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8.1    INTRODUCTION 
8.1.1    HUMAN MESENCHYMAL STEM CELL THERAPEUTIC POTENTIAL 

AND MANUFACTURING 
Human Mesenchymal Stem Cells (hMSCs) are present in bone marrow, adipose tissue, umbilical 
cord, and other tissue/organs of the body and can be readily isolated and expanded through cell 
culture technologies. Culture-expanded hMSCs exhibit therapeutic properties such as immune 
modulation and tissue repair and regeneration, as well as multilineage differentiation potential. In 
addition, it has been demonstrated that hMSCs are immune evasive and thus therapeutically viable 
across allogeneic barriers; therefore, culture-expanded allogeneic MSCs could be used as an “off-
the-shelf” therapeutic product. These characteristics have made hMSCs an attractive candidate for 
various therapeutic applications in both autologous and allogeneic settings. Clinical studies 
employing hMSCs are underway for the treatment of several diseases and injuries, such as 
myocardial infarction, osteogenesis imperfecta, graft-versus-host disease (GvHD), Crohn’s 
disease, spinal cord injury, multiple sclerosis, and diabetes (www.clinicaltrials.gov). hMSC 
therapies are moving toward commercialization and, consequently, developing a commercial-scale 
manufacturing platform for hMSC products has become a major requirement in the field to make 
their therapeutic use a reality. Figure 8.1 illustrates an overview of the entire manufacturing 
process for hMSCs to summarize specific unit operations in tissue acquisition (e.g., bone marrow), 
upstream and downstream processes, and testing and release. Each of these operations should be 
optimized and streamlined to achieve a successful commercial cell-manufacturing platform. In this 
chapter, we focus specifically on upstream cell culture-related challenges, which is the primary 
hurdle to clear in order to develop scalable and speedy bioreactor-based cell manufacturing 
platforms. The main challenges for upstream process development for large-scale manufacturing 
of high quality hMSCs include the following: 

1.  Choosing the right platform to meet future commercial demand while understanding the 
performance of the following key platform components: 
a.  Medium that exhibits high performance thereby enabling high volumetric cell 

concentration in culture. It is also desirable that the medium be serum-free, xeno 
(geneic)-free, or ideally chemically-defined conforming to both scientific and 
regulatory perspectives. 

b.  Culture substrate (i.e., microcarrier) that not only supports the attachment and growth 
of hMSCs with high efficiency but also facilitates cell harvest. 

c.  Bioreactor that provides an efficient fluid mixing mechanism for uniform suspension 
of microcarriers on which hMSCs grow under low shear and low power dissipation 
throughout the bioreactor vessel. 

 
2.  Conducting well-designed process development, optimization, and characterization 

studies to identify critical process parameters that affect cell attachment, growth, and 
harvest, determining their optimal values and ranges in order to maximize cell growth rate 
and yield while maintaining the critical quality attributes of the process. 

 
3.  Streamlining all the unit operations of the manufacturing process with a target of 

significantly reducing process time and documenting all the steps to make the entire 
manufacturing process efficient, reproducible, rapid, safe, and compliant. 
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FIGURE 8.1 Overview of the hMSC manufacturing process. 
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8.1.2    REQUIREMENT OF SCALABLE AND CONTROLLABLE BIOREACTOR 
PLATFORMS FOR QUALITY MANUFACTURING FOR HUMAN 
MESENCHYMAL STEM CELLS 

Moving forward, for therapeutic use on a commercial scale, the extensive expansion of hMSCs in 
culture is critical for generating 109–1012 of cells per batch. Also, the production of therapeutic 
cells in accordance with Good Manufacturing Practices (GMP) requires a scalable and controllable 
bioprocess that are desired to be operated in a closed system. hMSCs are anchorage-dependent 
cells; that is, they should attach to a plastic surface and spread out to proliferate. Based on this 
growth characteristic, hMSCs have mainly been generated for research and clinical applications 
through conventional static adherent culture methods using tissue culture flasks or multi-layered 
plates. Although being easy to implement, the generation of many cells using these approaches 
requires manipulating a significant number of vessels. This process is time consuming and labor 
intensive, and handling many vessels in an open system increases the possibility of contact with 
external contaminants. There are several allogeneic hMSC clinical trials to treat medical 
indications with unresolved medical needs, and many of these therapies would require a lot size of 
1012 cells at a commercial scale when we consider the number of patients and proposed efficacious 
dose levels. As an example, for an indication with 200,000 patients per year, if each patient 
receives one treatment with hMSCs at a dose size of 2 × 108 cells (Jung et al., 2012b), the estimated 
number of cells that need to be manufactured to meet the annual demand would be 4 × 1013. With 
this regard, contract manufacturing organizations for cell therapy, such as Lonza Walkersville Inc. 
(MD, US), have proposed the feasibility of manufacturing 1 × 1012 hMSCs as a doable lot size 
(i.e., 5,000 doses per lot with a dose level of 2 × 108 cells) and operating 40 batch-runs per year to 
meet the demand (Abraham et al., 2017). 

 
The use of planar systems would be even unfeasible to realize cell manufacturing at the 

aforementioned lot size (i.e., 1 × 1012 cells per lot). For instance, thousands of 10-layer cell 
factories (CF10) would be needed, even with the use of high performance media, at the production 
stage only to produce a lot of 1012 hMSCs (Figure 8.2). Additional hundreds or thousands of CF10 
are required for seed train stages, depending on medium performance. Figure 8.2 compares three 
different hMSC manufacturing upstream process models, which were hypothetically designed 
based on reported cell growth kinetics in two different media (a classical serum-based medium 
versus an optimized serum-free medium for hMSCs) in static versus microcarrier-based 
suspension cultures. In all cases, the starting material is 100 mL of bone marrow (BM) extract, 
which would contain ~1 × 109 mononuclear cells (MNCs). Assuming the frequency of primary 
hMSCs in BM-MNCs is 0.01%–0.001%, this corresponds with 1 × 104–105 hMSCs. With this 
starting material and an assumption that 90% of harvested cells are passaged at each passage, 
hMSCs should have undergone a total of 23.3–26.6 population doublings (PD) regardless of 
platforms (i.e., type of medium, microcarriers and culture vessels), including the PD in the primary 
culture, when the cell number reaches 1 × 1012 at the end of the production stage. The number of 
vessels, the amount of medium and the process time required for the entire upstream process, and 
the final passage level at the production stage are determined depending on which platform is 
employed for the manufacturing. These three hypothetical models are briefly described in the 
following to exemplify the number of vessels, passage numbers, and process time required for 
each platform. 
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FIGURE 8.2 Hypothetical hMSC manufacturing platform models for the generation of a batch 
size of >1 trillion cells. The models are designed, based on the reported growth kinetics of hMSCs 
in two different media, 10%FBS DMEM vs. high performance PPRF-msc6 medium (Jung et al., 
2010), and two different culture vessel types, planar systems vs. microcarrier-mediated suspension 
bioreactors. It is assumed that 100 mL of bone marrow extract is acquired and procured, which 
would generate ~1 billion bone marrow mononuclear cells (BM-hMNCs). After the primary 
culture in each model, if 90% of harvested cells are assumed to be passaged at each passage level, 
a batch size of >1 trillion cells can be manufactured after cells have undergone a total of 23.3 
~ 26.6 population doublings (PD), including PD in the primary culture (assuming that the 
frequency of primary hMSCs in BM-MNCs is 0.01%–0.001%), through a serial passage. Then, 
the harvested cells from the production stage of each model are processed through a down-stream 
process. Based on the selection of culture media and vessel types whose performance has been 
reported in literature, three different models of upstream process are compared, highlighting the 
number of culture vessels required at each passage and the upstream timelines. Cell growth rate 
and size are variable depending on the media used; that is, high performance medium leads to the 
production of hMSCs in a smaller size and at a higher growth rate, which results in the requirement 
of a lower number of passage and culture vessels and a reduced process time for a target lot size, 
compared to 10% FBS DMEM. 
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•  Model 1 (10%FBS DMEM + CF10): It would take about 40 days of upstream process, 
including ~14 days of primary culture (having undergone ~12.9 PD when the frequency of 
hMSCs in BM-MNCs is assumed to be 0.001%) and every four days per passage (with 2.23 
PD/passage), to produce 1 × 1012 cells at passage 7 (Jung et al., 2012c). Due to the relatively 
large size of cells grown in this medium, the maximum cell density reached at each passage 
is low (Jung et al., 2012c). For this reason, a large number of passages and vessels are 
needed, requiring over 5,000 × CF10 at the final production stage. 

 
•  Model 2 (high performance medium + CF10): This process model involves the use of a 

high-performance medium (for instance, an optimized serum-free medium, PPRF-msc6 
(Jung et al., 2012c) that will be discussed in the following sections). This medium leads to 
a high cell growth rate and smaller cell sizes, resulting in a reduction of passage number 
and the required number of vessels significantly. Due to the high cell growth rate in high 
performance medium, the upstream process would require ~24 days, including ~12 days of 
primary culture (14.6 PD during the primary culture, and thereafter 4.17 PD per passage), 
and less than 2,000 × CF10 to produce 1 × 1012 cells at passage level 3. Although the use 
of high performance medium significantly reduces the number of vessels and process time 
compared to the case with the classical serum-based medium in Model 1, this platform 
involving a large number of planar vessels would be unable to support a lot size of 1 
× 1012 hMSCs. 

 
•  Model 3 (high performance medium + microcarrier-based suspension bioreactors enabling 

high-density culture): This model employs a microcarrier-based suspension bioreactor 
together with a high-performance medium. After the primary culture in a planar system for 
~12 days (14.6 PD), this platform requires an additional 16 days (6.23 PD per passage in 
high-density culture) for a seed train stage (at 12 L working volume in a 15 L scale 
bioreactor) and a production stage (at a total of 750 L working volume in a 1,000 L scale 
bioreactor if feasible, or 10 × 80 L bioreactors) for the production of a lot size of 1012 cells 
at passage 3. This estimation is based on reported data that an optimized microcarrier-based 
suspension culture enables over 75-fold expansion of hMSCs with a final density of over 
1.5 million cells/mL at harvest when inoculated at 20,000 cells/mL (Abraham et al., 2017). 

 

These data-based cell manufacturing models clearly indicate that planar cell culture platforms, 
which suffer from the difficulty of scale-up, would not be an option for large commercial scale 
cell manufacturing (e.g., 1 × 1012 cells per lot) that is needed for most allogeneic hMSC therapies. 
Furthermore, these culture systems are not appropriate for controlling critical process parameters 
due to the heterogeneous nature of culture environment and again the need of employing many 
vessels. Therefore, despite their usefulness in basic research and preclinical studies, the utility of 
the planar vessels would not be desirable even for autologous and small-scale allogeneic settings. 
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8.1.3    IMPORTANCE OF EMPLOYING SCALABLE AND CONTROLLABLE 
BIOREACTORS DURING THE EARLY STAGE OF CELL THERAPY 
DEVELOPMENT 

For successful and widespread implementation of hMSC therapy, developing an optimized, well-
designed cell manufacturing process is essential to realize the consistent and reproducible 
production of high quality cells in a desired scale, while, at the same time, maintaining their key 
biological and therapeutic properties and controlling the cost of goods. A cell manufacturing 
bioprocess should be developed through a staged process development strategy, allowing for 
varying levels of production throughout the different stages of clinical testing. The staged 
development supports a gradual and efficient scale-up and improvement of the manufacturing 
process while establishing increasing definition of the product characteristics (i.e., identity, purity, 
safety, and potency) as it progresses to later-stage clinical trials. Hence, the use of “scalable” and 
“controllable” platforms throughout cell manufacturing process development is critical to 
minimize drug-comparability risks (i.e., the risks of altering the safety and/or efficacy of the 
product as the process is scaled-up), process development timelines, and costs (Rowley, 2010). It 
is highly recommended, therefore, that such scalable and controllable cell culture systems be 
employed at an early stage of cell therapy development. 
 

