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ABSTRACT

Stem cells (SCs), the undifferentiated biological cells, have the infinite capacity to self-renew
and the pluripotent ability to differentiate. SCs and their derived products offer great
promise for biomedical applications such as cell therapy, tissue engineering, regenerative
medicine and drug screening. However, the clinical applications of SCs require a large
amount of SCs with high quality and the number of SCs from their tissue resources is very
limited. Large-scale expansion is needed to generate homogeneous SCs with good biological
characteristics for clinical application. This necessitates a bioreactor system to provide con-
trollable and stable conditions for stem cell (SC) culture. Traditional methods of bioreactor
for maintenance and expansion of cells rely on two-dimensional (2-D) culture techniques,
leading to loss self-renewal ability and differentiation capacity upon long-term culture. New
approaches for SC expansion with bioreactor employ three-dimensional (3-D) cell growth to
mimic their environment in vivo. In this review, we summarize the application of bioreac-
tors in SC culture.

1. INTRODUCTION

SCs, a type of cells with infinite proliferation capacity and pluripotent differentiation potential, can
roughly be categorized as embryonic stem cells (ESCs), adult stem cells (ASCs) and induced pluripotent
stem cells (iPSCs). SCs can be characterized by their self-renewal capability and pluripotent differentiation
ability. Specifically, a SC can proliferate via self-renew or differentiate into other cell types under certain
conditions. The fate of SCs is controlled by its biological characteristics and external environment.

With the development of basic researches and technologies related to SCs, SC transplantation and
SC-based tissue engineering provide the possibilities for the treatment of some refractory diseases. In clin-
ical practice, SCs are mainly applied in three fields: 1) SCs transplantation: ASCs can be transplanted into
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patients by intravenous infusion or local injection for therapeutic uses. With the emergence and develop-
ment of gene editing technology, the mutated gene in the SCs of patients can be corrected and then the
edited SCs are transplanted to replace the mutated SCs in these patients, which represents a direction in
SC treatment [1, 2]. 2) Construction of tissues or organs: SCs can be used as seed cells and cultured with
tissue compatibility biomaterials to construct tissues or organs which are then used to repair the lesion of
tissues or organs [3, 4]. 3) Toxicology and drug screening: SCs provide a basis for the studies on the toxi-
cology and pharmacokinetics of a new drug at the cell level, which reduces the requirement for animal test
or clinical test [5]. This indicates that there are a great demand for SCs in the clinical cell transplantation,
regenerative medicine and drug screening, and SCs have presented great prospects in the biomedical
science.

However, the clinical application of SCs encounters an important challenge. The lack of clinically eli-
gible SCs is a critical problem that limits the wide clinical application of SCs. The initial number of SCs
obtained from their sources is not sufficient for treating patients. For example, the SCs including hemato-
poietic stem cells (HSCs) and mesenchaymal stem cells (MSCs) from umbilical cord blood and umbilical
cord tissue have a low immunogeneticity and a high self-renewal capability and high differentiation ability,
but these primitive SCs are quantitatively insufficient for the clinical application. ESCs or iPSCs may serve
as important sources of ASCs such as neural stem cells (NSCs) and myocardial stem cells that cannot be
obtained from tissues, but the induction efficiency and separation efficiency of the target stem cells from
ESCs or iPSCs remain very low. The large-scale expansion of ESCs or induced ASCs is needed before its
application. Thus, large scale expansion of SCs in vitro is an important way to provide sufficient SCs for
clinical application.

