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Abstract 

Current methods for human pluripotent stem cells (hPSC) expansion and differentiation can 

be limited in scalability and costly (due to their labor intensive nature). This can limit their 

use in cell therapy, drug screening and toxicity assays. One of the approaches that can 

overcome these limitations is microcarrier (MC) based cultures in which cells are expanded 

as cell/MC aggregates and then directly differentiated as embryoid bodies (EBs) in the same 

agitated reactor. This integrated process can be scaled up and eliminate the need for some 

culture manipulation used in common monolayer and EBs cultures. This review describes the 

principles of such microcarriers based integrated hPSC expansion and differentiation process, 

and parameters that can affect its efficiency (such as MC type and extracellular matrix 

proteins coatings, cell/MC aggregates size, and agitation). Finally examples of integrated 

process for generation cardiomyocytes (CM) and neural progenitor cells (NPC) as well as 

challenges to be solved are described.   
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Introduction 

Human pluripotent stem cells (hPSC), including human embryonic stem cells (hESC) and 

human induced pluripotent stem cells (hiPSC), have the ability to expand and differentiate to 

multiple cell types, thus are valuable tools for use in cell therapy, drug screening, toxicity 

assays and disease modeling [1]. For these applications efficient large scale and sometimes 

Good Manufacturing Practice (GMP) compatible methods for expansion and differentiation 

should be developed [2]. 

However, current cultivation methods can be inefficient, labor intensive and expensive [3]. 

One of the approaches to overcome these difficulties is to develop an integrated cell 

expansion and differentiation process in one stirred reactor using microcarriers (MC) based 

cultures. This review will describe recent progress and challenges in developing such systems 

with a goal to develop a scalable, xeno-free, chemically defined, and cost effective culture 

system clinical-grade expansion and differentiation of hPSC that comply with the 

requirements of current GMP. 

Expansion of hPSC: two-dimensional (2D) cultures vs three-dimensional (3D) MC 

cultures 

Current 2D monolayer culture methods for hPSC expansion have shortcomings such as 

limited available area for cell growth (Figure 1A), labor-intensive operation, and the lack of 

continuous monitoring and control of the culture environment [4]. The MC system, in which 

cells are growing as aggregates of cells and MC (Figure 1C) suspended in stirred reactors, 

can achieve higher cell yields [3], better control of culture parameters as well as the ability to 

scale up volumetrically. 



Our group [5,6,7,8,9] and others [10,11,12] have reported that several hESC and hiPSC can 

be expanded on a variety of MCs coated with different extracellular matrix (ECM) proteins in 

serum or serum free media achieving higher cell yields, 2.4-4.3 fold more cells than those on 

2D culture plates [7,8,9]. The expanded cells maintain their pluripotency, normal karyotype 

as well as the ability to differentiate into the three germ layers [9,13]. Moreover since these 

cultures are maintained as cell/MC aggregates it can be further differentiated directly 

(without cell dissociation) into a variety of cell types [7,8,13].   

Differentiation of hPSC: 2D cultures and EBs vs 3D MC cultures 

The general differentiation platforms reported in the literature uses 2D monolayer culture or 

3D embryoid bodies (EBs) culturing systems (Figure 1A and B). In monolayer cultures, 

scaling up is limited by the available surface area and control of differentiation is problematic  

[14]. The 3D EBs systems, which rely on cell aggregation, have the potential of volumetric 

scaling up since they are suspended in the culture. However, the multiple steps of cell 

dissociation or manual cutting of the monolayer cultures to generate cell aggregates (Figure 

1B) can cause cell losses, forms large variability in size (which affect differentiation 

efficiency), are laborious and is difficult to scale up [15]. 

On the other hand hPSC propagated in stirred-suspension 3D MC cultures have been reported 

to generate even sized cell MC aggregates (about 300-400m [7,8]) which can be used as 

EBs for direct differentiation into a variety of differentiated cells without the need for cell 

dissociation and exhibit the potential to scale up and implement culture environmental control. 

Differentiation to definitive endoderm [16], cardiomyocytes [17,18,19,20], neural progenitor 

cells [21], hepatocytes [22], and hematopoietic cells [23] in the MC cultures have been 

reported. 



In general, differentiation efficiency in the MC systems is higher than in EBs cultures. For 

example, in MC based cardiomyocytes differentiation 2 to 3-fold higher yield is reported as 

compared to the  EBs method [20,24].  

MC culture parameters 

In order to optimize hPSC expansion and differentiation in stirred spinner flask or bioreactors, 

several parameters need to be controlled. 

