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THEORETICAL JUSTIFICATION OF
SELECTING A METHOD FOR CULTIVATION
OF MAMMAL CELLS AS A BASIS FOR
DESIGNING MEMBRANE BIOREACTORS IN
ACCORDANCE WITH THE REQUIREMENTS
OF GOOD MANUFACTURING PRACTICE

The object of research is technological cultivation systems, the central element of which are bioreactors, which
ensure efficient metabolism of mammalian cells (Metazoa). Fundamental dif ferences in the phenotypic characte-
ristics of mammalian cells from microorganisms and the special phase-hydrodynamic state of the cultivation system
Jform special requirements for the design and operation of bioreactors. One of the most problematic areas in the
process of using cell cultures to obtain medicinal products of biological origin is to ensure the correct cultivation
conditions in order to obtain the maximum amount of the target product. The quality assurance system for drug
production is based on good manufacturing practice, which puts forward a number of general requirements for
the organization of production of drugs of specified quality, efficacy and safety.

The study analyzed the phenotypic characteristics of mammalian cells. The analysis of industrial cultivation
systems is carried out and a new classification is proposed, which takes into account the phase-hydrodynamic
state of the culture and the specifics of the hydrodynamics of the bioreactor. The analysis made it possible to de-
termine membrane cultivation systems as the most promising. The choice of this cultivation system has a number
of features, in particular, the provision of favorable conditions during a long process of cultivation of support-
dependent cells. This system guarantees a constant and efficient supply of nutrients, including dissolved oxygen,
and the removal of waste products. A wide range of materials for the manufacture of membranes allows to use
an individual approach to different types of cell lines. Due to this, it is ensured that high cultivation rates are
obtained — the density of cells on the growth surface, the provision of the necessary substances during the entire
cultivation process without negative mechanical effects on the cells. The modular design of the membrane elements
allows for scalability of the cultivation process from laboratory development to industrial cultivation. The results
obtained in this work can be the initial data in the study of hydrodynamic and mass transfer characteristics and
in the development or construction of new bioreactors, which will reduce the stage of laboratory development and
accelerate the introduction of innovative drugs.
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biotechnological methods. In accordance with the require-
ments of good manufacturing practice (GMP), the pro-

1. Introduction

Among medicinal products, the prominent place is occu-
pied by biological medicinal products, which are considered
to be those in which the active substance/active ingre-
dient (API) is a biological substance. This substance is a sub-
stance produced by a biological source or extracted from it [1].

Biological drugs include immunological drugs (vaccines,
toxins, serums, or allergen drugs) and drugs obtained by

duction of biological APIs for humans can be realized
using cell culture and fermentation. There are significant
differences in the critical parameters of the production
process for the production of biological APIs and APIs
obtained by chemical synthesis [1, 2]. In contrast to APIs
obtained by chemical synthesis, the quantity and quality
of APIs of biological origin depends on a number of envi-
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ronmental factors, among which the most significant are
the factors arising from cultivation:

— physical (intensity of hydrodynamic processes, pro-

cesses of mass and heat transfer);

— chemical (changes in the composition of the nut-

rient medium — sorption/metabolism of nutrients and

the formation of metabolites, which leads to changes
in the concentration of interacting phases, etc.);

— biological (it is possible to change the phenotypic

characteristics of biological agents (BA), the possibility

of contamination, a change in the API confirmation
structure, etc.).

Based on the peculiarities of the phenotype of the
cell population and the specificity of the hydrodynamics
of the bioreactor, the correct analysis of the specificity
of the cultivation of mammalian cell cultures (MC) in
vitro in known industrial and semi-industrial systems.

For industrial implementation, the formation of ini-
tial data and technical specifications for the design and
study of industrial types of bioreactors remains relevant.
The proposed concept is based on the need to obtain the
maximum amount of API or cell mass within the geneti-
cally determined properties of cell cultures by regulat-
ing environmental factors [3]. The fulfillment of the task
should meet the requirements of the GMP and be based
on the analysis of information on the AD phenotype of
cell cultures. The main conditions for fulfilling the GMP
requirements at the stage of working with seed and working
cell banks is to ensure the standard and safety of MC [2].