Compared to the differentiated cells, SCs have three ways for the mitosis: Symmetrical self-renewal,
symmetrical differentiation and asymmetrical self-renewal and differentiation. The fate of SC mitosis is
mainly dependent on the niche in vivo [6, 7]. With the implementation of in depth investigations on the
components in the niche, the ways to act and the regulatory network as well as the mechanisms underlying
the interaction between niche and SCs, it is feasible to artificially construct a niche to regulate the fate of
SC mitosis and change the fate of SCs [8]. Besides the components of the niche, the spatial structure of the
niche is also important to regulate the fate of SC mitosis [7]. The SCs, especially HSCs, are sensitive to
structure of the niche, such as the structure of bone marrow, with its unique anatomic space, is favorable
for the self-renewal of adult HSCs. Since in vitro expansion of SCs requires maximizing the symmetrical
division of SCs and minimizing their differentiation, it would be necessary to mimic the in vivo compo-
nents and spatial structure of the niche during SCs in vitro expansion. Currently, variable bioreactors have
been constructed to mimic SC niche in vitro. A typical bioreactor includes three functional parts (cell
chamber, monitor and controller) and can provide controllable and stable environment for the SC culture.
A bioreactor-based system can be automated to perform the necessary medium exchanges and reduce
culture variations and microbial contamination by avoiding the daily culture maintenance. Cells in bio-
reactors can be cultured in either static or dynamic state. Conventional static culture is 2-D-based, has
several drawbacks such as critical concentration gradients of pH and dissolved oxygen and metabolites.
Moreover, the proliferation of SCs is significantly affected by their spatial distribution. In contrast, dy-
namic culture can provide cells 3-D growth environment, and cells in dynamic culture can receive ade-
quate metabolic support but are often negatively affected by the sheer-stress during the cell suspension.
Currently, there are several types of bioreactors commercially available for SC culture. Although it is diffi-
cult to compare the performance of different bioreactors in SC culture based on expansion rates and/or
achievable cell densities, accumulating data from available studies using different bioreactors indicate that
the development of bioreactors is very important step for the expansion of different SCs including the
suspension and adherent SCs [9, 10]. Novel systems and approaches, therefore, are still needed to offer
suitable strategies to expand SCs in vitro. Bioreactors such as stirred tank [11, 12], wave-rocking [13, 14],
rotating wall vessel [15, 16] and hollow fiber bioreactors [17, 18] have been recently studied for SC expan-
sion. Herein we summarize these bioreactors widely used for expansion of SCs according to their rational-
ity, characteristics and mode in SC culture.
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2. BIOREACTORS USED FOR SC EXPANSION

In the SC culture, bioreactor often plays critical roles. It can provide suitable environment for SC
culture and determine the quality and quantity of cultured SCs. According to the requirements for SC
growth, the bioreactors should have low shear stress, good transferring effect and good hydrodynamics. To
date, several types of bioreactors have been developed for the SC expansion.

2.1. Stirred Tank Bioreactor

Stirred tank bioreactor is the first and the classic bioreactor. The twirling of the stirrer may assure the
uniform distribution of cells and nutrients, and thus the cells can make full use of these nutrients, increase
the gas-liquid interface, provide sufficient oxygen for cell growth and maintain stem cells in normal me-
tabolism.

This system has relatively simple internal structure, and is applicable for both suspension and adhe-
rent cell culture. Several stirrers have been improved based on the different stirring styles, including
BIOSTAT B bioreactor (Sartorius, Germany) with two blade impellers and bubble-free aeration system
and CelliGen bioreactor (New Brunswick Scientific) with Cell-lift double-screen Cell-Lift impeller. In ad-
dition, EMD Millipore worked with the Centre for Commercialization of Regenerative Medicine (CCRM)
to develop the optimized stem cell culture system based on the Mobius Cell Ready stirred tank bioreactor.

Stirring bioreactors were used for expansion of different types of SCs including suspension and adhe-
rent SCs. Suspension SCs like hematopoietic progenitor cells without requirement of surface attachment
for growth were successfully cultured in stirring bioreactors. Adherent SCs, such as ESCs, iPSCs and
MSCs, are attached to cell microcarriers for their suspension and are cultured in stirring bioreactors [19,
20]. The growth efficiency and homogeneous of cultured SCs in stirring bioreactor were improved in
somehow, due to homogeneous nature of culture system. However, SCs are sensitive to shear stress, and
agitation as well as aeration affects the cell behaviors such as proliferation and differentiation [11, 21].

Although stirring bioreactors which are relatively simple and readily scalable in providing a homoge-
neous environment and are easy to operate, allowing sampling, monitoring and control of culture condi-
tions, its inherited shear force may result in damage to stem cells and induction of non-specific differen-
tiation during the SC expansion.

2.2. Wave-Rocking Bioreactor

Wave-rocking bioreactor is also known as Cellbags bioreactor. In this bioreactor, cells and medium
are placed in a sealed, sterilized airtight plastic bag, which is then placed on a rocking platform. The wave
motion of the medium in the bag along with the rocking of the platform may achieve a favorable mixing of
cells and medium.

This reactor was first commercialized by GE company, and its brand name is Wave Bioreactor [14].
The German Sartorius company also developed a similar bioreactor named BIOSTAT RM.

The advantage of this system is that the moderate wave motion may achieve favorable oxygenation
and mixing effect. In addition, the wave motion may produce a shear force smaller than that produced by
stirring or air-lifting. The undulating medium may provide enough dissolved oxygen for cell growth. The
frequency and angle of platform rocking can be adjusted, and the air/oxygen at a specific ratio can be in-
fused into the bag, which is helpful for the intentional increase of dissolved oxygen concentration.