Microcarriers and its coatings 

Microcarriers (MC) are 10-200m sized particles made of various polymers (dextran, 

cellulose or polystyrene) have different shapes (beads or cylinders) and porosity 

(macroporous, microporous or non-porous). The properties of MC have been shown to 

significantly affect cell attachment, growth rates and cell pluripotency as well as the 

differentiation process [6]. A detailed study on the effects of shape, size, surface charge, and 

coatings of MC on hPSC cultures by Chen et al. [6] found that large spherical (e.g. Cytodex 1 

and 3) and cylindrical MC (e.g. DE-53) promoted higher cell growth due to the formation of 

less compact cell/MC aggregates compared with small MC (e.g. Tosoh10PR). Several ECM 

matrices were reported to be used for MC coating. Initially undefined Matrigel and serum-

containing media were used [5,9,11,12,16,21,25]. In later stages various defined human ECM 

proteins and serum-free medium systems have been developed. ECM substrates (such as 

laminin, vitronectin, fibronectin, heparin and hyaluronic acid [6]) and serum-free media (such 

as StemPro and mTeSR1 [9]) were tested achieving different levels of cell expansion and 

differentiation. 

Our group has reported that laminin and vitronectin can be used as MC coatings achieving 

1.2-1.5x10
6
 cells/ml hESC density (over 20 passages) in static MC cultures [13]. In switching 



to stirred culture, coating of a combination of cation poly-l-lysine (PLL) and ECM proteins 

(in particular laminin-111) is needed to ensure cell growth [8]. A recent study reported that 

due to the high affinity of human laminin-521 it can be used as a single coating of 

polystyrene MC achieving efficient cell attachment, spreading, and growth of hPSC in 

agitated cultures without additional positive charges [7].  

However, the role of ECM protein coating in 3D MC differentiation cultures has not been 

explored fully. Yet, from classical 2D studies, there are evidence that different ECM proteins 

surface coatings provide more optimal microenvironment for stem cells fate determination 

[26]. For example, fibronectin and laminin are better for definitive endoderm induction [27] 

and promote highly efficient cardiac differentiation [28]. A more systematic study comparing 

various ECM proteins in MC differentiation cultures is needed to further optimize MC based 

differentiation processes.  

In summary, the type of MC and its ECM coating, in combination with serum free media 

should be optimized in order to achieve efficient cell expansion and differentiation process. 

Cell aggregate sizes 

The size of cell/MC aggregates has an impact on the diffusion of oxygen and nutrients into 

the aggregates, affecting cell proliferation and differentiation [29,30]. Manipulation of the 

mode of agitation could modulate the size of aggregates. Previous study showed the 

correlation between cell aggregate size and cell expansion [8] and differentiation [31]. 

Aggregate sizes between 200-800m were considered to be the best for cell expansion and 

differentiation [31]. Recent studies have shown that the optimal aggregates size for cell 

expansion is about 300m in the laminin-111+PLL-coated MC culture, giving rise to 15-fold 

cell expansion and high cardiomyocyte differentiation efficiency [8,18]. Aggregates sizes 



<200m did not support high hESC yields [8] and resulted in predominantly primitive 

endoderm differentiation [31]. 

Effect of agitation 

Agitation provides a homogeneous environment for cell growth and improves nutrient and 

oxygen transports within cells/MC aggregates. However, excessive agitation rates may exert 

extra shear stress on cells, especially the MC collision between each other and the impeller, 

can result in lower viability and cell growth [32,33,34]. Leung et al [35] have shown that 

different hESC lines showed different sensitivities towards shear stress. In shear sensitive cell 

lines like HES-3 and hiPSC (IMR90), a rapid decline in growth and pluripotency was seen 

after 3 passages in agitated conditions. Agitation induced spontaneous differentiation of HES-

3 into all three germ lines without bias toward any particular lineage. Attempts to reduce the 

effects of agitation by the addition of conventional protective polymers used in industry could 

not protect cell cultures from shear effects. On the other hand, HES-2 cell line was found to 

be resistant to shear stress generated by agitation. Thus, it seems that shear stress effects may 

be cell line specific [35].  

Integrated expansion and differentiation of hPSC in MC cultures 

Integrated expansion and differentiation of hPSC in one single culture unit negate the need 

for labor-intensive processes that usually take place following hPSC expansion such as 

harvest and transfer of cells prior to differentiation (Figure 1C). A few groups have reported 

on the development of such systems [16,18,19,36]. Here we present two examples: 

cardiomyocytes (CM) and neural progenitor cells (NPC). 