8.2    CHOICE OF APPROPRIATE TECHNOLOGIES FOR LARGE-SCALE 
MANUFACTURING OF QUALITY-ASSURED CELLS 

As demonstrated earlier, choosing the right platform is the primary requirement to realize large-
scale, cost-effective and reproducible manufacturing of quality-assured cells. To this end, growth-
promoting performance of key platform components, such as media and culture substrates (i.e., 
microcarriers), as well as bioreactors and their effect on critical quality attributes, and safety must 
be understood to select the best platform option. The importance of using a scalable and 
controllable bioreactor platform during the early stage of cell therapy development was pointed 
out earlier. It is also crucial for cell therapy product developers to select a defined high 
performance medium and a culture substrate, which is favorable in manufacturing perspective as 
well as regulatory viewpoint, as early as possible during their development stages. This is 
particularly true for hMSC therapies because their mechanism of action has not yet been clearly 
elucidated in many cases, and thus a process change at a late development stage should require a 
comprehensive comparability study. Changing platform components and associated raw materials 
may change various aspects of the biology of hMSCs, e.g., their secretory and immunomodulatory 
properties or differentiation potential as well as growth kinetics. Information found in literature 
should be useful to choose a high-performance platform. However, the experimental outcomes 
reported by different investigators have often demonstrated conflicting data. Therefore, it is 
important to understand the principles behind the current and future technologies of each platform 
component to choose the right platform. If possible, it is highly recommended to select competing 
options and evaluate them in parallel. 

8.2.1    CULTURE MEDIA 

Cell culture media are generally classified into serum-based, serum-free (SF), xeno-free (XF), 
animal component-free (ACF), chemically-defined (CD), or protein-free media by the source and 
characterization of growth supplements that are added to defined basal media. A traditional 
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classification of cell culture media and their definitions have been described in the literature 
(Karnieli et al., 2017). The majority of hMSC clinical trials involves cell culture media 
supplemented with fetal bovine serum (FBS) at a concentration of 10%–20% for cell 
manufacturing (Mendicino et al., 2014). The level of FBS could be reduced when basal media are 
enriched with certain defined growth factors (Jung et al., 2010). The use of ill-defined non-human 
serum such as FBS is a regulatory concern, and subsequently much effort has been made to identify 
substitutes. Human-sourced materials, particularly human platelet lysate, have been the most 
common alternative for FBS to fulfill cell manufacturing in a xeno-free environment (Mendicino 
et al., 2014). SF, ACF, and CD media for hMSCs have also been reported in the literature (Jung et 
al., 2012a) or introduced into the marketplace. 

8.2.1.1    Conventional Serum-Based Media 
Conventional media for hMSC culture are made up of a defined basal medium (e.g., Dulbecco’s 
modified Eagle’s medium (DMEM) or alpha-minimum essential medium [α-MEM]) 
supplemented with FBS at 10%–20% (v/v). FBS contains nutritional and physiochemical 
compounds required for cell maintenance and growth and a high content of attachment and growth 
factors (Jung et al., 2012a). Although FBS-based media have been widely used to generate hMSCs 
in basic research and clinical studies, the use of FBS for cell therapy manufacturing raises the 
following serious concerns (Jung et al., 2012a; Karnieli et al., 2017). 

1.  Safety: FBS is produced under a strict manufacturing process with a set of quality controls 
to minimize the risk of contamination with harmful pathogens, such as viruses, mycoplasma, 
and prions. Nonetheless, the risk of contamination with unidentified zoonotic agents and 
transmission of these contaminants to cell therapy products still exist. In addition, FBS 
contains a high content of xenogeneic proteins that could be associated with the final cell 
product, which could cause an immune reaction in recipients. These safety issues with FBS 
are the primary drive to pursue serum-free media, or ideally chemically-defined media. 

2.  Variability: FBS suffers from a high degree of batch-to-batch variations and may contain 
growth inhibitors, cytotoxic substances, and/or differentiation agents, which could cause 
inconsistency in the generation of hMSCs. Figure 8.3 shows cell yields obtained from the 
primary culture of human bone marrow mononuclear cells using a classical FBS-containing 
medium, i.e., DMEM supplemented with 10% FBS, and an optimized hMSC medium (Jung 
et al., 2010). Two out of eight trials did not support cell growth over 21 days of culture when 
10% FBS DMEM was used, while the optimized medium showed a consistent growth-
promoting performance. The inherent variability of FBS and its lack of consistency  

3.  Availability: As hMSCs are on a path toward commercialization, the expected global demand 
for serum for mass cell production is very high but the production levels of qualified FBS 
are generally fixed (Brindley et al., 2012). Therefore, developing serum-free media, or at 
least serum-reduced media by enriching basal medium formulations, should be helpful for a 
secure supply chain of serum. 

4.  Low performance for cell growth: As described earlier (Figure 8.2), the poor growth-
promoting performance of conventional FBS-containing media is a serious limitation to 
realize large-scale and reproducible manufacturing of hMSCs. In addition to the regulatory 
issues with serum, it is very important to consider the performance of media in manufacturing 
viewpoint as it affects the scale and design of cell manufacturing significantly. 
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FIGURE 8.3 Primary culture of hMSCs in an optimized medium (PPRF-msc6) versus DMEM + 
10% FBS (FBS DMEM). Cryopreserved human bone marrow monocular cells (MNCs from three 
donors, multiple aliquots per donor) were thawed and plated into either PPFF-msc6 or FBS DMEM 
at a seeding density of 150,000 cells/cm2 (a–e) or 37,500 cells/cm2 (f–h). 
 

 

 

 

 

 



 10 

8.2.1.2    Xeno-Free Media 
To mitigate the safety and regulatory concerns raised by non-human serum, human blood-derived 
materials, such as human serum and platelet lysates, have been used for hMSC research and 
clinical trials as an alternative medium supplement (Tekkatte et al., 2011). Human autologous 
serum has been reported to support hMSC expansion (Stute et al., 2004; Shahdadfar et al., 2005; 
Tekkatte et al., 2011). It would be problematic, however, to acquire amounts sufficient to generate 
clinically-relevant numbers of hMSCs. The performance of human allogeneic serum is rather 
controversial because contradictory results have been reported (Kuznetsov et al., 2000; Shahdadfar 
et al., 2005; Le Blanc and Ringden, 2007; Tateishi et al., 2008; Poloni et al., 2009). By contrast, 
allogeneic human platelet lysate has demonstrated promising performance. It supported hMSC 
growth at a significantly higher rate, compared to conventional FBS-based media and the 
maintenance of the immunomodulatory properties, phenotype, and differentiation potential of the 
expanded hMSCs (Doucet et al., 2005; Muller et al., 2006; Capelli et al., 2007; Kocaoemer et al., 
2007; Lange et al., 2007; Reinisch et al., 2007; Schallmoser et al., 2007; Bieback et al., 2009; 
Flemming et al., 2011). Indeed, human platelet lysate has been the most common alternative for 
FBS in regulatory submissions (Mendicino et al., 2014). 

 
Although considered relatively safer than FBS for human therapeutic applications, the use of 

human-sourced supplements is still a matter of substantial debate, prompting some concerns 
(Reinhardt et al., 2011; Sensebé et al., 2011). There is a risk that allogeneic human growth 
supplements may be contaminated with human pathogenic viruses that might not be detected by 
routine screening of blood donors. Moreover, these crude blood derivatives are poorly defined and 
suffer from batch-to-batch variation, and thus their ability to maintain hMSC growth and 
therapeutic potential could be widely variable. Although the promising performance of human 
platelet lysate has been demonstrated in many studies, some reported conflicting data. For instance, 
a reduced osteogenic or adipogenic differentiation capacity (Gruber et al., 2004; Lange et al., 2007), 
an altered expression profile of surface molecules and a decreased immunosuppressive capacity 
(Abdelrazik et al., 2011) were reported when hMSCs were cultured in media supplemented with 
human platelet lysate. Considering the significance of qualification and comparability of the ill-
defined products, the potential variability of human platelet lysate could be a major limitation for 
clinical-scale or commercial manufacturing of hMSCs. 

8.2.1.3    Defined Serum-Free Media 

A consensus in the MSC field is that, although many regulatory agencies tolerate the use of FBS 
to produce hMSCs for early phase studies, late phase trials and commercial manufacturing tend to 
require serum-free media (Tolar et al., 2010). A recent report by the FDA (Mendicino et al., 2014) 
indicated that many of the regulatory submissions for hMSC-based products described process 
developments to include replacing the use of animal-derived serum during manufacturing. Efforts 
to develop defined serum-free media for hMSCs have been reported (Marshak and Holecek, 1999; 
Liu et al., 2007). In addition, several companies introduced serum-free, xeno-free or chemically-
defined media for hMSC expansion. Considering the ill-defined nature and batch-to-batch 
variation of FBS and human-sourced alternatives, chemically-defined media should be ideal to 
generate cells retaining desired qualities in a consistent and predictable manner, which is important 
for minimizing treatment failures. 
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Wu and co-workers (Wu et al., 2014) reported that a commercially-defined serum-free medium 
supported the growth of hMSCs from umbilical cord, and the culture-expanded cells exhibited 
strong immunosuppressive activities and secreted immunomodulatory cytokines at similar levels 
with those grown in an FBS-based control medium [DMEM/F12 supplemented with 10% FBS and 
10 ng/mL Epidermal Growth Factor (EGF)]. The authors further administered cells expanded in 
the commercial medium versus the control medium into a rat model of pulmonary arterial 
hypertension. They observed a substantial reduction in the thickness of the pulmonary arterial wall 
and an increased survival rate of rats at comparable level in both cases. This finding suggests that 
producing “therapeutic” hMSC products using a defined medium formulation without the use of 
the classical supplements, such as FBS or human platelet lysate, is feasible. Therefore, it should 
be recommended for cell therapy developers to evaluate defined serum-free media commercially 
available or reported in literature and to further optimize the medium formulation, if necessary, at 
an early stage of development to ultimately realize a reproducible and compliant cell 
manufacturing platform. 