This system is applicable in the culture of different cell types, including CHO cells, hybridoma cells,
lymphocytes, plant cells and some cell lines, but SCs are seldom cultured with this system because the
ceaseless wave-like motion during the cell mixing still produces the great shear force and causes cumula-
tive damage to SCs [22].

2.3. Rotating Wall Vessel Bioreactor

Rotating wall vessel bioreactor (RWV) is a spatial microgravity culture system and employs rotating
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vessels for cell culture. In this system, the medium and cells or tissues are added to a culture vessel and the
bubbles in the medium are removed. During the rotation of the culture vessel, the tissues, cells or cell
clumps remain in a suspension status due to a balance between rotational centrifugal force and cell gravity.
Rotation may allow the even exchange of nutrients and gas among cells and there is extensive contact be-
tween cells during the rotation. There is a membrane oxygenator at the dorsal side of the culture vessel for
gas exchange, which allows the sufficient oxygenation and expelling of metabolites.

One of the advantages of this system is the suspension status of cells or tissues in the medium [16,
[23], which avoids the damage produced by the impellers or air bubbles to SCs. In addition, the force ex-
perienced by cells at different directions is balanced in the container and thus cells may not be affected by
the force at a single direction. This may achieve even spatial growth, reduce cell damage and effectively
maintain SC function. To date, this system has been successfully used for the expansion of different types
of SCs and tissue culture [16, 24].

However, there is still cumulative stress produced during vessel rotation in RWV system, which may
lead to the loss of self-renewal ability of SCs [15]. Moreover, the long term microgravity may alter cy-
toskeleton structure and gene expression pattern in SCs [24, 25].

2.4. Hollow Fiber Bioreactor

In the hollow fiber bioreactor, the culture chamber consists of thousands of hollow fibers, and each
hollow fiber is perfused with culture medium for cell growth, the space between hollow fibers is known as
external chamber, and cells are adherent to the external wall of hollow fibers and can take nutrients from
the inner chamber. The metabolites produced during cell growth can enter the inner chamber via the wall,
are finally expelled from the general export and may not cause damage to cells in the external chamber.

This system has a moderate culture niche which has little damage to cells. In addition, the cell density
is very high, and thus cells are easy to separate [26]. This system has been successfully applied in the
large-scale expansion of MSCs [27].

However, this system still employs 2-D culture and is unable to provide sufficient spatial and meta-
bolic support for SC culture. Currently, it is mainly applied in the culture of MSCs [26, 28].

2.5. Multi-Plate Bioreactor

The Xpansion bioreactor is made of stacked circular plates which increase the surface of cell growth
and the area for gas-liquid exchange. The medium and gas entering the bioreactor via the perfusion system
provide metabolic support for the high-density cell growth, and thus 2-D large-scale culture of adherent
cells is feasible.

This bioreactor provides a sufficient surface for the large-scale culture of adherent cells, and the
compact design between plates abolishes the gas phase between plates. The central column at the center of
the plate allows the circulation of culture mediator in the bioreactor and the gas exchange, which provides
metabolic support for cell culture. For the cell collection, the rotation of this system may produce me-
chanical force for cell separation. The system has been successfully used for large-scale expansion of MSCs
[29].

This system still employs 2-D culture and is hard to assure the even distribution of cells during cul-
ture and perfusion.

2.6. Magnetic Microcarrier Bioreactor

BioLevitator bioreactor employs magnetic Global Eukaryotic Microcarrier (GEM) and automated
program control and mimics 3-D environment for cell culture. It is used for high density suspension cul-
ture of adherent SCs and can maintain the biological characteristics of expanded cells. This provides a pre-
cision cell model for drug screening.

BioLevitator 3-D cell culture system composes of a desktop incubator and a bioreactor, and can be
used for the independent high density cell culture in quadruplicate. This system does not need accessory
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equipments such as cell incubators and centrifuges, and minimizes the manual manipulation. The mag-
netic GEM developed by the Global Cell Solutions employs microcarrier cell culture for 3-D culture. The
microcarriers are the microspheres with 3-D curved surface sized 75 - 150 um in diameter. These micro-
spheres are composed of compressible, porous alginate and pre-coated with different types of extracellular
matrix (ECM) which provide a favorable environment for the culture of different cell types. The magnetic
core in the microcarrier makes the medium change and cell collection convenient and simplifies the ma-
nipulation [30]. This bioreactor with 3-D culture environment produces small shear force and thus is ap-
plicable for the culture of adherent SCs [20].

However, this system is small and cannot be applied in large-scale expansion of cells. In addition, it is
inapplicable for the culture of suspension cells.

