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Abstract Hematopoietic stem cells (HSCs) are extremely
useful in treating a wide range of diseases and have a
variety of useful research applications. However, the rou-
tinely generated low in vitro concentrations of HSCs from
current bioreactor manufacturing systems has been a hin-
drance to the full-scale application of these essential cel-
lular materials. This has made the search for novel
bioreactor systems for high-concentration HSC production
a major research endeavour. This review addresses process
challenges in relation to bioreactor development and opti-
misation for high-density HSC production under effective
monitoring of essential culture parameters, such as pH,
dissolved oxygen and nutrient uptake. It discusses different
process strategies and bioreactor configurations for HSCs
production from a commercial viability perspective, and
also discusses recent advances in the field.
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Introduction
The use of living tissues as therapeutic agents has many

important medical applications. Obvious examples include
blood transfusion and organ donation, which have been
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established as sound medical techniques for many years.
The use of living tissues for therapeutic applications in
stem cell cultivation has gained a great deal of attention.
Hematopoietic stem cells (HSCs) are, in general, respon-
sible for the continual renewal of both red and white blood
cells. HSCs derived from peripheral blood, bone marrow or
umbilical cord blood have been used to successfully treat
haematological diseases, hereditary disorders of metabo-
lism, congenial immunodeficiency and central nervous
system diseases [6]. Furthermore, HSCs are the progenitors
of all blood cell types; hence, they could be used to pro-
duce blood cells for direct transfusion. Unfortunately, most
of these cells are found in the bone marrow at very low
concentrations and at even lower concentrations in the
peripheral blood systems, umbilical cord blood and fetal
liver [2]. The high demand for HSCs is not yet met by
donors. Low in vivo concentration means that relatively
large volumes of tissues are required to be donated. Also,
the spread of infectious diseases has been a major safety
concern. As a result, the search for methods to expand
sources of HSCs is of immense research interest.

Background

Stem cells have the ability to either self-renew, differen-
tiate into multiple cell lineages or both [9]. They remain
dormant in an undifferentiated state awaiting process
pathway signals to trigger proliferation and/or differentia-
tion, depending on their function [2]. These capabilities
make stem cells an ideal target for a huge variety of
medical applications. Hematopoietic stem cells are self-
renewing, with the capability to differentiate into more
than eight cell lineages [12]. HSC differentiation (hema-
topoiesis) results in the continual production of mature red
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and white blood cells. Three types of HSCs have been
identified; long-term self-renewing, short-term self-renewing
and multipotent progenitors [2, 13]. These are all grouped
under pluripotent HSCs [16]. The HSCs eventually dif-
ferentiate into the mature erythrocyte, granulocyte, mac-
rophage, megakarocyte and lymphocyte cells—the
components of blood, as shown in Fig. 1. The differentia-
tion of HSCs is regulated by cytokines (proteins, peptides
or glycoproteins used in cellular communication), which
are in turn regulated and secreted by stromal cells [13].
Stromal cells are the adipocytes, endothelial cells, macro-
phages and fibroblasts that populate the extracellular
matrix [2]. The role of bone marrow stromal cells, through
their secreted cytokines and extracellular matrices, is to
promote and regulate stem cell self-renewal, commitment,
differentiation and proliferation [16]. The interactions
between stromal cells, cytokines and HSCs in vivo give an
indication of the complexities involved in the growth,
proliferation and differentiation of HSCs. Ex vivo factors
such as the use of serum [2], hydrodynamic shear stresses
[9], oxygen concentration [2, 18] and pH [2, 13] are
involved in the expansion and differentiation of HSCs. This

