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Abstract 

Background: Human mesenchymal stem cells (hMSCs) have emerged as an important cell 

type in cell therapy and tissue engineering.  In these applications, maintaining the 

therapeutic phenotype of hMSCs requires tight control of the culture environments and 

the structural cell organizations.  Purpose and scope: Bioreactor systems including 

stirred tanks, perfusion chambers, or rotating wall vessels are essential tools to achieve 

these goals in the clinical-scale expansion and tissue engineering applications.  Summary 

of new synthesis and conclusions reached in the review: This review summarizes how 

different bioreactors provide cues to regulate the structure and the chemico-mechanical 

microenvironment of hMSCs with a focus on 3D organization.  In addition to conventional 

bioreactors, recent advances in microfluidic bioreactors as a novel approach to better 

control the hMSC microenvironment are also discussed.  Conclusion: These 

advancements highlight the key role of bioreactor systems in preserving hMSC’s functional 

properties by providing dynamic and temporal regulation of in vitro cellular 

microenvironment.  

  



 4 

1. Introduction 

Human mesenchymal stem cells (hMSCs) are important cell sources in cell 

therapy and regenerative medicine in the last two decades.  Up to now, more than 

400 clinical trials (www.clinicaltrials.org) have tested hMSCs for the treatment of 

various diseases such as graft versus host disease, osteogenesis imperfecta, and 

infarcted hearts etc.  The most commonly used MSCs in the trials are extracted 

from bone marrow stroma (BM-MSCs) [1], although MSCs can also be isolated from 

various adult and fetal tissues including adipose tissue, cartilage, synovial 

membrane, Wharton’s jelly etc. [2].  The minimal criteria to define MSCs include 

plastic adhesion, expression of a set of specific surface markers, and the ability of 

differentiation along osteogenic, adipogenic and chondrogenic lineages [3].  MSCs 

also bear broad regenerative and trophic activities, including the secretion of 

extracellular matrix (ECM), pro-mitotic and pro-angiogenic factors, anti-

inflammatory and immune-regulatory factors, and other bioactive molecules that 

stimulate tissue regeneration by reconstructing a pro-regeneration 

microenvironment and by modulating immune and inflammatory responses [4, 5].  

Thus, harnessing these unique properties is central to the success of hMSC-based 

therapeutic applications.   

Bioprocessing of hMSCs using bioreactors plays several crucial roles in their 

translation to clinical applications.  First, to fulfill the potential for cell therapy, the 

bioreactors are the key to produce a large amount of hMSCs that have the required 

functional properties in tissue regeneration and repair.  Second, to harness MSC’s 

capacity to differentiate into tissues of mesenchymal lineages, the bioreactor 

systems can provide temporally and spatially controlled physiological and 

http://www.clinicaltrials.org/
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biomechanical microenvironments that significantly influence hMSC fate.  An 

important approach to achieve these goals is the reconstruction of an artificial ex 

vivo functional microenvironment, which relies on understanding and 

recapitulating the niche factors in an engineered system in vitro.  A case in point is 

hMSC’s role in bone marrow, where BM-MSCs have been identified as adventitial 

reticular cells, a subset of which are musculoskeletal stem cells [6].  BM-MSCs 

regulate hematopoiesis and the trafficking of immune cells through the secretion 

of large amounts of growth factors and cytokines as well as through direct cell-cell 

contacts with hematopoietic cells [7].  BM-MSCs also have extensive capacity to 

produce and interact with a complex ECM network, forming an interactive 

microenvironment that influences cell fate [8].  During fracture healing or 

skeletogenesis, the ECM of bone marrow is remodeled and endogenous MSC 

aggregates condense to initiate osteogenic differentiation [9].  The natural 

movements or pathological conditions can mechanically stimulate MSCs through 

the modulation of intra-medullary pressure, the blood flow shear stress, and the 

marrow viscosity, which lead to bone formation and the decreased bone 

resorption [10].  Hence, the bioreactor systems are important tools to recreate the 

complex interactions between MSC and their microenvironments [11].   