2.7. 3D Scaffold Bioreactor

The Z PR bioreactor (Zellwerk GmbH) employs cell culture chamber in which there are Sponceram
scaffolds made of porous materials. Cells grow on the scaffolds, the culture chamber rotates around the
horizontal axis and the scaffolds are alternatively immersed in the medium for nutrient exchange [31]. The
moderate rotation may stimulate the adhesion and proliferation of cells and tissues without the influence
of shear force [32]. The specific rotation program combines with the solution for cell separation to facili-
tate cell collection.

The Cocoon bioreactor developed by the Octane Company is a closed culture system and applicable
for individualized therapy. Octane Company developed a novel cell scaffold and culture box [33]. The
scaffolds are placed in the culture box, and cells are cultured in this sealed box. This bioreactor is applica-
ble for the culture of tissues and organs, but inapplicable for the large-scale expansion of SCs.

2.8. Microfluidics Lab on Chip

The microfluidics lab on chip integrates the components for the sample preparation, reaction, separa-
tion, detection and control into a microarray sized several square centimeters in which microchannels
forms a network to control the microfluidics in the whole system. Thus, the functions of common labs are
replaced by this system, and—this chip has the characteristics of high throughput, integration and small
reagent consumption.

The components in the microfluidics lab on chip are generally composed of cell culture unit and fluid
control unit. The cell culture unit is used for cell culture, sorting and detection; the fluid control unit is
composed of micropump and microvalve and designed for the control of microfluidics flow among cells.
The CellASIC™ microfluidics lab on chip developed by Merck Millipore mainly consists of fluid control-
ler, temperature and gas controller, multi-control panel, chip culture plate and FG control software. The
flow of microfluidics is driven by the gravity for cell seeding and medium exchange. That is, cells or me-
dium is added through the inlet until the medium surface is higher than the height of the outlet. In the
presence of gravity, medium flows into the microchannels of the chip, which is the precise, dynamic
“Lab-on-Chip” of cells [34, 35]. The medium at the outlet and inlet reaches the same level, and thereafter
the medium flow begins to stop. Thus, it is hard to maintain the flow of medium in the microchannels.

One of the advantages of this system is that the miniaturized cell operating system reduces the con-
sumption of reagents, which not only decreases the cost, but is convenient for the coupling of different
components. This system is especially applicable in studies on the relationship between cells and microen-
vironment [36]. The medium can be precisely controlled at the microscale level with this system. In addi-
tion, this system can combine with microscope to automatically monitor cell growth for a long time and to
dynamically detect the cell growth in a real time manner by setting the operating software [37]. In the
co-culture of human embryonic stem cells (hESC), PA6 stromal cells and separated nerve plexus structure,
neurospheres can form in the medium [38]. The microfluidics control technique can be employed to mon-
itor the differentiation and migration of neurons derived from hESC [39]. However, this system has a
small culture volume and is inapplicable for large-scale expansion of SCs.
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2.9. Kinetic and Static Alternating Bioreactor

Kinetic and static alternating bioreactor can mimic the dynamic in vivo microenvironment of human
cells and is applicable for the high efficient expansion of sensitive cells (such as HSCs and immune cells)
with the reduced shear force, which assures the cell characteristics, especially the stemness of SCs [40, 41].
This system is composed of inversion device, cell culture chamber and control system. The inversion de-
vice includes the inversion scaffold and magnetic field generating device. The inversion scaffold can rotate
around the space axis and the magnetic field generating device is physically connected to the inversion
scaffold. The cell culture chamber can be fixed on the inversion scaffold at the space axis or its extension
line and may rotate along with the inversion scaffold following the designed movement trajectory. The cell
culture chamber is close to the magnetic field generating device which may control the peripheral and in-
ner magnetic field of the chamber.

This bioreactor has two types: magnetic intermittent cell suspension and intermittent vertical suspen-
sion. In the magnetic intermittent cell suspension, the magnetron carriers may stir up and down evenly,
which assures the even distribution of cells after the culture changes from kinetic to static. In the intermit-
tent vertical suspension, the culture chamber rotates vertically for cell suspension, and changes into static
culture at horizontal level controlled by its deceleration program for the even distribution of cells in the
chamber. In both types of bioreactors, the kinetic and static cultures are controllable, and the combination
of kinetic and static cultures minimizes the shear force on cells during the culture; cells display even dis-
tribution in the transformation between kinetic and static cultures. The kinetic and static states are con-
trolled based on the cell growth state. The kinetic state aims to improve the nutrient supplement and cell
metabolism due to their even distribution; the static state provides a favorable microenvironment. The
kinetic-static alternative cell culture may achieve favorable medium stirring in a moderate, gentle and in-
termittent manner, so that limits the shear-stress exerted on cells. This further increases the environmental
stability for cell culture and the even distribution of cells, which minimizes the non-specific differentiation
of SCs and the damage induced by mechanical stirring to SCs. Moreover, this system is able to control the
suspension of cells and carriers during the stirring, which is better to create a microenvironment for cell
growth and metabolic support.