HSCs

complex interplay of cellular and chemical interactions in
vivo has resulted in very little concrete knowledge about
HSCs production. As a result, the convention of researchers
has been to mimic the in vivo conditions as a baseline for
further optimisation. As HSCs cultivated ex vivo are col-
lected from either bone marrow, peripheral blood or
umbilical cord blood and are only present in small con-
centrations, the sample is enriched via selection of surface
antigen CD34 cells, a marker used to identify HSCs, as it is
found on most of the primitive hematopoietic cells (stem
cells and early progenitors) [13]. However, whereas the
CD34 marker is useful in correlating relative amounts of
HSCs, it is not an accurate indication of the number of
HSCs collected, and further markers need to be developed
to narrow the HSC type. A combination of the CD34" and
CD38~ (absence of that marker) is the most commonly
used selection [2]. As a result of the inability to distinguish
between stages of differentiation, it is impossible to isolate
a specific stage; hence, studying the pathways of differ-
entiation is difficult. This problem is overcome via the use
of genetically modified cells or factor-dependent stem or
progenitor cell lines that have been blocked at a range of
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Fig. 1 Cell differentiation. Straight arrows indicate differentiation; curved arrows indicate self-renewal. Adapted from [2]
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differentiation stages [5]. The CD34" acute myeloblastic
leukaemia cell line KGI is of the latter type. KGI cells are
useful to use as mock stem cells in developing bioreactor
systems—they are easy to work with, possess known stages
of differentiation, do not need cytokines to trigger growth/
differentiation and there are no ethical issues associated
with their use.

HSC cultivation: static versus dynamic

In vitro synthesis of HSCs has gained interest since the
pioneering work of Dexter et al. [4]. As discussed earlier,
due to the complex nature of the cellular system, it has
become a convention to mimic conditions found in the
body and use them as the basis for further optimisation. In
their work, Dexter et al. used static cultures that, unfortu-
nately, deviate from this convention, as cultivation is only
performed at 33°C rather than the physiological tempera-
ture of 37°C. Further research into the limitations of the
static culture system showed that it is not suitable for large-
scale production of HSCs. Factors such as lack of mixing,
which results in undesirable concentration gradients of key
nutrients and oxygen, difficult online monitoring and
control, low reproducibility and the need for repeated
handling to obtain data result in dynamic cultures being the
more desirable alternative when cultivating HSCs [13].
Dynamic cultures, however, suffer some disadvantages;
mainly the build up of metabolic by-products and hydro-
dynamic shear stresses [9]. Large-scale production of
HSCs will presumably have to occur at a steady state or at
least on a batch processing basis, and therefore, dynamic
cultures are better able to fulfil these process goals. Also,
dynamic cultures are able to implement dedicated oxy-
genation systems, whereas a static culture relies of oxygen
diffusion from the gas phase to the liquid phase and sub-
sequently from the free surface to where the cells are

Table 1 Comparison between static and dynamic cultivation methods

growing. This results in an upper limit of cells able to grow
in a static culture because oxygen transport is limited, and
there is a minimum free surface area to media volume ratio.
Also, due to constant volumetric flow and therefore better
mixing, dynamic cultures remove problematic concentra-
tion gradients. The upper limit of cell growth within a
dynamic culture is governed only by special considerations
and cytokine availability. It should be noted, however, that
both static and dynamic culturing methods are limited by a
minimum cell-seeding density. Table 1 summarises the
differences between the static and dynamic cultivation
methods.

Growth media

The early work with ex vivo cultivation of HSCs involved
serum-containing media [2]. The media is the nutritional
source for the HSCs and a combination of human/animal
serum with a cytokine cocktail [1]. To make allowances for
the complexity of the microenvironment for hematopoiesis
and the limitations in the knowledge of these complex
interactions, serum is added to ensure that the ex vivo
conditions mimic the in vivo conditions. The serum pro-
vides essential nutrients, hormones and growth factors and
protects cells from potential damage in the culture envi-
ronment [3]. However, despite these positive effects, the
addition of serum has some disadvantages: unknown
composition, which increases the uncontrolled variability
of the experiment [2]; possible inhibitory factors [3], which
could result in immunological rejection of cells when
transplanted [1]. More recently a serum-free media has
been used to overcome these disadvantages [2]. Serum-free
media support the expansion of highly purified HSCs,
whereas serum-containing media results in a more differ-
entiated state of the HSCs [14]. The medium rheology is
also an important factor to optimise cell growth, as it