 
Regarding the use of commercially defined media, the potential drawbacks would be the 

relatively low performance in promoting hMSC growth and their formulations being undisclosed. 
Although such media should contain defined growth and attachment factors for hMSC culture, it 
has been shown that primary culture of bone marrow cells using some commercial defined media 
failed to generate hMSCs or resulted in a very limited cell growth through a prolonged culture 
period (Jung et al., 2012a). This could be why most of studies involving commercial defined media 
use hMSCs that have previously derived from the primary culture in the presence of FBS. It was 
also observed that such commercial media would not support rapid expansion of hMSCs, with 
cells demonstrating a gradual decrease in growth when serially passaged without the use of 
additional supplements. For this reason, a low concentration (1% ~ 2%) of FBS or human platelet 
lysate is often added into the commercial media to enhance their growth-promoting performance. 
Generally, the proprietary formulations of commercial media are not disclosed, which may raise a 
concern with securing medium supply. Further, when a selected commercial medium is required 
to be further optimized by the end user to enhance its performance, the optimization study could 
be challenging without understanding their constituents. 

 
We reported a systematic strategy to develop a defined serum-free medium for hMSCs from 

bone marrow (Jung et al., 2010). This medium, PPRF-msc6, supports consistent cell growth in the 
primary culture of bone marrow cells. hMSCs are expanded in both primary and subsequent 
cultures at a much higher cell growth rate in this medium, compared to a classical hMSC medium 
(DMEM + 10%FBS), over 10 passages without any noticeable decrease of cell growth rates. 
Specifically, average population doubling times of hMSCs derived from three separate donors and 
grown in PPRF-msc6 versus 10% FBS DMEM were 21–26 h and 35–38 h, respectively, at passage 
levels 1 through 10. Moreover, colony-forming unit-fibroblasts (CFU-F) assays demonstrated that 
culturing primary bone marrow cells in PPRF-msc6 resulted in a significantly higher number of 
colonies (Jung et al., 2012c). hMSC populations, typically isolated based on plastic adherence, are 
not homogeneous but contain a subpopulation of cells capable of forming colonies when plated at 
a low density (e.g., 1 cell per cm2). A CFU-F assay does not specifically determine multilineage 
or self-renewal capacity of hMSCs; however, cells arising from a CFU-F have been shown to be 
highly proliferative and to regenerate specific mesenchymal lineages (Digirolamo et al., 1999). 
For this reason, the CFU-F assay has been widely used to assess the proliferative and 
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differentiation potential of hMSCs. Therefore, finding that the use of PPRF-msc6 generates a high 
number of colonies may indicate that it rescues valuable hMSCs from the primary culture of bone 
marrow cells with high efficiency while a large portion of important cells could be washed out 
during the primary culture with the classical hMSC medium. Taken together with the high 
performance on hMSC growth, this capability of PPRF-msc6 to rescue a high number of colony-
forming cells (i.e., corresponding to hMSCs) in the primary culture resulted in a significantly 
higher cell expansion (as demonstrated earlier in Figure 8.3). 
 

Figure 8.4a and b shows growth profiles of BM hMSCs cultured in 10% FBS DMEM versus 
PPRF-msc6 in a planar system (i.e., T-flask) and a microcarrier-based bioreactor, respectively. In 
both cases, PPRF-msc6 enabled a significantly higher cell growth rate, demonstrating evidently 
reduced lag phases and greater cell yields. The high performance of PPRF-msc6 led to over 64 
PDs of hMSCs from three donor BM cells for a two-month period, while 10% FBS DMEM 
resulted in 43 PDs during the same period (Figure 8.4c). Similar trends were observed for hMSCs 
from other sources; that is, hMSCs from adipose tissue (AT), umbilical cord (UC) and pancreatic 
tissue (Pan) were successfully isolated and serially expanded in PPRF-msc6 more rapidly and 
consistently compared to conventional FBS-based media (Figure 8.4d, e, f). In addition, a more 
homogeneous cell population in phenotype and size was obtained with the use of PPRF-msc6, and 
the average size of cells was significantly smaller than those generated in 10% FBS DMEM 
(Figure 8.5). Cells grown in PPRF-msc6 include such characteristics, such as high cell growth, 
reduced lag phase, and smaller size, and represent a benefit for mass production of cell products 
enabling a significantly reduced process time and number of culture vessels (as illustrated 
in Figure 8.2). The smaller size of cells could also be a benefit from a therapeutic viewpoint. It has 
been reported in animal model studies that the majority of hMSCs (when grown in conventional 
FBS-based media) tended to be trapped in the lungs (Schrepfer et al., 2007; Fischer et al., 2009; 
Lee et al., 2009). The generation of hMSCs with a smaller size may enhance their therapeutic 
effect since the small cells may travel through the lungs and home to the site of injury or disease 
at high efficiencies (Bartosh et al., 2010). 
 

8.2.2    CULTURE SUBSTRATE (WITH COATING MATERIALS) 

hMSCs are anchorage-dependent, and therefore they need a culture substrate, normally a plastic 
surface, to attach to and spread out on in order to be maintained and proliferate. Another approach 
to culture hMSCs is a three-dimensional (3D) aggregate culture in suspension without the use of 
substrates such as microcarriers. When anchorage-dependent cells are inoculated as a single-cell 
suspension, neighboring cells tend to assemble to form aggregates or spheroids either 
spontaneously (i.e., cell aggregation in bulk culture or in hanging drops) or by forced aggregation 
methods (Subramanian et al., 2011). Following the aggregation, population expansion may occur 
through subsequent cell division, depending on cell type and culture conditions. As cells divide, 
the daughter cells remain attached to each other because of the production of sticky extracellular 
matrix molecules. This eventually results in the formation of large spherical cell aggregates. By 
exploiting these characteristics, numerous cell types have been cultured as aggregates in 
suspension, including embryonic and induced pluripotent stem cells, adult stem/progenitor cells, 
such as neural stem cells and mammary epithelial stem cells, and cancer stem cells. 
 
 

shj
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FIGURE 8.4 Growth of hMSCs in PPRF-msc6 in comparison with conventional media containing 
FBS. BM-hMSCs at passage 4 were expanded in a batch mode in planar system (a) and 
microcarrier-based bioreactors (b). hMSCs from different sources, including bone marrow from 3 
different donors (BM 1, BM2 and BM 3), adipose tissue from 2 separate donors (AT 1 and AT 2), 
umbilical cord (UC) and pancreatic tissue (Pan), were serially passaged (c-f). The conventional 
FBS containing media used were 10%FBS DMEM (BM-hMSCs and AT-hMSCs), 20%FBS 
DMEM (UC-hMSCs) and 10%FBS CMRL-1066 (Pan-hMSCs). (Adapted from Jung, S. et 
al., Biotechnol. Appl. Biochem., 59, 106–120, 2012b; Jung, S. et al., J. Tissue Eng. Regen. Med., 
6, 391–403, 2012c. With permission.) 
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FIGURE 8.5 Comparison of size and size distribution of hMSCs cultured in PPRF-msc6 versus 
10% FBS DMEM by flow cytometry (a,b) and ViCell Cell Analyzer (c,d). (Adapted from Jung, 
S., et al., Stem Cells Int., 2012, 123030, 2012a. With permission.) 
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Attempts have also been made by several groups to culture hMSCs from various sources as 
aggregates (Potapova et al., 2008; Bartosh et al., 2010; Frith et al., 2010). These studies 
demonstrated the formation of 3D aggregates of hMSCs in bulk media or in hanging drops upon 
inoculation as a single cell population. However, the proliferation potential of hMSCs in 
aggregates is controversial. Baksh and co-workers described hMSC aggregates that formed in a 
suspension culture system were not capable of proliferation (Baksh et al., 2003). In contrast, others 
reported that hMSC aggregates remained viable in culture, while exhibiting proliferation potential 
(Frith et al., 2010; Dromard et al., 2011). Although these studies demonstrated 
proliferative characteristic of hMSCs embedded in aggregates by Bromodeoxyuridine (BrdU) 
staining, no notable expansion was reported. Therefore, identifying a culture protocol that allows 
for significant growth of hMSCs as aggregates in suspension culture while maintaining their key 
biological and therapeutic functionalities should be a subject of interest. Attempting to culture 
human pluripotent stem cells (hPSCs) in suspension culture, Olmer and colleagues demonstrated 
tightly controlled aggregate formation from single cells under well-defined parameters and 
strategies (Olmer et al., 2012). This study revealed that the tendency of cell aggregation was 
diminished and unpredictable when the single hPSCs were inoculated at a low density (i.e., 50,000 
cells/mL), whereas a high inoculation density (i.e., 500,000 cells/mL) led to reproducible 
aggregate formation. As a different approach, Subramanian and colleagues reported that a 
population of primitive cells, known as multipotent adult progenitor cells (MAPCs) with extensive 
proliferation capacity and pluripotent differentiation potential, isolated from rat bone marrow were 
cultured as aggregates in suspension culture. In their study, the authors induced individual MAPCs 
to form aggregates using a forced aggregation method and maintained them in a static condition 
for two days, and then cultured the MAPC aggregates in an agitated suspension condition under a 
hypoxic environment, achieving a significant cell expansion (Subramanian et al., 2011). These 
results may indicate that the initial phase (i.e., self-assembly of cells) is critically important for 
successful suspension culture of hMSCs in aggregates as it is presumed that anchorage-dependent 
hMSCs can proliferate after their attachment to a substrate and spread out—for example, 
neighboring cells could play a role as a substrate in aggregate cultures. Therefore, cell inoculation 
protocols, such as the method of cell inoculation (individual cells versus aggregates) and cell 
inoculation density, can be optimized for a rapid and efficient self-assembly of hMSCs to generate 
well-organized hMSC aggregates in relatively consistent sizes during the initial culture periods. It 
has also been observed that self-assembly of other stem cell types (i.e., human neural stem cells) 
to 3D cell aggregates and their growth are affected significantly by medium components, oxygen 
tension, and pH (Baghbaderani et al., 2010; Baghbaderani et al., 2011). Once successfully 
developed, substrate-free aggregate-based suspension culture for cell expansion might be 
technically simple and easy to scale-up, even though realizing this seems to be a great challenge. 

 
Since the growth of hMSCs as aggregates in substrate-free suspension culture is still very 

limited, the selection of an appropriate culture substrate should be seriously considered for 
successful cell manufacturing. Considering the scalability of suspension culture (such as stirred-
tank, vertical-wheel, or wave bioreactors) to enable mass cell manufacturing at large scale, the use 
of microcarriers in hMSC culture are briefly reviewed here. Other systems including hollow-fiber 
system and scaffold-mediated fixed-/packed-bed systems are discussed in the following 
“bioreactor” section. Microcarriers are microscopic beads (with a diameter of 100–400 µm) that 
can be placed in medium to provide a surface upon which anchorage-dependent cells, such as 
hMSCs, can attach to and subsequently grow under pseudo-suspension conditions. Depending on 

shj
Highlight
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the loading density of microcarriers in culture, this method can provide a significantly high ratio 
of the growth surface to medium volume. Therefore, microcarrier cultures in scalable bioreactors 
could offer a superior means of producing large quantities of adherent cells. 