In recent years, studies on the kinetic and static alternating bioreactor have shown the advantages of
this system: 1) the computer-controlled vertical suspension system allows the magnetic agitator to com-
bine buoyancy and gravity to vertically suspend cells; 2) in the same cell culture chamber, cell culture can
be in static state, kinetic state and kinetic-static alternative state. The static culture after kinetic state may
achieve even distribution of cells, which minimizes the shear force and achieves a favorable environment
for cell culture. 3) This system is able to automatically sort cells and dynamically monitor the culture en-
vironment in a real time manner. That is, this system allows the cell sorting and cell culture in the same
chamber, which significantly reduces the cell loss and avoids the potential contamination during the cell
sorting and transferring. This kinetic-static alternating bioreactor has been applied in the culture of he-
matopoietic stem cells and immune cells and has achieved promising findings. In the expansion of hema-
topoietic stem cells, this system reduces the non-specific differentiation, provides an effective metabolic
support for cell growth and displays a lot of advantages over other systems [41]. There is evidence showing
that the use of kinetic-static alternating bioreactor significantly increases the expansion efficiency of cyto-
toxic T lymphocytes (CTL), and CTL after expansion show highly specific cytotoxicity to cancer cells in
vivo and in vitro. However, this system has not been applied in clinical trial.

Bioreactors that could be used for SC expansion are listed in Table 1.

3. PARAMETERS AFFECTING SC EXPANSION IN BIOREACTORS

The key parameters in the SC culture with bioreactors include dissolved oxygen (DO), fluid shear
stress, growth factors, nutrients and metabolism. Shear stress is an important parameter for the design of
bioreactor. SCs are sensitive to shear force, and a larger shear force may cause to damage to SCs and affect
their differentiation. These key parameters should be optimized and rationally monitored, aiming to provide
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Table 1. Bioreactors used for SC expansion.

Type Products and Manufacturers Reference

BIOSTAT B bioreactor (Sartorius, Germany)/Mobius
Cell Ready bioreactor (EMD Millipore,
Germany)/CelliGen bioreactor
(New Brunswick Scientific, USA)

Stirred tank [12, 13,20, 21]

. Wave bioreactor (GE, USA)/BIOSTAT RM
Wave-rocking . . [14, 15]
bioreactor (Sartorius, Germany)

Rotating wall vessel RWYV bioreactor (Synthecon, USA) [16, 17, 24, 25]

Quantum CES bioreactor
(Terumo BCT, Japan)/FiberCell

Hollow fib 18,19, 27, 28
orow tibet hollow fiber bioreactor (USA)/CellMax ! ]
hollow fiber bioreactor (Spectrum, USA)
Multivlate Xpansion bioreactor (Pall, USA)/CellCube (30]
whp bioreactor (Corning, USA)
BioLevitator bioreactor and Global Eukaryotic
Magnetic Microcarriers Microcarrier developed by Hamilton [21, 31]
(Switzerland) and Global Cell Solutions (USA)
3D scaffold Z PRbioreactc‘)r (Zellwerk GmbH, Germany)/Cocoon (33, 34]
bioreactor (Octane, Canada)
CellASIC™ microfluidics lab hi
Microfluidics lab on chip © Ficro ITLCes 'ab on chp [38-40]

(Merck Millipore, USA)

ZYX bioreactor (Zyxell, USA)/SinoSTEM
bioreactor for stem cells (Nanjing SinoSTEM (41, 42]
Engeering Technology Co., Ltd)

Kinetic-static alternating
bioreactor

the optimal conditions for SC expansion. Ideally, all parameters should be automatically measured by the
bioreactor system. However, some parameters are especially important for a certain stem cells. For exam-
ple, oxygen concentration and fluid shear stress are extremely important for maintaining the self-renewal
capacity of HSC, and cell carriers are the basic supporting materials for MHC growth.