Parameters Static culture

Dynamic culture

Nutrient transport Diffusion-based

Oxygen transport

pH No online monitoring system

Nutrient concentration Must handle the culture

Diffusion into the vessel followed by dissolving
into the media and then diffusion to the cells

Convective transport to the region where cells are
growing

Dedicated oxygenation systems

Convective transport to the region where cells are
growing

Online monitoring possible

Sampling of the media possible without handling the

monitoring culture directly
Handling Culture must be handled to refresh media Handling only occurs during seeding and harvesting
Size Optimal density is based on limiting factors such as oxygen Density is limited by size of reactor vessel and

and nutrient transport

cytokine availability

@ Springer



764

J Ind Microbiol Biotechnol (2011) 38:761-767

affects oxygen transfer and uptake rates, nutrient accessi-
bility to cells and mixing requirement during cultivation
under dynamic conditions.

Bioreactor types for HSC cultivation

It is somewhat difficult to compare different bioreactors for
HSC cultivation based on expansion rates and/or achiev-
able cell densities. This is because a wide variety of dif-
ferent bioreactor systems are employed under different
growth conditions and parameters, such as medium and
serum composition and concentration, type of cells, pas-
sage number, presence of growth factors/inhibitors and
other physicochemical conditions such as media exchange
rates and shear considerations. Also, different bioreactors
could be useful at different stages of cell-culture develop-
ment, and this further complicates the issue. The exact
nature of the effect of each of these parameters on HSC
cultivation is not well understood. An example of this is the
use of serum, the presence of which does not conclusively
affect the expansion rate of the cell culture [6]. The
reported data on hematopoietic cell expansion in different
types of bioreactors is an excellent example of the com-
plex interplay of factors [2]. Packed-bed reactors have
shown excellent expansion rates in some experiments
(~100-fold), yet average expansion in others are ~ 7-fold
[8, 11]. Similarly, stirred-tank bioreactors have shown
similar expansion rates to perfusion bioreactors (~ 10-fold)
[2]. The aforementioned factors are very important in
determining overall cell expansion, and the advantages and
disadvantages of each bioreactor type must be considered
before a selection is made. Achievable cell density in a
bioreactor is a strong function of bioreactor type. Biore-
actor type affects essential growth-driven parameters, such
as culture-flow dynamics, temperature distribution, aera-
tion profile, agitation and nutrient distribution. For exam-
ple, stirred-tank bioreactors achieve relatively higher cell

densities (5 x 10° cells/ml) [1] compared with rotating-
wall bioreactors (2 x 10° cells/ml) [10], and this could be
attributed to inferior mixing in the case of rotating-wall
vessels. Culture methods also affect achievable cell
densities, with spinner flasks and static 3D matrices
being able to achieve 1 x 10° cells/ml and 2.5 x 10°
cells/ml, respectively [1].

Stirred-tank bioreactor

The stirred-tank bioreactor overcomes the many shortfalls
of the static culture system, such as concentration gradient,
low reproducibility, frequent handling that can result in
contamination and the inability to closely monitor, sample
and control culture conditions [2]. This homogenous
environment promotes HSC growth and differentiation.
However, the process of stirring the culture produces a
shear stress that, as the HSCs are shear sensitive [15], can
damage the HSC’s surface-marker expression [2] and
hence have adverse effects on growth and differentiation.
These adverse effects result in stirred-tank bioreactors
producing a lesser-fold cell expansion when compared with
other types of bioreactors [1].

Rotating-wall bioreactor

Rotating-wall vessels enable the reduction of concentration
gradients necessary for cultivating HSCs without the
complications of shear stress [1, 10]. This is done by
inducing a free-fall state in the bioreactor that has signifi-
cantly less impact on the cells [1]. A schematic represen-
tation of a rotating-wall bioreactor is shown in Fig. 2.
A rotating-wall vessel is vastly more suited to the expan-
sion of HSCs than a T-flask (static culture), and a greater
HSC expansion is achieved in a shorter time period than
other types of bioreactors.