 
Various types of microcarriers are available in the market. It is important to select candidates 

based on the understanding of their characteristics, including surface topography, base materials, 
charged versus uncharged, and coated materials (Abraham et al., 2017), and testing the selected 
microcarriers for a particular hMSC population. Microcarriers are commonly classified into three 
groups, solid, microporous, and macroporous microcarriers according to their surface topographies: 

Solid microcarriers do not have pores and are made up of plastic or glass. The plastic 
microcarriers are often charged or coated with proteins to enhance cell attachment and 
growth. It was generally considered that solid microcarriers are best used for shear-tolerant 
cells, while expanded cells can be readily dissociated from the microcarriers to facilitate 
cell harvest and passage. However, such microcarriers have also been successfully used for 
shear-sensitive hMSCs in small-scale suspension cultures even in xeno-free environment 
(dos Santos et al., 2011; Hervy et al., 2014). dos Santos and colleagues demonstrated 
comparable growth of hMSCs from bone marrow and adipose tissue in non-porous plastic 
microcarriers versus macroporous CultiSpher microcarriers (discussed later in this section). 
Moreover, exploiting the advantage of efficient cell harvest, Hervy and colleagues serially-
expanded bone marrow hMSCs over seven passages using synthetic microcarriers in xeno-
free conditions (Hervy et al., 2014). 

 
Microporous microcarriers, such as Cytodex (GE Healthcare Inc.), have small microscopic 

pores to allow diffusion of nutrients and metabolites while offering their external surface 
for cell growth. They provide slightly increased surface area by having surface indentations, 
compared to solid microcarriers, which often favor better cell anchorage (Abraham et al., 
2017). Cytodex 1, 2, and 3 have been used for the culture of human and animal MSCs 
(Frauenschuh et al., 2007; Jung et al., 2009; Schop et al., 2010). 

 
Macroporous microcarriers such as CultiSpher (Percell Biolytica AB) or Cytopore (GE 

Healthcare Inc.) were originally designed to enable high density cell culture. They have 
pores that are large enough for cells to migrate into and grow within the internal space. 
This offers a very large surface for cell growth to achieve high density culture, and provide 
an environment in which fragile cells can be protected against detrimental shear stress 
caused by a mixing motion in the vessel. Macroporous microcarriers have been used to 
support hMSC growth (Yang et al., 2007; Sart et al., 2009; Eibes et al., 2010; Sart et al., 
2010; dos Santos et al., 2011). High density culture of hMSCs using CultiSpher 
microcarriers has also been reported (Abraham et al., 2017). It should be pointed out, 
however, that cell harvest at high density may require a prolonged enzymatic dissociation 
of cells to obtain single cell suspension after harvest. This is particularly true for the culture 
of hMSCs in macroporous microcarriers as cells form multi-layered 3D structures while 
they grow. Of note, cells growing on solid or microporous microcarriers also tend to form 
aggregates, but the size of aggregates in culture with macroporous microcarriers is typically 
larger. To facilitate cell harvest from the macroporous microcarriers, digestible beads (i.e., 
CultiSpher) were introduced. The digestion time of gelatin-based CultiSpher microcarriers 
using collagenase is quick, supporting the dissociation of cells. However, hMSCs secrete 
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a significant amount of sticky extracellular matrix molecules during growth on 
microcarriers, which induce cells to stick to each other generating very large aggregates 
over time. As a result, when harvesting cells at high density, the time needed to fully 
dissociate cells could significantly be increased. Optimizing the harvest protocol to enable 
obtaining completely dissociated cells should be a critical requirement for high density cell 
culture. 

 

8.2.3    BIOREACTORS 

For both allogeneic and autologous applications, hMSCs are currently generated for research and 
clinical applications through conventional static adherent culture methods using tissue culture 
flasks or multi-layered vessels in most cases. As discussed earlier (Figure 8.2), however, the use 
of such static platforms should not be an option and it is required to have scalable and controllable 
bioreactors, particularly for a large-scale allogeneic setting. In addition, it would be desirable to 
use pre-sterilized disposable bioreactors and associated instruments in a closed system to eliminate 
the painstaking steps of cleaning and sterilization. The use of disposable plastic linings that can be 
sterilized by gamma rays can cut down time between batches of cells with a quick turnaround, and 
thereby the number of cell manufacturing runs can be increased. 

 
For mass production of hMSCs, several bioreactor types involving the use of microcarriers have 

been suggested, including the stirred-tank bioreactor (e.g., vendors: Eppendorf and GE Healthcare), 
the wave bioreactor (i.e., vendors: GE Healthcare and Sartorius) and the vertical-wheel bioreactor 
(i.e., vendor: PBS Biotech) (Jung et al., 2012b). In addition, other types of bioreactors, such as 
hollow-fiber and fixed-/packed-bed bioreactors, have been used as controllable high-density 
culture platforms. Each bioreactor type has its own specific features; therefore, in order to select 
the best option for a specific application, it is important to understand the characteristics of 
different bioreactors and evaluate their performance, preferably in side-by-side comparison, 
considering the followings: 

•  Growth-promoting performance to achieve both high cell growth rate and high cell yield 
•  Scalability from a scale-down model through the manufacturing scale 
•  Ability to incorporate probes to enable online monitoring and control of key process 

parameters (e.g., temperature, pH, dissolved oxygen (DO), agitation speed) 
•  Ability to accurately monitor cell growth—preferably using an online monitoring system 
•  Ease of sampling to monitor cell growth by direct cell counting methods to validate the 

online monitoring technology 
•  Ease of cell harvest 
•  Disposability 
•  Automation 
•  Simplicity of operation 
•  Effectiveness in terms of cost and time 

First and foremost, the selected bioreactor should support the rapid growth of hMSCs toward high 
density culture. As discussed early, the bioreactor system should be scalable throughout the staged 
process development from a scale-down model at small-scale through the manufacturing platform 
at large-scale. Online real-time monitoring and control of key process variables is critical to 
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maintain environmental input variables (e.g., pH, DO, agitation speed) within ranges established 
for optimal cell growth. Cell growth should be monitored throughout the culture period as 
accurately as possible. Ideally, this needs to be done using online monitoring technology (Abraham 
et al., 2017). Regardless of such online monitoring technology being available to estimate cell 
growth in bioreactors, it is important to be able to take representative samples at desired time points 
to accurately measure cell density and other important culture parameters (and to validate the 
online estimation). With this regard, it should be important to make the culture uniformly 
distributed in the vessel when a sample is taken. And, as the anchorage-dependent hMSCs must 
be dissociated and separated from the culture substrates (i.e., microcarriers, hollow-fibers, 
immobilizing scaffolds, etc.) at the end of culture in both seed train and manufacturing stage, the 
selected bioreactor process should support cell harvest at high efficiency to maximize cell yields 
and quality. 

8.2.3.1    Hollow-Fiber Bioreactors 
Hollow-fiber bioreactors have been used in a perfusion mode to achieve high density culture of 
anchorage-dependent cells as well as suspension cells (reviewed in Godara et al. [2008]). This 
system consists of bundles of synthetic, semi-permeable hollow-fiber micro-capillaries. Liquid 
medium flow through the intra-capillary space and adherent cells grow on the outer surface. The 
perfusion of medium through the fibers creates a relatively high pressure within the inner space, 
which permits the efficient exchange of nutrients and metabolites across the fiber wall through 
pores. The molecular weight cut-off of the pores is normally 6,000–10,000 Da, and thus cells 
grown in the outer space of the fiber are continuously supplied with nutrients and exposed to low 
concentration of waste products (Butler, 2004). This mechanism enables the growth of cells at 
very high densities (up to 109 cells/mL). Based on these features, this system seems to be attractive 
for high cell density tissue engineering and particularly high-yield protein production as the 
macromolecular proteins secreted by cells are concentrated in the outer space of the fibers. 
However, this process is complex and difficult to scale-up. Moreover, the pressure difference that 
may be generated along the long fibers could produce concentration gradients of nutrients and 
metabolites, which may cause uneven cell growth (Butler, 2004). Rojewski and colleagues 
reported a commercial hollow-fiber bioreactor system (Quantum Cell Expansion system) enabling 
the isolation and expansion of bone marrow hMSCs (Rojewski et al., 2013). Using a two-step 
approach, this closed process together with platelet lysate as culture supplement led to the 
generation of >100 × 106 hMSCs from bone marrow aspirate (~18.8–28.6 mL) during ~18-day 
culture period, providing a proof-of-principle to produce adherent hMSCs using a hollow-fiber 
bioreactor. Hanley and co-workers also used the hollow-fiber bioreactor to expand bone marrow 
hMSCs using DMEM supplemented with 5% human platelet lysate under a perfusion mode. As 
cells grow in culture, increasing the feed rate to meet the nutritional requirement of the increasing 
number of cells was crucial to maintain cell growth and quality, particularly for realizing the 
production of quality-assured cells at high density. Cell growth cannot be monitored by direct cell 
counts in the hollow-fiber bioreactor. Instead, the authors monitored lactate concentrations by off-
line measurements as an indicator to change medium feed perfusion rate during culture (Hanley et 
al., 2014). Due to the capability to easily implement a perfusion mode (discussed later), the use of 
hollow-fiber bioreactors could be considered for small-scale cell manufacturing, particularly for 
autologous applications. 
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8.2.3.2    Fixed-Bed and Packed-Bed Bioreactors 
Weber and colleagues used a fixed-bed bioreactor to assess their ability to expand hMSCs using 
an immortalized cell line, hMSC-TERT (Weber et al., 2010). Fixed-bed bioreactors contain 
packing materials, such as solid or porous glass beads, settled in a dense bed resting on penetrated 
base at the bottom of vessel (Freshney, 2000). The beads with a diameter of 2–5 mm provide a 
large surface for cell attachment and growth. In fixed-bed systems, the beads are not moved, and 
medium is perfused upward or downward through the packed beds in recirculation to supply the 
attached cells with nutrients. This process can support high cell densities providing a relatively 
favorable environment against mechanical shear forces, and thus could represent an effective 
production system for shear-sensitive cells. Using non-porous glass spheres in a disposable 
bioreactor, Weber and colleagues cultured a hMSC line up to a bed volume of 300 cm2 (Weber et 
al., 2010). 

 
Ma and colleagues used fibrous bed bioreactors to support long-term expansion of hMSCs under 

various flow conditions and demonstrated that hMSCs secreted extracellular matrix molecules 
extensively under low shear stress in the 3D fibrous scaffolds-based bioreactors. This led to better 
preservation of their stemness and proliferation potential compared to planar culture (Zhao and 
Ma, 2005; Kim and Ma, 2012). Osiecki and co-workers used polystyrene-based beds that were 
treated with air plasma to mimic traditional tissue culture plastic surface. Using this packed-bed 
bioreactor, a 10-fold expansion of placental-derived hMSCs was achieved after a one-week culture 
period (Osiecki et al., 2015). Despite its beneficial features, the scalability of the fixed-/packed-
bed bioreactor system is limited and achieving efficient cell harvest should be a great challenge. 