3.1. Oxygen Concentration

Oxygen is one of important factors affecting the metabolism of tissues and cells in physiological niche
and a crucial regulator of cell physiology [42]. Generally, animal cells are maintained at constant 37°C in a
humidified environment with 5% - 10% CO,. In the standard CO, incubator, oxygen fraction is a key pa-
rameter of gas phase in the cell culture. The gas with normal oxygen fraction is also known as normoxia;
the gas with lower and higher oxygen fractions is also known as hypoxia and hyperoxia, respectively. Oxy-
gen concentration is an important component of the niche in the 7n vitro SC expansion, and also crucial
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for the proliferation and differentiation of SCs and the stemness maintenance [42, 43].

HSCs and precursor cells are distributed in the bone marrow along the oxygen gradient, HSCs survive
in the area with the lowest oxygen concentration, and hypoxia is beneficial for the HSC activity [44]. A
variety of studies have been conducted to investigate the influence of oxygen concentration on the func-
tion of HSCs. HSCs are distributed in the bone marrow and umbilical cord blood which possess a hypoxic
environment, but the separation and culture of HSCs are usually performed in non-physiological condi-
tions [44, 45]. The exposure of bone marrow and umbilical cord blood to normoxia may induce the diffe-
rentiation of HSC, and reduce the efficiency of HSC expansion, which is also known as extraphysiologic
oxygen shock/stress (EPHOSS). In the harvest of HSCs, the addition of cyclosporine A may protect HSCs
against EPHOSS, which increases the proliferation capability and transplantation efficiency of HSCs [45].

Oxygen concentration can regulate the proliferation and differentiation of MSCs and affect the os-
teogenic, chondrogenic and adipogenic capabilities of MSCs [43, 46]. Dos Santos et a/ cultured hMSCs
with 2% oxygen, and they found that 2% oxygen was better to promote the growth and expansion of MSCs
as compared to normoxia. hMSCs could be passaged 7 times in a hypoxic environment (2% oxygen), and
the fold of expansion was as high as 30 within 6 weeks without loss of differentiation potential. Adipose
derived MSCs (ADMSCs) were maintained in normoxic (21% O,) or hypoxic (1% O,) environment, and
results showed hypoxia was beneficial for the proliferation and the maintenance of their stemness, which
enriches the cells with differentiation potential and makes the long term expansion possible [47].

In the large-scale expansion of SCs with bioreactors, the gas concentration, the way and rate of venti-
lation, and the gas flow can be controlled to regulate the oxygen supply, creating an environment with op-
timal oxygen concentration for SC expansion.

3.2. Fluid Shear Force

In vitro expansion and culture of SCs can employ dynamic or static mode. In the dynamic culture of
SCs, bioreactors are used. The fluid in the bioreactor may produce fluid shear force, which may affect the
expansion of SCs and their physiological functions [23]. Small shear force may increase the cell permeabil-
ity, leading to the increases in the nutrient uptake, proliferation activity and the fold of expansion. The
increasing shear force may inhibit the SC proliferation, and promote their differentiation, or even cause
damage to SCs, which especially may result in loss of proliferation potential and hematopoietic activity of
HSCs [15].

SCs are sensitive to the shear force produced by stirring. In the stirring tank bioreactor, the energy
may transfer from the impeller to the medium, leading to an intense movement of the medium, which
then alters the receptors of growth factors on cells and affects the expansion efficiency [25]. The maximal
shear force SC can bear varies among different types of SCs [22].

3.3. Nutrient Supply and Metabolism

Cell survival and growth are largely dependent on local environments and there exists continuous
exchange between cells and surrounding environment: cells get nutrients from the surrounding environ-
ment and release metabolites. Nutrients (such as glucose and amino acids) may provide essential energy
for the cell growth. Some toxic metabolites (such as lactic acid, ammonia and reactive oxygen species) may
influence the environment for cell culture (such as pH and osmotic pressure), leading to the inhibited cell
growth and reduced cell viability. Fernandes et al investigated the matrix consumption and production of
by-products in the expansion of mESCs in serum free medium, and they found mESCs had a high meta-
bolic level and uncovered that glutamate was an important source of energy for the cell proliferation [48].

In recent years, power plants are implanted into bioreactors, and the employment of different sensors
makes the continuous monitoring and adjustment of parameters related to cell growth possible, which
lead to the generation of an optimal environment for cell growth [49]. Dynamic perfusion culture allows
the addition of fresh medium and retraction of metabolites of cells, which assures the culture of cells at a
high density, generating a vigorous growth status [50]. This culture is also helpful for the reduction of cell
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contamination.