Thus, the object of research is technological cultivation
systems, the central element of which is bioreactors that en-
sure the efficient metabolism of mammalian cells (Metazoa).
And the aim of research is to develop a modern classifi-
cation of systems for the MC cultivation, based on the
characteristics of the phenotype of the population, the
phase-hydrodynamic state of the system and the mobility
of the environment.

2. Methods of research

2.1. Morpholegical indicators. To calculate the intensity
of mass exchange processes, the initial information is the
MC morphology, namely, the determination of the MC
specific surface area, and for this it is necessary to know
the size of individual cells. For example, the minimum
size of spherical blood cells is 4—6 microns [4]. The cell
shape is variable and depends on the culture conditions.

2.2. Cytoplasmic memhrane. Contact with the MC envi-
ronment is carried out through the cytoplasmic mem-
brane (CPM) — 7-12 nm thick. CPM is a product of
cytoplasmic differentiation. Microvilli and wrinkles may
be present on the CPM surface, which, by increasing the
specific surface area, contribute to the intensification of
mass transfer.

For the design of bioreactors, information is required on
the processes of transport of nutrients into the cell. The
intensity of mass transfer of components of the nutrient
medium (NM) depends on the properties of the diffusion
layers of the surface structures of the cell, which cause
resistance in the processes of mass transfer.

In general, the CPM performs several functions —
a barrier, provides selective transport of nutrient medium
components, a protective and receptor function. By its

structure, the CPM is a three-layer structure containing —
two layers of fats (lipids) and protein molecules.

The main difference between MC and plant cells and
microorganisms is the absence of a cell wall in the cell
wall and, accordingly, the absence of some functions of
resistance. The cell wall in plants and microorganisms
performs a significant number of functions, among which
the most specific is to ensure the resistance of cells to the
effects of physical (hydrodynamic) environmental factors.

2.3. Cultural indicators. An essential factor in the mo-
deling of bioreactors for the MC cultivation is the analysis
of the population in a liquid nutrient medium. In this
context, it is important to determine the type of contact
of the surface of the phases and, therefore, the cell surface
will be different for attached surface/substrate-dependent
cultures and for suspension populations. Cultural features
include the specificity of the growth of the MC popula-
tion when using various methods of cultivation.

2.4. Adhesive surface/substrate dependent populations.
Most MSs are surface/substrate adherent populations or
monolayer culture (MLC), while others can be grown free
floating in culture media (suspension culture). Some types
of CS in suspension form cell agglomerates of various
numbers and configurations. The suspension population is
a supplement to adhesive cultures, it is an intermediate
form of the MC existence.

Since most cell cultures are surface/substrate-dependent
cultures, it is dealing with MLC. This type of crops, as
a rule, includes primary crops (PC). In this case, the PC
is those cells that have not been transplanted — not sub-
cultured. After subculturing/reseeding, it becomes possible
to switch from PC to a cell line and then obtain a per-
manent cell line. MLC systems are characterized by some
specific cultural characteristics that significantly affect the
modeling of processes in a bioreactor and their design:

— the majority of primary (non-transformed cells) grow

after attachment to the surface — glass, plastic, metal

after their appropriate processing;

— during the growth and formation of a single-layer

surface, the influence of contact inhibition is monitored,

manifested in the spreading of cells and a change in their
specific surface area.

3. Research results and discussion

3.1. Suspension populations. Historically, the develop-
ment of bioreactor designs is, as a rule, focused on the
cultivation of microorganisms, and therefore the direction
of MC cultivation in suspension arose. In this case, liquid-
phase culture systems can be classified according to the
principle of energy input for homogenization (Fig. 1).