Fig. 2 Rotating-wall Casing Air Pump
bioreactor. Adapted from [1]
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Fig. 3 Continuous-perfusion bioreactor. Adapted from [3]

Continuous-perfusion bioreactor

It has been found that continuous perfusion of fresh or
recycled medium results in an increase in oxygen transport
to cells and thus increases cell growth and proliferation [9].
This is the basis for the design of a continuous-perfusion or
perfusion bioreactor [2, 3]. Another advantage of this type
of bioreactor is that no stromal-cell layer is required [15],
thus reducing the complexity of the system in vitro.
A continuous-perfusion bioreactor containing highly por-
ous collagen microspheres could provide an increased
surface area and scaffolding for cell growth and could also
allow for the control of physical and biochemical param-
eters. A schematic diagram of the continuous-perfusion
bioreactor is presented in Fig. 3.

Packed- and fluidised-bed bioreactor

As the in vivo conditions for the growth and prolifera-
tion of HSCs involve a 3D extracellular matrix, packed-
bed reactors attempt to mimic this by incorporating a 3D
scaffold for the attachment of cells [2]. These systems
typically function by embedding stromal cells on porous
glass carriers. During cultivation, the HSCs attach to the
stromal cells and experience a microenvironment that
mimics in vivo conditions more closely [11]. This sys-
tem has had some success but needs further investigation
[11]. Fluidised-bed bioreactors operate on a similar
principle while overcoming the issue that high immobi-
lization densities have on the concentration gradient [17].

Product
(} Pump
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Sieve Tray. F—
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B | |
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Medium
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Fig. 4 Packed-bed bioreactor system. Adapted from [11]

Packed-bed bioreactors are a better alternative for the
early stages of HSC cultivation, whilst fluidised-bed
bioreactors may have a role in the later stages of
cultivation. A schematic diagram of a packed-bed bio-
reactor is shown in Fig. 4.

Table 2 summarises the advantages and disadvantages
of each bioreactor type.

Essential online monitoring parameters
pH

As with many variables that can be controlled in the bio-
reactor cultivation system, there remain some uncertainties
about pH. Studies suggest that a bioreactor can experience
pH variations of up to 0.5 pH units if the pH is not con-
trolled [1, 2]. There are also studies that report that the type
of cell differentiation is tuned by pH. Myeloid differenti-
ation occurs optimally in the pH range 7.2-7.4 [13],
whereas in the erythroid lineage, differentiation occurs at a
greater rate in the pH range 7.1-7.6 [1, 2]. Also reported is
the optimum pH for granulocyte-macrophage differentia-
tion (7.2-7.4), where higher values in this range (7.35-7.4)
promote differentiation, maturation and apoptosis of these
kinds of cells. Furthermore, there is some evidence that the
method by which pH is adjusted can have a significant
effect on the behaviour of the culture. Cell cultures with pH
adjusted by sodium hydroxide behave differently to those
adjusted with ammonium nitrate [2]. This could be due to
the foreign species affecting the equilibrium position of the
constituents of the media. It has also been reported that pH
affects the resistance of cells to damage as a result of
hydrodynamic shear [15].
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Table 2 Summary of the advantages and disadvantages of different bioreactors

Types Advantages

Disadvantages

Stirred tank  Relatively inexpensive and simple to operate

Online monitoring possible depending on setup

Rotating wall
on the cells

Induces a free-fall state that has significantly less impact

Cells are exposed to high shear conditions due to stirrer blades
and bursting bubbles at the surface of the tank

Results in lower overall expansion
Sampling is impossible without handling the culture directly
Complex system (potentially high cost and difficult to scale up)

Greater HSC expansion in a shorter time period compared

with other types of bioreactors

Continuous Good oxygen and nutrient transport capabilities resulting
perfusion in good expansion
Good mimic of in vivo conditions
No stromal-cell layer needed
Easy scale up
Packed/ Provides 3D scaffold for the attachment of cells
fluidised bed