The limitation of animal serum extraction causes difficulties in the cell culture such as standardiza-
tion of cell culture, the separation and purification of products, the potential mycoplasma contamination,
the lack of serum supply and the increased cost. Thus, serum free culture is a direction in the future stan-
dardized production of biological products with bioreactors [51, 52]. It is necessary to investigate the me-
tabolic characteristics of SCs in large scale expansion of cells, design the key components in the serum free
medium and optimize the physical and chemical properties of the medium, which may develop individua-
lized culture medium [53]. This, together with appropriate fed-batch or perfusion strategies, may assure
the key nutrients at appropriate levels, which reduces the production of toxins and is suitable for
large-scale cell expansion [10, 54].

3.4. Microcarriers

Microcarriers, small beads sized 100 - 300 pM in diameter, are synthesized with various materials, in-
cluding agrose, polystyrene, gelatin, dextran, and collagen. They provide an adhesive surface for anchor-
age-dependent cells in suspension culture. Microcarriers also provide a larger surface area for adherent
cells to grow at higher densities [10, 50, 55].

Dynamic culture techniques combining microcarriers with spinner flasks have been shown to support
human ESC and MSC proliferation to high densities [56, 57]. There are several types of microcarrier
commercially available. Optional combinations of different bioreactors with different microcarriers have
been successfully applied in the expansion of SCs. For example, human ESCs adherent to microcarriers
cultured in continuous perfusion RWYV bioreactor system under xeno-free conditions without animal de-
rived materials resulted in more than 10-fold increase in the growth, and more than 100-fold increase in
cell number was achieved for human MSCs adherent to microcarrier cultured in Stirred bioreactor.

The surface of microcarrier can be coated with different biomaterials such as vitronectin, laminin or
Matrigel [22, 57]. The biomaterials coated on microcarrier surface mimic characters of ECM or 3-D
structure of the niche to promote the proliferation or differentiation of SCs. Cellulose microcarriers coated
with an assortment of ECM proteins have been used for long-term expansion and maintenance of human
ESCs. Microcarriers coated with ECM proteins such as Matrigel have been shown to promote pluripotent
SC growth.

Another main advantage of dynamic culture using microcarriers allows subsequent differentiation
into specific cell lineages after expansion. Microcarriers have been demonstrated to support the differen-
tiation of EBs into hemangioblasts, which are capable of differentiating into hematopoietic and endothelial
cells [58, 59].

Microcarriers were also used to generate tissue-like structures in the cell culture. This kind of struc-
ture lacks blood supply system for the metabolic support to the cells in its central parts, which could result
in “central necrosis” as occurred in cancer mass. In addition, the formation of this structure with micro-
crriers is almost inevitable in all kind of cell culture and it is a defect for HSC expansion since the HSCs in
the formed “tissue”, similar to the cell clump, are often damaged, non-specifically differentiated and hard
to be harvested.

The SC expansion in vitro is influenced by multiple factors. However, a factor may not act alone and
it usually functions with other factors to affect the niche for cell culture, which then influences the growth
and biological function of SCs. Thus, many factors should be taken into account in the design and material
selection of bioreactors to optimize the culture conditions of SCs.

4. CHALLENGES

Great progress has been made in understanding the mechanisms of self-renewal, pluripotency, and
differentiation of SCs, and new xeno-free media have been developed to culture SCs that can be used for
clinical purposes. However, little progress has been achieved regarding the large scale expansion of SCs
such as HSCs and progenitor cells. Moreover, the clinical eligible expansion of ESCs and MSC:s still needs
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to be further evaluated and standardized.

4.1. Biological Function

The major consideration of SC culture is that the cultured cells should remain same cell surface
markers and functional activity in vitro as the original uncultured SCs. Most importantly, the cultured SCs
should also be able to survive and integrate into the tissues in vivo after transplantation. The critical para-
meters including chemical and physical factors affecting the functions of cultured SCs should be consi-
dered prior to their use for clinical purposes. Furthermore, the development of efficient approaches to
yield homogenous SCs may help to yield reproducible results. Future studies should focus on the investi-
gation of temporal factors in the in vivo conditions and construction of microenvironments using appro-
priate biomaterials for the growth and differentiation of SCs.