8.2.3.3    Stirred Bioreactors (with Microcarriers) 
Stirred systems, such as stirred-tank bioreactors and their scale-down model spinner flasks, are 
cylindrical vessels with an impeller. The impeller is rotated by a magnetic stirrer or by a top-driven 
motor. The stirred bioreactors provide relatively uniform conditions throughout the vessel due to 
mixing induced by the rotated impeller. Moreover, the stirred bioreactor system can readily be 
integrated with online monitoring instruments, and thereby facilitate tight control of process 
variables such as pH, temperature, DO and carbon dioxide concentrations in the well-mixed 
environment. The stirred bioreactors have been widely used to culture mammalian cells due to the 
advantages of being scalable and controllable for a single cell suspension culture. These systems 
have also been used for the culture of anchorage-dependent cells growing on microcarriers or as 
aggregates under suspension conditions. Using a high loading density of microcarriers in culture, 
the microcarrier-based culture in stirred bioreactors (and other types of suspension bioreactors 
such as vertical-wheel bioreactors to be discussed later) provides a significantly high ratio of the 
growth surface to medium volume, and thereby offers a means of high density culture at large 
scale. 

 
Microcarrier-mediated stirred culture has been used for the expansion of hMSCs from different 

sources including bone marrow, adipose tissue, umbilical cord, placenta and ear (Jung et al., 2012b; 
de Soure et al., 2017). Although the feasibility of expanding hMSCs in microcarrier-based stirred 
bioreactors has been demonstrated, the performance of this approach was relatively low (i.e., 
demonstrating lower cell growth rate) and highly variable, compared to conventional static cultures. 
It should be noted that, although stirred bioreactors provide a well-distributed culture of single cell 
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suspension, keeping large particles (such as cells growing on microcarriers or as aggregates) 
uniformly distributed in a large vessel require a high rotating speed of impeller, which causes high 
shear stress to the cells in the culture medium and could harmfully affect the growth and quality 
of cells (Croughan et al., 2016). It is well known that anchorage-dependent cells growing on 
microcarriers or as aggregates are more sensitive to hydrodynamic shear stress than single cell 
suspension cultures (Croughan et al., 2016). Therefore, it is very challenging to achieve high 
density culture of quality-assured hMSCs in stirred bioreactors particularly at large scale. 

8.2.3.4    Vertical-Wheel Bioreactors (with Microcarriers) 

Recently, a novel single-use bioreactor system using a vertical-wheel technology has been 
introduced, which offers efficient fluid mixing, homogenous energy dissipation distribution, and 
uniform suspension of cell aggregates and microcarriers with low power input. The vertical-wheel 
single-use bioreactor system consists of a vessel with a U-shaped bottom, a wheel-shaped vertical 
impeller, and four flat, baffle-less walls that are completely enclosed within the vessel (Figure 
8.6a). The entire single-use vessel is held within a stainless-steel housing that has a fully integrated 
controller system to monitor and provide the key bioreactor functions (Croughan et al., 2016). The 
vertical-wheel impeller occupies a large proportion of space inside the vessel, accounting for ~85% 
of the width of the U-shaped bottom, and the large surface area of the impeller helps dissipate its 
rotational energy to the liquid over a large contact area, which results in a minimum range of 
gradient for turbulent energy dissipation rate and gentle mixing. This is contrary to a typical stirred-
type bioreactor, which has a relatively small impeller rotating at high speed. That leads to a wide 
distribution of local turbulent energy dissipation rates, spanning more than four orders of 
magnitude (i.e., >10,000-fold), with the highest rates in the impeller region. Paddles located on the 
rim of the impeller of vertical-wheel bioreactor direct fluid around the circumference. These 
paddles create tangential fluid flow around the wheel’s circumference and along the sides of the 
vessel. The large vertical-wheel impeller sweeps fluid along the U-shaped bottom of the vessel, 
which prevents cell aggregates or microcarriers from settling at relatively low speed. The vertical-
wheel is designed to be a combination of radial and axial flPaddles located on the rim of the 
impeller of vertical-wheel bioreactor direct fluid around the circumference. These paddletates, two 
oppositely oriented vanes within the wheel (Figure 8.6b) promote bi-directional fluid flow to 
generate cutting-and-folding action, in contrast to the unidirectional flow of impellers in stirred 
bioreactors. Together with the strong sweeping flow due to the large impeller rotating to the U-
shaped bottom, this unique mixing mechanism in the vertical-wheel bioreactors allows efficient 
liquid mixing with minimum dissipation energy gradients and low shear effects. The vertical-
wheel bioreactors’ various design features, such as size, position, and impellers, offer gentle and 
uniform fluid mixing, efficient particle suspension with low power input, and agitation speeds. 
Therefore, a favorable culture environment is created for shear-sensitive, anchorage-dependent 
cells such as hMSCs. Sousa and colleagues has demonstrated that bone marrow-derived hMSCs 
attach rapidly and uniformly onto microcarriers in a vertical-wheel bioreactor resulting in a higher 
percentage of microcarriers being attached with cells, compared to a stirred-tank bioreactor (Sousa 
et al., 2015). Moreover, when empty microcarriers were added to the both vertical-wheel and 
stirred cultures to provide additional surface area for cell growth, a higher percentage of 
microcarriers were occupied with cells in the vertical-wheel bioreactor. The higher homogeneous 
cell attachment and migration efficiency led to higher percentages of proliferative cells in the 
vertical-wheel bioreactor. Furthermore, the hMSCs produced in the vertical-wheel bioreactor 
demonstrated a significantly lower percentage of apoptotic cells. 
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Two types of vertical-wheel bioreactors, AirDrive and MagDrive, have been introduced. For the 

AirDrive bioreactor, the vertical wheel motion is driven by the buoyant force of gas bubbles that 
are introduced from the sparger at the bottom of the vessel and captured in the air cups on the 
wheel periphery. The gas bubbles are then released as the wheel turns, which drive further wheel 
rotation. The wheel rotational speed is determined by the main sparger gas flow rate. The AirDrive 
bioreactor is intended for cultures grown in medium that can be supplemented with anti-foaming 
agents, such as Pluronic F-68, as needed to eliminate problems with cell entrainment and damage 
from bubble bursts. The AirDrive units have been characterized and used for years for the 
cultivation of various mammalian cell types up to 250 L (Croughan et al., 2016). For the MagDrive 
bioreactor, the vertical wheel rotation is driven and controlled by external magnetic coupling 
between the vertical-wheel and the housing base unit. The advantage of the MagDrive system over 
the AirDrive is to eliminate the need for anti-foaming agents or shear protectants, and thus, is 
optimal for culturing shear sensitive, anchorage-dependent cells growing on microcarriers or as 
aggregates for cellular products. The MagDrive family are available at various scales including 
0.1 and 0.5 L, named PBS-mini, as scale-down models without process control capability, and 
fully controlled bioreactors at 3 L, 15 L and 80 L scales. The innovative vertical mixing mechanism 
not only requires very low power input to suspend microcarriers or cell aggregates homogeneously, 
but also allows the low shear environment to remain constant across a full range of vessel sizes 
from 0.1 to 80 L. This is particularly beneficial since the small-scale vessels can effectively be 
used as a seed train as well as a scale-down model for large-scale bioreactors (Figure 8.6c), which 
will be discussed in the following section. In addition to supporting the growth of hMSCs at high 
efficiency, the benefit of such mixing mechanism in vertical-wheel bioreactors has been 
demonstrated as a superior system for the culture of various mammalian cell types, such as 
pluripotent stem cells, chondrocytes and other primary cells, which grow on microcarriers or as 
aggregates. 
 

 

8.3    PROCESS DEVELOPMENT AND OPTIMIZATION 
The use of scalable bioreactors together with microcarriers should represent a superior means of 
producing large quantities of hMSCs over current planar cell culture systems, providing 
significantly high ratios of growth surface per unit culture volume and process control capabilities. 
Indeed, studies have been demonstrating the feasibility of utilizing microcarrier-based suspension 
culture systems using either small-scale spinner flasks or instrumented bioreactors for the 
expansion of hMSCs from various sources. Despite much effort made by many groups, 
however, the performance of microcarrier-based suspension culture systems for expanding hMSCs 
has been often shown to be far from being optimal. Specifically, data in the literature on the 
microcarrier culture of hMSCs frequently showed prolonged lag growth phase and low growth 
rate. With this regard, efforts have been made to enhance hMSC yields from microcarrier 
suspension culture, emphasizing the importance of selecting appropriate platform components 
with high performance and conducting well-designed process optimization studies (Jung et al., 
2012b; Abraham et al., 2017). In this section, various aspects of process development and 
optimization are briefly discussed. 
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FIGURE 8.6 Single-use vertical-wheel bioreactors. Diagram and key features of PBS bioreactor 
vessel with enclosed vertical-wheel, U-shape round bottom and flat sides in the front and back (a). 
Vertical-wheel impeller showing the two oppositely pumping axial-flow vanes and radial-flow 
paddles (b). Family of single-use vertical-wheel bioreactors at a range of vessel sizes from 0.1 to 
80 liters that can be used at train through production stages (c). (Adapted from Sousa, M.F. et 
al. Biotechnol. Prog., 31, 1600–1612, 2015; Croughan, M.S. et al., Novel single-use bioreactors 
for scale-up of anchorage-dependent cell manufacturing of cell therapies, In Cabral, J.M.S., De 
Silva, C.L., Chase, L.G., Diogo, M.M. (Eds.), Stem Cell Manufacturing, Elsevier, Atlanta, GA, pp. 
105–139, 2016.) 
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8.3.1    STARTING MATERIALS 
As discussed earlier, the choice of starting materials is an important consideration in cell therapy 
manufacturing process development. There are several important factors to consider: derivation of 
the material used (e.g., recombinant, human-derived, or xeno-derived sources), stability of the 
material, potential off-target effects, availability and ability to source material for long-term 
production. The first point concerns what is currently allowed by the regulatory agencies in 
different countries for cell therapy products and the allowable risk for potential adventitious and 
unknown pathogens. As described earlier (Section 2.1.1), FBS is used for the majority of currently 
ongoing hMSC trials, however, there is a risk of (1) lot-to-lot variability, (2) lack of detection of 
unknown zoonotic viruses, (3) presence of xenogeneic proteins, and (4) potential supply issues as 
processes are scaled-up for late-stage clinical trials and commercial markets and demand rises. 
Additionally, if you have a material that is used in your manufacturing process, which needs to be 
prepared on day of use, this can impact the cost and risk of using that material. This also applies 
to consumables used for the culture of cells. As we look to minimize cross-contamination and 
increase equipment reliability between different batches the move towards single-use and cell 
culture plastics is important. Therefore, when developing a manufacturing process that is moving 
towards the clinic it is important to firstly address the risks and potential high-risk materials that 
can be replaced with lower-risk materials. 
 

