic membranes or the placenta. This usually occurs by the end of the 10th week
of gestation after all major organs of the body have been created. However, when extracting
embryonic stem cells, the blastocyst stage signals when to isolate stem cells by placing the
"inner cell mass" of the blastocyst into a culture dish containing a nutrient-rich broth.
Lacking the necessary stimulation to differentiate, they begin to divide and replicate while
maintaining their ability to become any cell type in the human body. Eventually, these
undifferentiated cells can be stimulated to create specialized cells.

Nearly all research to date has taken place using mouse embryonic stem cells (mES) or
human embryonic stem cells (hES) (Figure 2). Both have the essential stem cell
characteristics, yet they require very different environments to maintain an undifferentiated
state. Mouse ES cells are grown on a layer of gelatin and require the presence of Leukemia
Inhibitory Factor (LIF). Human ES cells are grown on a feeder layer of mouse embryonic
fibroblasts (MEFs) and require the presence of basic Fibroblast Growth Factor (bFGF or
FGF-2). Without optimal culture conditions or genetic manipulation, embryonic stem cells
will rapidly differentiate.
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A human embryonic stem cell is also defined by the presence of several transcription
factors and cell surface proteins. The transcription factors Oct-4, Nanog and Sox2 form the
core regulatory network that ensures the suppression of genes that lead to differentiation and
the maintenance of pluripotency. The cell surface antigens most commonly used to identify
hES cells are the glycolipids SSEA3 and SSEA4 and the keratan sulfate antigens Tra-1-60
and Tra-1-81. The molecular definition of a stem cell includes many more proteins and
continues to be a topic of research.

After nearly ten years of research, there are no approved treatments using embryonic
stem cells. The first human trial was approved by the US Food & Drug Administration in
January 2009. ES cells, being pluripotent cells, require specific signals for correct
differentiation - if injected directly into another body; ES cells will differentiate into many
different types of cells, causing a teratoma. Differentiating ES cells into usable cells while
avoiding transplant rejection are just a few of the hurdles that embryonic stem cell
researchers still face. Many nations currently have moratoria on either ES cell research or the
production of new ES cell lines. Because of their combined abilities of unlimited expansion
and pluripotency, embryonic stem cells remain a theoretically potential source for
regenerative medicine and tissue replacement after injury or disease.

Additionally, under defined conditions, embryonic stem cells are capable of
propagating themselves indefinitely. This allows embryonic stem cells to be used as useful
tools for both research and regenerative medicine, because they can produce limitless
numbers of themselves for continued research or clinical use.

Because of their plasticity and potentially unlimited capacity for self-renewal, ES cell
therapies have been proposed for regenerative medicine and tissue replacement after injury or
disease. However Diseases treated by these non-embryonic stem cells include a number of
blood and immune-system related genetic diseases, cancers, and disorders; juvenile diabetes;
Parkinson's; blindness and spinal cord injuries.

5.1 Differentiation of embryonic stem cells
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Figure 3. Directed differentiation of mouse embryonic stem cells

Since the embryonic stem cells in culture are grown under certain conditions, they can
remain undifferentiated (unspecialized). But if cells are allowed to clump together to form
embryoid bodies, they begin to differentiate spontaneously. They can form muscle cells,
nerve cells, and many other cell types. Although spontaneous differentiation is a good
indication that a culture of embryonic stem cells is healthy, it is not an efficient way to
produce cultures of specific cell types.

So, to generate cultures of specific types of differentiated cells-heart muscle cells,
blood cells, or nerve cells, for example-scientists try to control the differentiation of
embryonic stem cells. They change the chemical composition of the culture medium, alter the
surface of the culture dish, or modify the cells by inserting specific genes. Through years of
experimentation scientists have established some basic protocols or "recipes" for the directed
differentiation of embryonic stem cells into some specific cell types (Figure 3).

5.2 Isolation and in vitro culture

In 1964, researchers isolated a single type of cell from a teratocarcinoma, a form of
cancer that replicated and grew in cell culture as a stem cell. Subsequently, researchers
isolated a primordial embryonic germ cell (EG cell) that, after replicating and growing in cell
culture as a stem cell, was capable of developing into different cell types.

In 1981, embryonic stem cells (ES cells) were first derived from mouse embryos by
Martin Evans and Matthew Kaufman at the Department of Genetics, University of
Cambridge and independently by Gail R. Martin. Martin is credited with coining the term
"Embryonic Stem Cell".
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If scientists can reliably direct the differentiation of embryonic stem cells into specific
cell types, they may be able to use the resulting, differentiated cells to treat certain diseases
at some point in the future. Diseases that might be treated by transplanting cells generated
from human embryonic stem cells include Parkinson's disease, diabetes, traumatic spinal
cord injury, Purkinje cell degeneration, Duchenne's muscular dystrophy, heart disease, and
vision and hearing loss.