This classification system (Fig. 1) does not correspond
to the MC cultivation specificity, since it does not take
into account the fundamental differences between PC and
permanent cell lines.

The proposed scheme (Fig. 2) is based on the phase
state of culture, and the definition itself is immobile or
movable cells. Moreover, the environment that ensures
the efficiency of cultivation is also either movable or not.

Industrial and semi-industrial proposals were selected
as objects of comparison assessment, which are known in
the production of medicines and pharmacology.
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Fig. 1. Classification of bioreactors by the method of energy input [5]
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Fig. 2. Classification of systems for the cultivation of mammalian cultures according

to the phase-hydrodynamic state of cells and the mobility of the

The proposed modern classification scheme for the MC
cultivation systems allows to analyze the known technologi-
cal systems and determine possible promising technological
solutions and technical design of the cultivation stage in
accordance with the GMP requirements.

The scheme is based on the determination of the phe-
notypic characteristics of the MC and the analysis of the
influence of the hydrodynamic parameters of the culture
liquid (CL) on the cultivation efficiency. This classifica-
tion allows to offer correct technological solutions for the
formation of project documentation in accordance with
the GMP requirements to ensure the standard and MC
safety. In this case, the fulfillment of the GMP require-
ments is focused on ensuring and obtaining reproducible
results of cultivation, which is possible if the control and
regulation of technological indicators is observed.

Usually, the practical obtaining of reproducible results
is possible by ensuring control over the hydrodynamic and
mass transfer characteristics of the bioreactor operation
and their operational regulation.

Movable cell population
(3D system) (cells
and their agglomerates)

Suspended microcarrier
systems

Systems with a suspension

Perfusion culture systems

3.2. Fixed surface single layer surface
in 2D System. Stationaryfixed surface
structures (flasks, cups, plates). A fixed
surface monolayer surface in a 2D sys-
tem is the basis for research in the field
of cell biology, pharmacology, etc. MC
cultivation in a monolayer is the most
correct technological solution for cultiva-
tion when working with primary cultures,
cell banks, obtaining cell lines, etc.

The hardware design has remained
largely unchanged since 1885, when Wil-
helm Roux used a glass plate to MC cul-
ture. Cultivation of two-dimensional (2D)
cell culture is carried out in Collet dishes,
Petri dishes, stationary Roux flasks with
a surface of up to 200 cm?, culture plates,
etc. (Fig. 3). An essential feature of these
cultivation systems is the guarantee of
reproducibility of results.

of cells and their
agglomerates

environment

\:’ - Nutrient medium

m - Cell culture

b

a

Fig. 3. Schematic representation of a stationary surface cultivation system:
a — cultivation in a Petri dish; b — cultivation in a Roux flasks

Movable structures, as carriers of a single-layer sur-
face (rollers, flasks). For systems with a fixed single-layer
2D cell culture, roller systems are the most famous and
advertised. From the point of view of hydrodynamics and
mass transfer, they allow the transition from the mecha-
nism of molecular diffusion to a technologically controlled
process of convective diffusion [6]. Controlled characte-
ristics — technological parameters are the roller rotation
speed and the filling factor of the roller with the nutrient
medium [7].
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For roller systems (Fig. 4), the question of regulat-
ing the intensity of transport of one of the limiting the
efficiency of substrate biosynthesis, which is molecular
oxygen, remains open. When using roller systems, the
amount of the gas phase is limited by the volume, it is
not filled with NM and in this system this leads to the
accumulation of gaseous metabolic products.

CL— —

|:|- Nutrient medium - Cell culture

Fig. 4. Schematic representation of a movable single-layer system
cultivation in a roller

3.3. Movable cell population (3D system) of the cells
and their agglomerates. Suspended microcarrier systems. For
leveling the significant disadvantages of traditional bioreac-
tors in the MC biotechnology, such as damaging mechani-
cal factors, the influence of the bubble phase, cultivation
systems with the use of microcarriers were created (Fig. 5).
In known systems, protein or polysaccharide frameworks
in the form of particles with a size of 50-400 microns
are used as matrix carriers, on the surface
of which a monolayer of cells is formed [8].