8.3.2    UNDERSTANDING CRITICAL QUALITY ATTRIBUTES 
AND CRITICAL PROCESS PARAMETERS 

Quality by Design (QbD) has been an approach that has been implemented by the pharmaceutical 
industry for a number of years. It is an approach that emphasizes understanding of the process and 
performing continual monitoring and improvement to enhance the safety and efficacy of the final 
product (FDA report “Pharmaceutical Quality for the twenty-first century” [2007]). The approach 
starts with first defining what the Target Product Profile (TPP) is. Figure 8.7 provides an example 
of an hMSC process. As defined by the International Council for Harmonisation (ICH) of 
Technical Requirements for Pharmaceuticals for Human Use, the TPPs are a prospective summary 
of the quality characteristics of a drug product that ideally be achieved to ensure the desired quality, 
safety and efficacy. In the case of an hMSC-based product, this would include the number of cells 
that would be expected to be obtained out of a given process scale (e.g., 5.0 × 1010 cells from 50 
Cellstacks). Other measurable properties would also be included such as the identity of the cells 
(e.g., CD73+/CD90+/CD105+), viability, etc. Once these are set, then it would be possible to 
identify the Critical Quality Attributes (CQAs) of the process. These are parts of the cell therapy 
product that can cause harm (i.e., both safety and efficacy) if they are out of allowable limits. In 
the case of the mock hMSC-based product, this would include parts of TPPs as well as others 
outside of it. Cell expansion would be a CQA because if the cells did not maintain a similar fold 
expansion or rate of expansion between batches, this could indicate a serious issue with the 
efficacy/safety of the cell therapy product. Also, the specific expression of key markers, such as 
STRO-1, SSEA-4 (specific for BM MSCs), CD271, or CD146, could correlate with the therapeutic 
efficacy of cells in vivo. Conversely, at the end of the process, it is important to define the 
acceptable clearance of enzymatic agents (i.e., animal-derived enzymes). It is important to identify 
and define attributes that are measurable and can be tied to specifically contributing to the efficacy 
of the cell product. These CQAs will be tied to Critical Process Parameters (CPPs) that affect the 
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CQAs of the process. CPPs can be culture parameters such as temperature, pH or DO level, or less 
obvious, potentially restrictive enzymatic exposure or processing time. These CPPs are parameters 
that – (1) can affect CQAs of the product and (2) can be controlled in the processes within a set 
range. This set range is defined by the Design Space, in which it is possible to understand what 
range of CPPs the process can withstand while achieving TPPs. And as the process is controlled 
within these ranges, it is possible to validate that the process can indeed maintain the established 
TPPs and perform ongoing improvement to increase the robustness and reliability of the process. 
 
 

 
 
FIGURE 8.7 Quality by Design (QbD) approach for a robust, quality-assured cell therapy 
manufacturing process. 
 

8.3.3    PROCESS PARAMETERS AND SCALE-DOWN MODEL VESSELS 
Designing an optimal culture system for a specific cell type first requires understanding the 
characteristics of the cells and the requirements for attachment to culture substrate and subsequent 
growth in culture. Investigating the effects of nutritional and physicochemical parameters (for 
example, medium formulation, medium pH, and oxygen tension) and basic process input variables 
(such as cell seeding density, medium volume, and medium feeding) on cell growth and other 
characteristics are often sufficient for static planar culture systems. In dynamic suspension culture 
environment, however, fluid-mechanics induced by the rotating impeller of bioreactors could also 
significantly affect cells. Moreover, the incorporation of microcarriers into the suspension 
bioreactors will make the culture system very complex. The microcarrier-based dynamic culture 
environment induces shear forces through the interaction of microcarrier beads with small 
turbulent eddies and bead-to-bead collisions, which can significantly influence cell growth and 
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quality and could even cause cellular damage. For these reasons, even though the microcarrier 
technology has several advantages over static cultures for large-scale biological production, many 
industrial processes to culture mammalian cells still employ simpler systems such as roller bottles 
or multi-layered vessels (Croughan and Hu, 2006; Jung et al., 2012b). Such cellular damage caused 
by fluid-mechanics in microcarrier-based bioreactor culture is particularly concerning for hMSCs 
as these primitive cells are fragile and thus can be highly sensitive to the shear stress and 
mechanical impacts. Therefore, in order to develop a robust cell manufacturing platform for hMSC 
therapies, it is crucial to recognize CPPs critical for hMSC growth in microcarrier-based 
suspension culture and carry out systematic process development and optimization studies, 
performing a detailed investigation for the effect of such process input variables on cell growth 
and other characteristics. Table 8.1 shows a list of the variables for the growth of anchorage-
dependent cells in dynamic microcarrier-based suspension bioreactors. The variables are grouped 
under seven different categories including medium type, medium composition, medium feeding, 
microcarrier, bioreactor, physicochemical parameters, and others. Depending on cell types, some 
of these parameters may have major impact on cell attachment/growth and other properties, while 
others have minor effects. It has been reported that the attachment and growth of hMSCs could be 
significantly affected by medium type and formulation, microcarrier type, bioreactor and impeller 
type, agitation speed, cell seeding density, and microcarrier loading density (Abraham et al., 2017). 
Therefore, it would be rational to investigate the effect of these variables at an early stage of hMSC 
process development to identify CPPs. Once optimized, it is important to standardize all the 
parameters to make the performance of the process consistent and reproducible. 

 
In order to conduct process development/optimization studies to efficiently identify the effects 

of these parameters on cell growth and other CQAs, an appropriate scale-down model system for 
a specific bioreactor type should be needed so that Design of Experiment (DOE)-based cell culture 
experiments can be carried out. Some parameters often interact with each other to result in synergic 
effects; therefore, the DOE approach is particularly important to examine the effect of such 
parameters in concert during the process optimization studies. Conducting such studies should 
require an appropriate scale-down model system to enable DOE-based high-throughput 
experiments. Initial examination of some parameters on cell growth could be performed even using 
classical small-scale static vessels such as well-plates or petri dishes. As an example, Figure 
8.8 shows a synergic effect between medium formulation and oxygen tension in a colony forming 
unit-fibroblast (CFU-F) assay, which was performed using hMSCs derived from an umbilical cord 
under two different medium formulations (αMEM + 20%FBS vs PPRF-msc6) and two different 
oxygen concentrations in the incubator (20% vs 5%). In this assay, a large number of colonies 
were formed when cells were cultured in PPRF-msc6 under 5% O2. In contrast, no colonies were 
generated in the condition using 20% FBS αMEM at 20% O2, and other combinations led to the 
generation of a few small colonies only. Although the effect of some parameters could be detected 
by the use of the classical small-scale cell culture wares, other parameters such as bioreactor- and 
microcarrier-related parameters in Table 8.1 and those related to high density culture (e.g., 
medium feeding) might require scale-down models that can mimic the actual manufacturing 
platform bioreactors. For instance, spinner flasks have been widely used as a scale-down model 
for stirred bioreactors. In addition, miniature disposable bioreactors, such as Sartorius’ ambr15 
system, have been introduced to run many different culture conditions simultaneously at a very 
small scale. The ambr15 bioreactor system has been designed to run a maximum of 24 or 48 stirred, 
miniature disposable bioreactors at a working volume of 10–15 mL for high-throughput cell 
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culture experiments. Moreover, this system allows the monitoring and control of critical 
physicochemical parameters of individual bioreactors (i.e., DO and pH), and enables 
programmable, automated liquid addition and sampling using a robot liquid handler. The ambr15 
bioreactor system has been proven to support microcarrier-based hMSC growth; however, it has 
required a significant amount of time and effort to optimize an agitation protocol to run the system 
properly (Abraham et al., 2017). The rectangular shape and the impeller position of the ambr15 
vessel (Nienow et al., 2016a) tended to cause a significant cell/bead clumping in the corners of the 
vessel when hMSCs were cultured on microcarriers. A unique agitation protocol to support the 
uniform suspension of microcarrier-mediated cell aggregates needs to be developed to turn 
possible use of the ambr15 system for hMSC process optimization as a scale-down model for 
bioreactor culture. Vertical-wheel PBS-mini vessels play a role as a scale-down model for large-
scale controlled bioreactors. As described earlier, the MagDrive family of vertical-wheel 
bioreactors have similar vessel and impeller design, allowing a low shear environment and 
efficient liquid mixing with minimum dissipation energy gradients across a range of vessel sizes 
from 0.1 to 80 L. Therefore, the small-size vessels should be useful not only as a seed train (as 
illustrated in Figure 8.6c) but as a representative scale-down model for process development and 
optimization, demonstrating similar performance throughout the range of scales. 
 
 
TABLE 8.1. A List of Categorized Process Parameters for Dynamic Culture in 
Microcarrier-Based Bioreactors 

 

Category Parameter Category Parameter

Medium 
Type

§ Serum-based
§ Serum-free
§ Xeno-free
§ Animal-free
§ Chemically defined

Bioreactor 

§ Bioreactor geometry and size
§ Impeller type and size
§ Location of impeller and other instruments 

submerged in culture
§ Stirring protocol

§ Impeller tip speed
§ Stirring direction 
§ Continuous vs. Intermittent stirring (cell 

attachment phase)
§ Manipulation of stirring speed according 

to cell growth
§ Aeration protocol

§ Head-space aeration
§ Sparging (use of anti-forming agents)

§ Material of the inner surface of vessel and 
impeller (to avoid the attachment of cells 
and microcarriers and the generation of 
particulate)

Medium 
Composition

§ Growth factors
§ Attachment factors
§ Hormones, lipids, vitamins, minerals, trace 

elements
§ Carbohydrates, amino acids, nucleosides 

vitamins)
§ Binding proteins
§ Buffer 
§ Protease inhibitors
§ Shear protecting agents
§ antitoxins
§ Viscosity modulating agents

Medium 
Feeding

§ Rate
§ Mode

§ Batch 
§ Fed-batch
§ Medium exchange

§ Bolus
§ Continuous (perfusion)

Physico-
chemical 
Variables

§ Temperature
§ pH
§ Dissolved O2
§ Dissolved CO2
§ Viscosity
§ Osmolality

Microcarrier 

§ Selection of microcarriers 
§ Chemical properties
§ Physical properties 
§ Geometrical properties (solid, 

microporous, vs. macroporous)
§ Microcarrier coating protein (particularly for 

serum-free culture)
§ Microcarrier loading density
§ Particulate generation

Others

§ Cell inoculation density
§ Cell-to-bead ratio
§ Initial working volume (cell attachment 

phase)
§ Preparation of microcarriers and cell 

inocula
§ Bead-to-bead transfer
§ Addition of anti-foaming agent
§ Addition of base
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FIGURE 8.8 CFU-F assay for human umbilical cord-derived MSC (UC-MSCs) in PPRF-msc6 
versus 20% FBS αMEM using gelatin-coated dishes. hUC-MSCs previously isolated and 
expanded up to P4 in 20% FBS αMEM were plated at 1.5 cells/cm2 into 100-mm dishes (i.e., 90 
cells per dish) coated with gelatin and cultured in four different conditions: (a) 20% FBS αMEM 
+ 20% O2, (b) 20% FBS αMEM + 5% O2, (c) PPRF-msc6 + 20% O2, and (d) PPRF-msc6 + 5% 
O2. The resulting colonies were stained with crystal violet in methanol on day 16. 
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8.3.4    CURRENT CHALLENGES WITH PROCESS OPTIMIZATION FOR HMSC 
CULTURE IN BIOREACTORS 

Previously we published a review article to summarize the effect of some of the key parameters 
on hMSCs, including microcarrier type, microcarrier and cell seeding density, medium 
formulation and feeding, substrate coating material, bioreactor configuration and mixing, initial 
culture condition, bead-to-bead transfer, and so on (Jung et al., 2012b). Also, toward the 
accomplishment of high density culture, the importance of developing a well-designed medium 
feeding regime has already been reviewed (Abraham et al., 2017). Therefore, in the present report 
we wanted to briefly point out a few additional important issues that often arise in the microcarrier-
based culture of hMSCs in dynamic conditions, including (1) the aggregation of hMSCs growing 
on microcarriers and (2) in-vessel cell harvest at the end of the culture period. 