Mimics in vivo conditions

One system capable of handling both early and late
stages of cell growth

Potentially difficult harvesting

Further optimisation is required to explore full-scale application

Further optimisation is required to explore full-scale application

Dissolved oxygen

As to the optimum value of dissolved oxygen concentration
in the bioreactor system, there are some discrepancies in
reported literature values even for the same cell line, fur-
ther highlighting the complexity and variability of the
system. It is clear that cells experience growth inhibition
and even toxicity at high oxygen concentrations and anoxia
at low oxygen concentrations [2, 9]. There is some evi-
dence to suggest that low oxygen concentrations result in
greater differentiation and proliferation of the population
[9], whereas moderate concentrations enhance expansion
rates [2]. Also noteworthy is the fact that a limited oxygen
environment significantly reduces nitric oxide, hydrogen
peroxide and oxygen radical concentration, which is ben-
eficial, as these species are all known to be cell-prolifera-
tion inhibitors.

Nutrients and wastes

Monitoring nutrient and waste concentration during culti-
vation is possible through the use of commercially avail-
able assays. As the culture must be sampled for analysis in
this manner, especially in the case of dynamic systems, it is
desirable to use bioreactor types that have the capacity to
separate the cell culture from the bulk of the media. This
allows sampling of the media to occur while maintaining
culture sterility. For this reason, the continuous-perfusion
and packed-/fluidised-bed bioreactor systems have an
advantage in this capacity.

@ Springer

Flow rate and shear considerations

The flow rate of the bioreactor system is an important
consideration, as it must take into account the shear stress
exerted on the cells due to hydrodynamic forces. Cell death
due to shear stress is a function of both the magnitude of
that stress as well as exposure time [15]. The flow rate must
therefore be selected to mitigate the shear stress while
ensuring sufficient nutrient and oxygen transport to sustain
cell growth. Cell damage due to shear stress comes from
two main sources; eddies in the turbulent flow that have a
size of the same order of magnitude as the diameter of a
single cell, aggregate or microcarrier [9]; and the fast
draining of liquid films [15]. Eddies in the flow are gen-
erated primarily at the impeller blade of a centrifugal
pump, and these can therefore be mitigated by using a
peristaltic pump. A larger problem is presented in the fast
draining of liquid films. This occurs primarily when per-
sistent bubbles form in the system and presents a major
problem if the oxygenation system bubbles gas through
cell-containing media. Also, it is conceivable that the fit-
tings of the bioreactor system may develop leaks that could
introduce bubbles into the bioreactor. Papoutsakis [15]
shows that bubbles bursting at the free surface is the main
cause of cell death when dealing with systems such as
these—nonbursting bubbles simply travelling through the
fluid do not induce the high shear conditions necessary to
cause cell death. Also, foaming causes unwanted condi-
tions in which cells can be subjected to undesirably high
shear stresses. To overcome this issue, care must be taken
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Table 3 Summary of some cell-expansion results and conditions in the literature
Bioreactor  Cell type Media Cultivation Expansion Reference
type conditions
Perfusion Human bone marrow IMDM with 10% calf serum and 10% 37°C and 20%  ~25-fold [14]
bioreactor horse serum (0)3 expansion
(2 weeks)
Fluidised Peripheral-blood stem cells/ McCoy’s 5a medium with 10% calf serum 37°C No expansion [11]
bed mononucleated cord blood
Packed bed Peripheral-blood stem cells/ McCoy’s 5a medium with 10% calf serum 37°C 7-fold expansion [11]
mononucleated cord blood
Stirred tank Human 7 cells/KG1 cells IMDM containing 10% fetal calf serum 37°C 5% CO,  8-fold expansion [7]
Rotating Cells from full-term umbilical Iscove’s modified Dulbecco’s medium 95% air with 5% ~ 430-fold [10]
wall cords (IMDM) with 10% fetal bovine serum CO, 37°C expansion
and 10% horse serum (~8 days)

to ensure that if bubbling does occur, then the bubbles must
be small and nonbursting to minimise the resulting shear
stresses. Furthermore, filtration systems may be required to
separate cell-containing media from the oxygenation sys-
tems. Table 3 reports a summary of some of the work
carried out in HSC production.
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