Cultivation on microcarriers allows to
use the positive features of monolayer and
suspension cultivation.

Systems with a suspension of cells and
their agglomerates. The use of microcarrier
systems is limited by the high cost of micro-
carriers. Therefore, the advantages of suspen-
sion cultivation can hardly be overestimated,
since under such conditions it is possible
to cultivate MC with the maximum yield
of the target metabolite or cell mass, sub-
ject to the requirements of GMP to ensure
standardization and safety. The creation of
a suspension cultivation system is based
on the practice of using standard bioreac-
tors that have been used for a long time
in biotechnology.
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a

Suspension cultivation of isolated cells and cell agglome-
rates of small numbers is used in the cultivation of primary
cells and some transformed (Hela, VIK-21 SNO, etc.) [9].
It should be noted that the so-called wave bioreactors
have found their place among suspension cultivation sys-
tems. Among the systems with wave bioreactors, the most
famous are single use systems.

Perfusion systems. In this context, perfusion is a con-
tinuous cultivation method, in which CR fractionation is
used, and the separated cells are returned to the bioreac-
tor, which contains a new nutrient medium (Fig. 6). This
technological method allows to remove the limitation of
metabolism by the deficiency of the substrate and meta-
bolic products. The cell mass can be presented as adhe-
sion cultures in the state of a fixed single-layer surface,
and as a suspension.

Hollow fiber bioreactors. Noteworthy are bioreactors
with modules, which are packages/cartridges with mi-
crofiltration hollow elements with an inner diameter of
no more than 5 pm, the internal cavities of which form
cultivation chambers with a fixed cell layer [10]. Hollow
fiber systems allow achieving high titers — (107—10% cells
per milliliter) due to the high specific surface area of
hollow cartridges.

Air

Heating
medium
outlet

l:l - Nutrient medium

m - Cell culture

a b

Fig. 5. Schematic representation of the microcarrier culture system:
a — a system with a fixed layer of microcarriers; b — a system with microcarriers

in the suspension form
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Fig. 6. Schematic representation of the perfusion culture system: a — with cells in suspension; b — with cells fixed on carriers
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Typically, hollow fiber bioreactors (HFBs) are divided
into 2 main categories depending on the configuration of
the cartridge:

— cylindrical hollow fiber bioreactors ¢cHFB;

— rectangular hollow fibers rHFB (rectangular hollow

fiber bioreactors).

A typical installation consists directly of:

— a cartridge with a hollow fiber module, where the

cultivation of cell cultures takes place;

— module for saturation of the nutrient medium with

technological gases (O, COy);

— containers with a nutrient medium;

— sensors for monitoring technological parameters;

— a pump for pumping the culture medium or ad-

ditional components into the culture medium [11].

Hollow fibers can be made from cellulosic, polysul-
fone, polypropylene or polyethylene materials, which al-
lows for selection depending on the characteristics re-
quired for optimal production of the target product or
the needs of the process. Cellulose fibers are widely used
for uniform development of cells on their surface and for
obtaining products resulting from the development of
cell cultures.

The use of membranes as a surface for immobiliza-
tion of cells allows solving a number of highly specific
problems, which will be discussed below.

Membrane systems. Membrane systems for MC cultiva-
tion is the most modern technological and constructive
solution, where it is supposed to transport nutrients to
the cell mass and remove metabolites through a semiper-
meable membrane (Fig. 7).

The previously considered hollow fiber systems have
the potential for improvement and they are used as
a gauze/adhesive surface of membranes (tubular mem-
branes) to create a culture space due to the selective trans-
port of substrates across the membrane surface.