8.3.4.1    Considerations to Reduce the Degree of Cell Clumping in Suspension Bioreactors 

It is well known that hMSCs tend to stick to each other during the microcarrier-based bioreactor 
culture (Ferrari et al., 2012), which could induce uncontrolled agglomeration of cells and 
microcarriers. This would result in a high degree of heterogeneity of agglomerates in size, 
sometimes causing a process failure in the worst case with the formation of huge masses of cell 
aggregates being associated with probes or other process instruments submerged in medium and 
not being suspended. The formation of uncontrolled large aggregates must be avoided because 
cells in such aggregates are exposed to different microenvironments, which may lead to the 
generation of cells having different growth and physiological characteristics and even cell 
death. Table 8.2 points out a list of parameters that are deemed to impact cell aggregation as well 
as cell growth in microcarrier-based culture of hMSCs in bioreactors, beyond the geometry, size 
of bioreactor and impeller type, and design that should have a significant impact on the aggregation. 
The parameters are grouped into four different categories—mechanical, chemical, medium, and 
others. The manipulation of the impeller stirring regime (speed, direction, and time) is often used 
to control the size of aggregates. However, as a high agitation rate causes a high shear stress that 
could be harmful on cells, the manipulation of impeller stirring regime should be considered within 
a limited range. As a chemical approach, anti-clumping agents could be considered if their use is 
acceptable in the regulatory perspective. Medium formulation, including the concentration of 
serum and basal medium components, often also affects cell aggregation. For instance, the addition 
of ascorbic acid has shown to be beneficial for hMSC growth but increases the secretion of 
extracellular matrix (ECM) proteins in T-flask cultures (Jung et al., 2010). The secreted ECM 
molecules may facilitate cellular aggregation in microcarrier culture; therefore, the concentration 
of ascorbic acid in culture medium may need to be determined considering their dual effect on cell 
growth and aggregation. Finally, the degree of hMSC aggregation in microcarrier culture was 
influenced by cell seeding density and microcarrier loading density (Ferrari et al., 2012). 
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TABLE 8.2. Parameters Which Affect Cell Aggregation as Well as Cell Growth in 
Microcarrier-Based Culture of hMSCs in Bioreactors 

 
 
 

8.3.4.2    Enhancing Cell Harvest Efficiency 
Protocols to dissociate cells into single cells at harvest and separate them from microcarriers with 
maximum recovery yields while maintaining CQAs of cells should also be developed to make the 
microcarrier-based production of hMSCs successful. This is particularly important for high density 
cultures since the extracellular matrix secreted by cells during the culture could increase the size 
and compactness of aggregates formed with multilayers of cells and thus the recovery of single 
cells for the large and dense cell-microcarrier aggregates at high efficiency can be technically 
challenging and time-consuming. To develop an optimized cell harvest protocol, parameters that 
affect the dissociation of cells from the microcarriers and aggregates and their quality should first 
be identified. Following is a list of the variables that can be considered: 

•  Frequency and time of pre-harvest wash 
•  Formulation and volume of wash buffer 
•  Type, volume, concentration and pH of proteolytic enzyme 
•  Concentration of ethylenediaminetetraacetic acid (EDTA), if used 
•  Temperature 

•  Reagents (washing buffer, enzyme) 
•  Operational temperature 

•  Time of enzymatic dissociation 
•  Impeller type 
•  Impeller agitation regime (time, speed) and power input 
•  Criteria to end cell dissociation 
•  Method for cell separation from microcarriers 
•  Overall harvest operation time 

Category Parameter

Mechanical

Stirring speed

Stirring direction 
§ forward vs. reverse or downward vs. upward
§ uni-directional vs. combination of forward and reverse or downward and upward

Continuous stirring vs. intermittent stirring

Chemical Use of anti-clumping agents

Medium

Medium compositions
§ serum vs. serum-free
§ serum concentration 
§ basal medium formulation 

§ concentration of Ca++,and Mg++

§ concentration of ascorbic acid and other components that facilitate the secretion of 
extracellular matric proteins

Other
Cell seeding density

Microcarrier loading density
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For instance, Nienow and colleagues demonstrated a cell harvest protocol involving an intense 
agitation, which led to the reproducible achievement of 95% harvest efficiency of hMSCs from 
solid microcarriers (Rafiq et al., 2013; Nienow et al., 2014; Nienow et al., 2016b). 

 

8.3.5    MIXING AND AERATION—HYDRODYNAMICS AND MASS TRANSFER 
There are a number of design aspects that need to be taken into account when growing MSCs in a 
suspension bioreactor. Two of these key design aspects include (1) oxygen supply and (2) 
hydrodynamic shear in the liquid medium. These are especially important as cultures are scaled-
up from sub-liter volumes to 10s of liter volumes. 

 
Oxygen supply to the reactor is important to maintain cell growth, viability and their therapeutic 

properties. The specific oxygen consumption rate of mammalian cells has been reported to vary 
from 0.06 to 0.6 mmol O2/(L·hour) for a culture at a density 1 × 106 cells/mL (Butler, 2004). In 
small-scale cultures (i.e., up to 1 L), this oxygen demand can normally be satisfied by gas diffusion 
from the head space through the culture surface (see Figure 8.9 for diagram of oxygen diffusion to 
cells in a microcarrier). The rate limiting step in this scenario is the dissolution of oxygen into the 
culture medium. Aunins and colleagues (Aunins et al., 1989) developed a correlation for the 
volumetric mass transfer coefficient (kLa) for surface oxygenation that incorporated the geometry 
of the impeller, shear stress and medium properties, given by: 
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where: 
 

NRE is the impeller Reynolds number 
DO2DO2 is the oxygen diffusion coefficient 
a is the mass transfer interfacial area 
Dt is the reactor diameter 

Typically, for small bioreactors (less than 1.0 L) the oxygen demands can be satisfied by gas 
diffusion from the headspace through the surface of the medium. As the working volume of the 
bioreactor increases, the surface area-to-volume ratio (referred to as the aspect ratio) decreases. As 
an example, for 10 L and 50 L vessels, the aspect ratio would decrease from 7.1 m–1 (10 L) to 1.8 
m–1 (50 L). Therefore, as bioreactor sizes increase during scaling-up, the area available for oxygen 
transfer through the interfacial surface of the medium in the bioreactor decreases. Then considering 
this in light of equation (1), it is clear that as the interfacial area decreases this leads to a decrease 
in the available mass transfer of oxygen into the liquid medium. In this case, there are three ways 
to increase the oxygen supply to the culture medium in the bioreactor to meet the oxygen demands 
of proliferating cells—(1) increasing the oxygen concentration in the headspace, (2) sparging 
oxygen into the culture, and/or (3) increasing the agitation rate of the impeller. Sparging introduces 
oxygen by bubbling it through the culture medium. This increases the available surface area for 
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oxygen to be delivered to the culture medium. It is desirable to produce small bubbles that can 
have less of a chance of entrapping cells and carrying them to the surface where they burst (Shuler 
and Kargi, 2002). And the effect that sparging has on foaming must be considered, especially when 
used in serum-containing media. Antifoam can be used but it may have a detrimental effect on 
cells and needs to be evaluated before its use. As a rule of thumb, it is favorable to increase the 
oxygen concentration in the headspace first and then supplement the oxygen supply to the culture 
with sparging. Increasing the agitation rate is another option since this would increase the 
dissolution rate of oxygen into the medium. However, as the agitation increases, the hydrodynamic 
shear could be detrimental as it may cause excessive cell damage. 

 
Hydrodynamic shear is also very important to consider when scaling-up bioreactor cultures. 

Shear in the bioreactor ensures adequate oxygen mass transfer and bulk fluid mixing. However, it 
is important to ensure that the hydrodynamic shear associated with the level of turbulence is within 
acceptable limits. In stirred suspension bioreactors, the agitation rate governs the hydrodynamic 
shear within the vessel and as the agitation increases the hydrodynamic shear rate increases. If the 
agitation rate is too low, the cultures may not be well-mixed causing problems such as significant 
aggregation of cells and microcarriers and a non-homogenous cell culture environment. The 
uncontrolled aggregation may cause limited transfer of oxygen and nutrients to cells inside large 
aggregates. However, if the agitation rate is too high, this can be detrimental if it causes excessive 
cell damage. In order to estimate the hydrodynamic shear stress in the bioreactor system, the 
Kolmogorov’s theory of turbulent eddy’s (Cherry and Kwon, 1990) and Nagata’s correlation 
(Nagata, 1975) can be used. This is given by the equations: 
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where: 
 

Np is the power number 
P is the impeller power consumption 
Di is the impeller diameter 
N is the impeller speed 
ρ is the density of the medium 
V is the volume of the culture 
ε is the volume average of energy dissipation 

ε gives us a relationship of the eddies, which are small vortices that are created in the bioreactor. 
If these vortices are smaller than the microcarriers, they will shear cells off the surface of the 
microcarriers. If they are much larger than individual microcarriers, they will allow microcarrier 
to clump within them and therefore allow the formation of large agglomerations of microcarriers. 
It will be important to determine the average eddy size that enables consistent hMSC expansion, 
while maintaining cell quality, in smaller reactors and then scale-up to larger reactors based on 
these values. 
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However, one caveat is that this numerical calculation does not consider the flow regime present 
in the vessel, which may impact the growth of the cells. Therefore, it has also been suggested that 
suspension experiments and computational fluid dynamics (CFD) studies combined with particle 
image velocimetry measurements be used to determine optimal scale-up operating parameters 
(Kaiser et al., 2013). 
 
 
 

 
 
FIGURE 8.9 Headspace aeration of cell cultures and diffusion of oxygen from headspace to a 
macroporous microcarrier. (a) Oxygen from the headspace is transferred to the microcarrier in 
several steps: (1) diffusion from the bulk gas to the gas-liquid interface, (2) dissolution across the 
gas liquid interface, (3) transport from bulk liquid to the stagnant film at the aggregate surface. (b) 
Oxygen in the liquid is transferred into the macroporous microcarrier: (5) diffusion from 
microcarrier surface into the center of the microcarrier, and (6) uptake by the cells. (Adapted from 
Chiang C. [2008]. With permission.) 
 