5.3 Contamination by reagents used in cell culture

The online edition of Nature Medicine published a study on January 24, 2005 which
stated that the human embryonic stem cells available for federally funded research are
contaminated with non-human molecules from the culture medium used to grow the cells. It
is a common technique to use mouse cells and other animal cells to maintain the pluripotency
of actively dividing stem cells. The problem was discovered when non-human sialic acid in
the growth media was found to compromise the potential uses of the embryonic stem cells in
humans.

After more than 6 months of undifferentiated proliferation, these cells demonstrated the
potential to form derivatives of all three embryonic germ layers both in vitro and in
teratomas. These properties were also successfully maintained (for more than 30 passages)
with the established stem cell lines.

5.4 Reducing donor-host rejection

There is also ongoing research to reduce the potential for rejection of the differentiated
cells derived from ES cells once researchers are capable of creating an approved therapy from
ES cell research. One of the possibilities to prevent rejection is by creating embryonic stem
cells that are genetically identical to the patient via therapeutic cloning.

An alternative solution for rejection by the patient to therapies derived from non-cloned
ES cells is to derive many well-characterized ES cell lines from different genetic
backgrounds and use the cell line that is most similar to the patient; treatment can then be
tailored to the patient, minimizing the risk of rejection.

5.5 Therapeutic application

On January 23, 2009, Phase I clinical trials for transplantation of a human-ES-derived
cell population into spinal cord injured individuals received approval from the US Food &
Drug Administration (FDA), marking it the world's first human ES cell human trial. The
study leading to this scientific advancement was conducted by Hans Keirstead and colleagues
at the University of California. The results of this experiment suggested an improvement in
locomotor recovery in spinal cord-injured rats after a 7-day delayed transplantation of human
ES cells that were pushed towards an oligodendrocytic lineage.

Use of human embryonic stem cells as models for human genetic disorders
In recent years there have been several reports regarding the potential use of human
embryonic stem cells as models for human genetic diseases. This issue is especially important

due to the species-specific nature of many genetic disorders. The relative inaccessibility of
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human primary tissue for research is another major hindrance. Several new studies have
started to address this issue. This has been done either by genetically manipulating the cells,
or more recently by deriving diseased cell lines identified by prenatal genetic diagnosis
(PGD). This approach may very well prove invaluable at studying disorders such as Fragile-
X- syndrome, Cystic fibrosis and other genetic maladies that have no reliable model system.

The techniques of prenatal diagnosis testing methods to determine genetic and
chromosomal disorders are now used by many pregnant women and prospective parents,
especially those couples with a history of genetic abnormalities or where the woman is over
the age of 35, when the risk of genetically-related disorders is higher. In addition, by allowing
parents to select an embryo without genetic disorders, they have the potential of saving the
lives of siblings that already had similar disorders and diseases using cells from the disease
free offspring.

5.6 Embryonic stem cell trial approved by the FDA

In the summer of 2009, the first clinical trial using embryonic stem cells in humans was
approved by the US Food & Drug Administration (FDA). A biotech company called the
Geron Corporation will be conducting the trial. The study will involve the injection of neural
stem cells into paraplegics who have suffered a recent spinal cord injury. About eight to ten
paraplegics who have had their injuries no longer than two weeks before the trial begins, will
be selected to take part in the trial, because the cells must be injected before scar tissue is able
to form. However, the researchers are emphasizing that the injections are not expected to
fully cure the patients and restore all mobility. Based on the results of the mice trials,
researchers say restoration of myelin sheathes, and an increase in mobility is probable. This
first trial is mainly testing the safety of these procedures and if everything goes well, it could
lead to future studies that involve people with more severe disabilities.

6 Fetal stem cells

Fetal stem cells ‘are primitive cell types found in the organs of fetuses U7 The
classification of fetal stem cells remains unclear and this type of stem cell is currently often
grouped into an adult stem cell. However, a more clear distinction between the two cell types
appears necessary.