4.2. Optimization of Culture Conditions

Although a great progress has been achieved in the growth and differentiation of SCs using bioreac-
tor, the standardized procedures for SC culture are still lacking. 2-D culture methods are simple and easy,
but less efficient and less reproducible. A 3-D culture system involves a number of parameters, including
mechanical stress, pH control, medium perfusion and biomaterials, and the optimization of these parame-
ters is beneficial for the improvement of both quality and quantity of cultured SCs. The control programs
of a bioreactor for the nutrient diffusion/waste exchange are also important for the standardization of SC
culture. The recent advances in the use of various bioreactors to expand different types of SCs are promis-
ing [9, 60]. Dynamic bioreactors have shown many advantages over static bioreactors. However, dynamic
bioreactors employing agitation or media perfusion could introduce hydrodynamic shear stress, which
usually have negative effects on cell viability and increase nonspecific differentiation. The kinetic-static
alternating bioreactor definitely overwhelms other bioreactors in balancing between shear stress and me-
tabolic support for maximizing the cell expansion efficiency. When kinetic-static alternating bioreactor is
used in cell expansion, the ratio of kinetic/static is very important for the expansion efficiency. Recent
published studies demonstrated that excessive kinetic with a higher kinetic/static ratio could result in the
apoptosis of the cells in the culture [40, 61]. Therefore, the optimization of kinetic/static ratio in cell ex-
pansion with kinetic-static alternating bioreactor should not be ignored.

4.3. Biomaterials

3-D culture of SCs usually employs biomaterials to mimic the biochemical and biophysical properties
of the 3-D niche in vivo. Numerous natural and synthetic biomaterials have been used to develop suitable
scaffolds to mimic 7n vivo environment for cell growth [20, 62, 63]. However, it is often difficult to deter-
mine which biomaterial would be most appropriate for the growth and differentiation of a particular SC
type. For instance, different biomaterials induce variability and reduce reproducibility when used in SC
culture. Biomaterials are also known to play role in signaling and may also affect the maintenance and dif-
ferentiation of SCs. Therefore, further studies are needed to identify appropriate biomaterials that can im-
prove the quality and quantity of cultured cells.

4.4. Culture Scale Up

A large amount of high-quality SCs is needed for their biomedical applications. The HSCs without
expansion normally have limited cell number and it may be enough for the autologous transplantation in
individual patients. However, allogous SC therapy for multicenter clinical trials requires billions to tril-
lions of cells. Scale-up expansion of SCs to such levels requires substantial advancements in the medium,
culture devices and techniques. Bioreactors and GMP facilities are necessary for large-scale production
systems. In addition, a combination of techniques, including biomaterials modified with growth factors or
ligands as well as other growth parameters to optimally grow SCs will further advance the fields of cell
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therapy, tissue engineering and regenerative medicine.

5. EVALUATION OF CELL EXPANSION EFFICIENCY

Unlike other cells which expansion efficiency can be evaluated simply by cell counting, some SCs lose
their self-renewal capacity and differentiate to other cells during expansion. These differentiated cells are
no longer SC and should be excluded when the cell expansion efficiency is evaluated. A typical example is
the HSC expansion. When HSCs are cultured in vitro, cells increase size and granularity and gain CD33
and may lose CD34 and CD 133 [64]. The cells which become positive for CD33 or/and have significant
greater size and more granular should not be counted as effectively expanded HSC, no matter if they are
positive for CD34 and CD133 or not. However, many researchers are still only use CD34 or/and CD133 to
evaluate the HSC expansion efficiency. The studies without excluding differentiated cells in their results
definitely overrated their expansion methods and might be misleading. Since the evaluation methods for
SC expansion in different studies lack consistency, it is very difficult to compare their expansion efficiency.
Therefore, it is also necessary to standardize the evaluation methods of SC expansion. For HSC expansion,
it was suggested to the use the protocol developed by the International Society of Hematotherapy and
Graft Engineering (ISHAGE) [65] to numerate the HSC with flow cytometry because it has been most
broadly applied in clinical HSC counting.

6. CONCLUSION

The goals of SC expansion in vitro for biomedical application mainly are 1) to obtain sufficient SCs
for autologous transplantation, 2) to maintain biological characteristics of SCs to the utmost for long-term
engraftment, 3) to establish reproducible procedures to obtain stable and homogeneous SCs, and 4) to be
cost effective. Bioreactor and biomaterial are essential to reach those goals. The studies on the SC culture
using bioreactors and biomaterials have shown significant advantages in SC expansion for clinical applica-
tion. The 3-D culture of SCs has a great potential to expand SCs for clinical application without loss of
long-term engagement ability. The combination of 3-D culture of cells with biomaterials mimicking the
ECM, dimensionality and spatial gradients in the SC niche in vivo may be helpful for the SC expansion
and the improvement of functions of cultured SCs. Scale-up expansion of SCs with bioreactors and GMP
facilities may benefit from the collaborations among biomedical researchers and bioreactor engineers.
Despite challenges, the understanding of the mechanisms under the regulation of SC fate will guide im-
provement of the SC expansion using bioreactor. The advances in 3-D culture systems will accelerate the
clinical application of SCs in the treatment of many diseases and disorders that have no curative modali-
ties.
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