An example is the ACUSYST® X Cell Generation
bioreactor (USA). The use of membranes is a step to-
wards the creation of culture systems in which the cells
are protected by a membrane from mechanical damage
and from the negative effect of the bubbly gas phase
on the cells.

NM
+— F—~—"1
NM collection
Saturato
‘ Cell
suspension
Air outlet
Air inlet
’ —p—cL

l:l - Nutrient medium

Biovest International (USA) developed the first com-
mercial membrane bioreactor system in the mid-1980s,
and since then the most widespread application of this
technology has been the large-scale production of mono-
clonal antibodies and vaccines [12].

An interesting technological solution is known, where
the perfusion culturing of cells was carried out in dispos-
able wave-type bioreactors Sartorius Flexsafe RM 10L
perfusion pro 1.2 my (Sartorius, Germany) with a built-in
membrane. The working volume of the suspension was
3.0 liters. The seeding cell concentration is 0.5£0.1 mil-
lion/ml [13].

Another aspect of the use of membranes in bioreac-
tors for the cultivation of cell cultures is the saturation
of the culture liquid with dissolved oxygen (Fig. 7, b),
avoiding the formation of a gas phase (air bubbles) in-
side the bioreactor. Membrane elements for oxygenation
can be in the form of an external module, which allows
saturation of the nutrient medium with dissolved oxy-
gen, without the formation of foam, damage to cells due
to their contact with the contact surface of the «liquid-
gas» phases.

Also, the membranes can be integrated into the internal
volume of the bioreactor.

An innovative direction is DMA (Dynamic Mem-
brane Aeration), the essence of which is that the aeration
device in the form of polymer membranes acts as a stir-
ring device.

Known designs of bioreactors with dynamic aeration
technology from Bayer Health Care (Germany) with a vo-
lume of 12—200 liters and are used for the production of
Kogenate® and Zevalin® [14].

3.4. Discussion of research results. The existing systems
for the cultivation of cell cultures were considered and
their classification according to the phase-hydrodynamic
state was proposed.

Based on the analysis of the features of known cul-
tivation systems, a membrane cultivation system was
chosen, since it is the most suitable for the require-
ments of the GMP (controllability and reproducibility of
the process).

NM output

NM inlet Metabolites/

product
Air outlet

Air inlet

m- Cell culture

b

Fig. 7. Schematic representation of the membrane culture system:
a — a system with immobilized cells; b — a system with suspended cells and agglomerates
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Membrane bioreactors for culturing MC cells have
a number of advantages, among which the following should
be noted:

— favorable conditions for the cultivation of cell cul-

tures due to the minimization of the action of shear

forces and the absence of contact of air bubbles with
the cell surface (no bulbless aeration);

— high productivity in terms of cell mass (for example,

in a hollow membrane bioreactor, it is possible to create

a cell density of up to 10'? cells/ml, in contrast to

the classic suspension bioreactor up to 10¢ cells/ml);

— possibility of constant removal of metabolic products,

which can negatively affect the growth of cells, and

a constant supply of nutrient components;

— developed surface of cell adhesion;

— modular design allows to change the volume of pro-

duction without additional costs for scaling the process;

— single-use membrane modules (singe-use systems),

do not require the cost of cleaning and sterilization

processes.

The disadvantages include problems with the separa-
tion of cells from the membrane surface after the end
of the cultivation process and restrictions on scaling to
large industrial batches.

4. Conclusions

The study analyzed the critical parameters of mammalian
cell culture in existing industrial culture systems. A new
classification of cultivation systems has been developed,
taking into account the phase-hydrodynamic state of cells
and the mobility of the medium. The analysis made it
possible to determine the prospects of using membrane
cultivation systems.

The research results can be used as a basis for the
formation of initial data in the design or study of the
hydrodynamic and mass transfer characteristics of new
cultivation systems. Identifying and adjusting the key
parameters of the cultivation process at the laboratory
development stage is critical not only to reduce the time
and budget for drug development, but also to improve
the efficiency of the process.
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