Integrated expansion and differentiation of hPSC to cardiomyocytes in MC cultures 



Large amounts of hPSC derived cardiomyocytes are needed for cell therapy and 

cardiotoxicity testing [37,38]. A detailed review by our group has discussed the 

considerations of designing systems for large scale production of CM from hPSC [13]. In 

general, 2D and the EB methods are limited in scale up as discussed earlier [3,15]. An 

integrated scalable process that combines hPSC expansion and CM differentiation into one 

unit operation have been demonstrated by our group and proven to be feasible for large scale 

production [18]. The system uses polystyrene MC coated with laminin-111+PLL to generate 

hESC-derived CM within an integrated process of cell propagation and subsequent 

differentiation in 50ml spinner flask. This MC-based culture is 2.5-fold higher in CM/seeded 

hESC as compared to the  monolayer method [18].  

Ting et al [19] have shown that continuous agitation during the initial stages of differentiation 

results in reduction in cTnT and MHC expression. This was overcome by applying 

intermittent agitation (6 min on/66 min off). The integrated systems which use Cytodex 1 MC 

coated with Matrigel produce 191±59×10
6
 CMs per production run, or 32±10 CM per hESC 

seeded with ~66% purity in 100-ml spinner flask. The produced CM showed inotropic dose-

response to isoproterenol and can be used for cardiotoxicity assays (unpublished data) and 

they are being used in large animal model studies [39].  

Integrated expansion and differentiation of hPSC to neural progenitor 

Human neural progenitor cells (NPC), and their derivatives can potentially be used in early 

treatment of several neurological disorders such as Parkinson’s disease or for neurotoxicity 

assays [40]. Current differentiation protocols which use hPSCs expanded in 2D planar and 

EBs cultures [41,42] are limited in their production capability and efficiency. Bardy et al 

(2013) described an integrated hPSC expansion and differentiation to NPC in MC spinner 

cultures [21]. High density of hPSC (6x10
6
 cells/mL, 20-fold expansion) was obtained after 



cell expansion followed by a yield of 333 NPC per seeded hPSC (78%-85% purity) during 

differentiation (11.6-fold higher than the conventional monolayer protocol). The process was 

further improved by substituting the expensive Noggin inducer with two small molecules 

(Dorsomorphin and SB431542) leading to increase in cell yield (15×10
6
 NPC/ml) shortening 

of the neural differentiation by 4 days and increase purity to above 90% (unpublished data). 

The NPC obtained from the integrated process retain the ability to further differentiate into 

neurons, astrocytes and oligodendrocytes.  

Summary and future trends 

The integration of hPSC expansion and differentiation in one unit operation has several 

advantages over other methods: simple operation; high cell yield; controlled aggregate size; 

lower chances of contaminations; lower foot print; ability for representative sampling and 

culture control, scale up potential, lower costs (saving in manpower and manipulations) and 

the potential to comply with defined GMP standards. 

However achieving this target needs optimization of the MC type and its coatings, growth 

and differentiation media, differentiation protocol as well as the agitation system. Further 

optimization of the system can be achieved by controlling of environmental conditions in the 

bioreactors (e.g. pH and dissolved oxygen). 

Medium usage in the above described processes is inefficient and uses periodical replacement 

of medium. The use of bioreactors enables the design of controlled feed or perfusion of 

growth medium, growth factors and inducers into the medium achieving even better cell 

expansion and more efficient differentiation as well as reduction in costs. 



The effect of agitation on cell expansion and differentiation needs to be explored at the 

molecular levels in order find solutions to the use of cultures that are difficult to expand and 

differentiate under these conditions, e.g. blood formation. 

More research geared toward these directions can make the MC based integrated cell 

expansion and differentiation system as the method of choice for efficient large scale 

production of a range of hPSC differentiated cells.  
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Figure 1. Current methods for hPSC expansion and differentiation. (A) 2D monolayer process 

which rely on 2D planar culture. Cell expansion and differentiation can be carried out in a 

single unit. However, it requires handling of multiple units for scale-up. (B) EBs based 

cultures which rely on planar cell expansion followed by formation of cell aggregates (EBs) 

for differentiation. (C) MC based integrated bioprocesses which allow hPSC expansion and 

differentiation to be carried out as a single unit operation in the same bioreactor. The 

advantages of this approach are: high cell yields; controlled aggregate size; time- and cost-

saving, and has the potential to comply with a defined GMP bioprocess system. Scale bar = 

1mm.    

 