 

8.3.6    CELL-BASED VERSUS CELL-FREE PRODUCTS 

MSCs are currently being produced for several clinical applications, including GvHD, multiple 
sclerosis, cardiovascular and neurological disorders, and lung diseases. The mechanism of action 
of MSCs in treating these indications is not the replacement of damaged/diseased cells, but in the 
secretion of bioactive molecules, which can modulate the immune/inflammatory system and have 
a paracrine activity. These secreted bioactive factors have a broad range of therapeutic effects 
both in vitro and in vivo (for example, anti-inflammatory, anti-fibrotic, anti-apoptotic, anti-
angiogenic, or immunomodulatory) as well as repair/regenerative actions (Meirelles Lda et al., 
2009). In addition to the secretion of a number of bioactive factors, hMSCs have been shown to 
secrete large amounts of exosomes, which are a class of secreted lipid membrane vesicles (Baglio 
et al., 2012). They are formed by the invagination of endolysosomal vesicles to form multi-
vesicular bodies and have a diameter ranging from 40 to 100 nm. Exosomes contain proteins and 
genetic material (i.e., RNA), which can be transferred to other cells. This transference of material 
to other cells has been hypothesized to modulate the behavior of these cells and be one of the main 
contributors to the hMSC therapeutic advantage (Baglio et al., 2012). 
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8.3.7    IMPACT OF USING A DYNAMIC CULTURE SYSTEM ON 
THE PHENOTYPIC PROPERTIES OF HUMAN MESENCHYMAL STEM 
CELLS  

The external environment that hMSCs are cultured in can influence their secretory profile and 
composition of bioactive molecules. Indeed, by modifying the external environment they appear 
to mimic in vitro the disease environment that they might see in vivo and can produce, for example, 
a secretome-derived conditioned medium (CM), which has therapeutic benefits for that disease. 
There have been several groups that have shown this in a variety of diseases. Oskowitz and 
colleagues (Oskowitz et al., 2011) showed that, when hMSCs that had been expanded in serum-
containing medium were placed in a serum-derived medium, the hMSCs secreted increased levels 
of pro-angiogenic factors including Vascular Endothelial Growth Factor (VEGF)-A, angiopoietins, 
Insulin-like Growth Factor (IGF)-1, and Hepatocyte Growth Factor (HGF). Additionally, when 
they used an in vivo modified chick chorioallantoic angiogenesis assay it was observed that the 
serum-derived hMSCs displayed significantly higher angiogenic potential compared to hMSCs 
that were cultured in a typical culture condition (i.e., 17% FBS αMEM). Moreover, Chang and 
colleagues preconditioned bone marrow-derived hMSCs under hypoxic conditions and collected 
cell secretome (Chang et al., 2013). This was then transplanted into rats with experimental 
traumatic brain injury (TBI) and resulted in the rats performing significantly better physically in 
both motor and cognitive function tests. The rats also showed increased neurogenesis 
and decreased brain damaged compared to TBI rats transplanted with the secretome collected from 
normoxic-expanded bone marrow-derived hMSCs. Moreover, the hypoxic conditions were able to 
stimulate the BM-hMSCs to secrete high levels of VEGF and HGF. Conversely, for the treatment 
of bronchopulmonary dysplasia (BPD), CM from BM-hMSCs preconditioned in hyperoxia (i.e., 
95% O2 in the atmosphere) had the most potent therapeutic benefit compared to CM from BM-
hMSCs expanded in normoxic conditions (Waszak et al., 2012). Additionally, hyperoxia was able 
to induce the higher secretion of stanniocalcin-1. By modifying the external culture environment, 
they were able to influence the therapeutic properties of hMSCs and their secreted products, which 
could result in the development of a cell-free therapy. 

 
The use of dynamic, controlled culture systems can allow for an easily scalable expansion of 

hMSCs while maintaining a homogenous culture environment. However, these culture systems 
introduce liquid shear and environmental control (i.e., DO, pH and temperature), which can 
influence the secretion of bioactive molecules from hMSCs. Our group has recently published 
details on the production of a neutrophic cocktail of factors from hMSCs (i.e., secretome) that 
could be used for the treatment of diseases of the central nervous system (Teixeira et al., 2015, 
2016a, 2016b). In the first study, hMSCs from the Wharton Jelly of the umbilical cord were 
cultured on microcarriers in PPRF-msc6 medium in computer-controlled stirred tank bioreactors 
(DASGIP, Germany) in either normoxic (20% O2) or hypoxic (5% O2) conditions. The cells were 
expanded for 72 hours and then the culture medium was removed and replaced with Neurobasal-
A medium to be conditioned by hMSCs over 24 hours. We found that, when the secretome from 
either normoxic or hypoxic-expanded cells was used to culture human neural precursor cells 
(hNPCs), there was a significant increase in cell number and expression of neural markers, such 
as doublecortin and Microtubule-Associated Protein (MAP)-2, over hNPCs expanded in 
Neurobasal-A alone. While no significant difference was observed between the marker expression 
for hNPCs cultured with the secretome either from normoxic- or hypoxic-expanded cells, we did 
find that there were significantly more proteins produced in the hypoxic secretome compared to 
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the normoxic secretome (166 proteins in hypoxic secretome, 104 in normoxic secretome of which 
81 were co-expressed). Of these proteins with neurotrophic significance, we identified a number 
of molecules where three of them were significantly increased in the hypoxic secretome: thymosin 
beta, elongation factor-2, and 14-3-3, all of which have been reported to have important roles in 
neurite outgrowth and neuroprotective actions (Johnson et al., 1992; van Kesteren et al., 2006; 
Chen et al., 2007; Sun and Kim, 2007; Ramser et al., 2010; Fraga et al., 2013; Iketani et al., 2013) 

 
In our second secretome study, BM-hMSCs were cultured in similar conditions in the bioreactor 

and expanded in planar culture under normoxic conditions (Teixeira et al., 2016b). The secretome 
collected from the bioreactor-expanded cells was found to significantly increase the number of 
immature neurons (DCX+) and mature neurons (MAP2+/NeuN+) when co-cultured with hNPCs, 
compared to static-expanded cell secretome. When this secretome was injected into the dentate 
gyrus of a rat hippocampus, we observed that there was a significant increase in the number of 
immature neurons generated with the bioreactor-produced secretome (CMd), compared with the 
static-produced secretome (CMs) (Figure 8.10b and e). There was a higher number of proliferative 
immature neurons (Ki-67+/DCX+) observed in the bioreactor-produced secretome (CMd), but this 
was not significantly higher than those seen for the static-produced secretome (CMs) (Figure 
8.10a, c, d, f). Analysis of the secretome revealed many proteins upregulated in the bioreactor-
produced secretome (CMd), which include Brain-Derived Neurotrophic Factor (BDNF), VEGF, 
and Nerve Growth Factor (NGF) (Figure 8.10g–i). There was a significant upregulation in IGF-1 
(Figure 8.10j) in the bioreactor-produced secretome, which is a protein that is implicated as being 
an enhancer of neuronal differentiation and hippocampal neurogenesis, as well as an essential 
component of the signaling networks regulating neurogenesis (Annenkov, 2009; Carlson et al., 
2014). 
 

In our third secretome study, the secretome of BM-hMSCs, collected from our bioreactors, was 
injected into a rat model of Parkinson’ disease (6-OHDA rat model) (Teixeira et al., 2016a). We 
found that there was a significant increase in the amount and density of thyrosine hydroxylase (a 
marker of dopamine neurons) in rats that were injected with the secretome compared to our 6-
OHDA treated rats (Figure 8.11c, d, e, f, g, h), compared to controls (Figure 8.11a, b). We also 
observed that there was a significant improvement in motor functions. In summary, our results 
demonstrated that the use of dynamic bioreactor culture conditions can not only provide controlled 
conditions for the expansion of hMSCs but could potentially generate a cocktail of factors (i.e., a 
secretome) that can be used as a cell-free therapy. 
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FIGURE 8.10 The dynamic culture of hMSCs in bioreactors can impact the secretion of bioactive 
molecules by hMSCs and, in our system, has led to a significant increase in neurotrophic molecules. 
Injection of the hMSC-secretome into the dentate gyrus of an adult rat hippocampus from either 
(b) static culture (CMs) or (c) dynamic culture (CMd) resulted in an increase in endogenous 
proliferating immature neuronal cells compared to the sham (a, d–f). The dynamic secretome had 
increased levels of BDNF, VEGF, NGF, and IGF-1 compared to static secretome (g–j). Data are 
expressed as mean ±SEM. *p<0.05; **p<0.01. (Adapted from Teixeira, F.G. et al. [2015]. With 
permission.) 
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FIGURE 8.11 The dynamic culture of hMSCs in bioreactors produced secreted factors which lead 
to an increase in the level of TH-positive neurons when injected into the midbrain of animals in a 
6-OHDA rat model of Parkinson’s disease. Compared to the sham group (a,e), the administration 
of 6-OHDA exhibited reduced TH staining in both the substantia nigra par compacta and striatum. 
Injection of the dynamic secretome into a 6-OHDA treated rat-model resulted in an increased 
number and density of TH-positive cells in the injection site (c,d,g,h) compared to the 6-OHDA 
non-treated group (b,d,f,h). Data are presented as mean ±SEM (sham = 9, 6-OHDA = 9, dynamic 
secretome = 8). *p < 0.05, **p < 0.01, #, sham animals statistically different from 6-OHDA and 
dynamic secretome injected group. Abbreviations: Ctr, control; lpsi, ipsilateral; 6-OHDA, 6-
hydroxidopamine; TH+, tyrosine hydroxylase positive. (Adapted from Teixeira, F.G. et al. [2016a]. 
With permission.) 
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8.4    STREAMLINING THE MANUFACTURING PROCESS 
Once each of the unit operations of a cell manufacturing process is optimized to achieve the best 
performance (i.e., rapid cell growth, high density culture, controlled size of cell-microcarrier 
aggregates, high cell harvest efficiency, high performance of cells or secretome as final products 
under an optimal hydrodynamic condition, etc.), the entire process must be carried out in a GMP-
compliant manner under a strictly aseptic environment to ensure patients’ safety. Operating GMP-
compliant cell manufacturing processes in clean rooms that comply with ISO standards could take 
a prolonged time with long hold steps if the activities are not well organized, particularly when the 
manufacturing scale is large. The process “time” itself must be considered as a critical factor that 
could have a significant impact on the quality and potency of final cell products. 

 
Lengthy hold steps should be avoided, and each of unit operations—cell inoculation, medium 

exchange, cell harvest, and the following of the purification processes—should be quick, efficient, 
consistent and compliant. For instance, performing a bolus medium exchange to replace spent 
medium with pre-warmed fresh medium for microcarrier culture involves the settling down of 
cells loaded on microcarriers to separate them from the spent medium. Once cells are settled down, 
which should take time, the spent medium is perfused out and the fresh medium is added. In a 
large-scale cell manufacturing process, the time required to complete the medium exchange could 
take a long time, during which the agitation of culture is interrupted and thus control process 
variables, such as temperature, pH and DO, cannot be controlled. As such, streamlining the unit 
operations should be carried out to reduce process time. In this regard, it is crucial to document 
(i.e., Standard Operating Procedures) all the steps of cell manufacturing processes in a clear and 
detailed manner. In addition, to finally achieve a “lean manufacturing process” to reduce the 
process time of each unit operation, the steps required between unit operations should also be 
conducted in an efficient way to minimize process hold time. It is important to establish a 
continuous processing from tissue acquisition or a working cell bank through final products in the 
form of frozen vials without “holding steps” to maximize the potency and quality of the cell 
products. In this regard, any constraints to limit the quick and continuous processing of hMSCs 
need to be identified and resolved. 
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