7 Adult Stem Cells

Adult or somatic stem cells exist throughout the body after embryonic development
and are found inside of different types of tissue. These stem cells have been found in tissues
such as the brain, bone marrow, blood, blood vessels, skeletal muscles, skin, and the liver.
They remain in a quiescent or non-dividing state for years until activated by disease or tissue
injury. Adult stem cells can divide or self-renew indefinitely, enabling them to generate a
range of cell types from the originating organ or even regenerates the entire original organ. It
is generally thought that adult stem cells are limited in their ability to differentiate based on
their tissue of origin, but there is some evidence to suggest that they can differentiate to
become other cell types.

Pluripotent adult stem cells are rare and generally small in number but can be found in

a number of tissues including umbilical cord blood. A great deal of adult stem cell research
has focused on clarifying their capacity to divide or self-renew indefinitely and their
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differentiation potential. In mice, pluripotent stem cells are directly generated from adult
fibroblast cultures. Unfortunately, many mice don't live long with stem cell organs. Most
adult stem cells are lineage-restricted (multipotent) and are generally referred to by their
tissue origin.

Adult stem cell treatments have been successfully used for many years to treat leukemia
and related bone/blood cancers through bone marrow transplants. Adult stem cells are also
used in veterinary medicine to treat tendon and ligament injuries in horses.

The use of adult stem cells in research and therapy is not as controversial as embryonic
stem cells, because the production of adult stem cells does not require the destruction of an
embryo. Additionally, because in some instances adult stem cells can be obtained from the
intended recipient, (an autograft) the risk of rejection is essentially non-existent in these
situations. Consequently, more US government funding is being provided for adult stem cell
research.

7.1 Sources

Pluripotent stem cells, i.e., cells that can give rise to any fetal or adult cell type, can be
found in a number of tissues, including umbilical cord blood. Using genetic reprogramming,
pluripotent stem cells equivalent to embryonic stem cells have been derived from human
adult skin tissue. Other adult stem cells are multipotent, meaning they are restricted in the
types of cell they can become, and are generally referred to by their tissue origin (such as
mesenchymal stem cell, adipose-derived stem cell, endothelial stem cell, etc.). A great deal of
adult stem cell research has focused on investigating their capacity to divide or self-renew
indefinitely, and their potential for differentiation. In mice, pluripotent stem cells can be
directly generated from adult fibroblast cultures.

Amniotic

Multipotent stem cells are also found in amniotic fluid. These stem cells are very
active, expand extensively without feeders and are not tumorogenic. Amniotic stem cells are
multipotent and can differentiate in cells of adipogenic, osteogenic, myogenic, endothelial,
hepatic and neuronal lines.

Induced Pleuripotent

These are not adult stem cells, but rather reprogrammed cells (e.g epithelial cells) given
pluripotent capabilities. Using genetic reprogramming with protein transcription factors,
pluripotent stem cells equivalent to embryonic stem cells have been derived from human
adult skin tissue. Shinya Yamanaka and his colleagues used the transcription factors Oct3/4,
Sox2, c-Myc, and Kl1f4 in their experiments on cells from human faces. Junying Yu and their
colleagues used a different set of factors, Oct4, Sox2, Nanog and Lin28, and carried out their
experiments using cells from human foreskin.

As a result of the success of these experiments, lan Wilmut, who helped create the first
cloned animal Dolly, has announced that he will abandon nuclear transfer as an avenue of
research.

7.2 Signaling pathways
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Adult stem cell research has been focused on uncovering the general molecular
mechanisms that control their self-renewal and differentiation.

1. Bmi-1

The Transcriptional repressor Bmi-1s is one of the Polycomb-group proteins that was
discovered as a common oncogene activated in lymphoma and later shown to specifically
regulate HSCs. The role of Bmi-1 has also been illustrated in neural stem cells.

2. Notch

The Notch pathway has been known to developmental biologists for decades. Its role in
control of stem cell proliferation has now been demonstrated for several cell types including
haematopoietic, neural and mammary stem cells.

3. Wnt
These developmental pathways are also strongly implicated as stem cell regulators.

7.3 Lineage

To ensure self-renewal, stem cells undergo two types of cell division. Symmetric
division gives rise to two identical daughter cells both endowed with stem cell properties.
Asymmetric division, Conversely, produces only one stem cell and a progenitor cell with
limited self-renewal potential. Progenitors.can go through several rounds of cell division
before terminally differentiating into a mature cell. It is possible that the molecular distinction
between symmetric and asymmetric | divisions lies in differential segregation of cell
membrane proteins (such as receptors) between the daughter cells.

An alternative theory is that stem cells remain undifferentiated due to environmental
cues in their particular niche. Stem cells differentiate when they leave that niche or no longer
receive those signals. Studies in Drosophila germarium have identified the signals dp