To date, three major types of bioreactors have been used for the culture of 

MSCs: stirred tank bioreactors, perfusion bioreactors, and rotating wall vessels 

(Figure 1) [12], which provide various ranges of mechanical cues and enable the 

controlled delivery of biochemical molecules to regulate the microenvironment of 

MSCs in vitro.  While these bioreactors have been well characterized and widely 

used in 3D hMSC culture, they are not designed a priori to regulate the 
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microenvironment at cellular levels and have limited capacity to finely control and 

regulate the reciprocal interactions between hMSCs and their immediate 

extracellular surroundings (Table 1).  Thus, novel experimental systems are 

required to further understand, explore and modulate the dynamic and temporal 

relation between hMSC fate and their microenvironment.  Microfluidic bioreactors 

(MBs) emerge as suitable systems to better control the MSC microenvironment in 

vitro because of their capacity to precisely control fluid flow, gradients of 

regulatory molecules, and mechanical stress at the single cell level (Table 1) [13, 

14].  Thus, MBs are able to reveal the dynamic interactions between hMSCs and 

their microenvironment.   

Current advances in bioreactor design for stem cell bioprocessing and 

clinical grade cell expansion for cell therapy have been reviewed in recent articles 

[11, 15].  This review summarizes our present understanding of how the 

bioreactor systems regulate the microenvironment and properties of hMSCs with a 

focus on 3D culture systems.  The limitations of current systems for effective 

regulation of hMSC 3D microenvironment are also discussed.  Finally, the advances 

and challenges of using microfluidic bioreactors to modulate MSC 

microenvironment, to understand the temporal and spatial factors, and to refine 

MSC culture conditions are reviewed here. 

2. MSC organization and properties in 3D cultures 

Major types of 3D MSC culture systems are developed recently, including 

cultures on porous scaffolds, encapsulation using hydrogels, and scaffold-free spheroids 

or their combinations (Figure 2).  Different from 2D cultures, 3D culture of MSCs 

within scaffolds or hydrogels impacts the adhesion pattern (i.e., the focal and the 
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fibrillar adhesion) and regulates cell polarity and migration [16].  In addition, 3D MSC 

culture enhances endogenous ECM expression (e.g., collagen type I, vitronectin, 

laminin etc.), modulates integrin expression profile, and promotes the secretion of 

trophic factors, resulting in the enhanced cell function [17].   

2.1. 3D culture of MSCs within scaffolds or encapsulated in hydrogels 

As an example of 3D cultures based on biomaterials, MSC encapsulation can be 

integrated in the culture device due to the high biocompatibility of hydrophilic hydrogel 

materials (e.g., agarose, gelatin, alginate, Matrigel etc.).  In addition, the gelation 

process is generally based on temperature modulation of the monomers composing the 

hydrogels, which only minimally influences cell viability and function.  The degree of 

in-situ cross-linking of the hydrogels can tune the mechanical environment using cross-

linkers (e.g., Darocur®, Irgacur®, and glutaraldehyde) or by exposure to UV light [18].  

The MSC cellular organization and function depend on the mechanical properties as 

well as the surface properties and spatial distribution of ECM molecules on the 

scaffolds or within the hydrogels (e.g., spread cells vs. spheroids) (Figure 2A) [19].  

Indeed, modulation of the topography and the Young’s modulus of 3D scaffolds has 

been found to regulate MSC morphology, proliferation, and multi-lineage 

differentiation potential [20, 21].  For instance, MSC proliferation and osteogenic 

differentiation were promoted on stiffer (40 kPa) 3D matrices compared to softer 

matrices (6 kPa) in a similar manner to 2D cultures [20, 22].  The MSC trophic 

functions (e.g., pro-angiogenic and neurotrophic factor secretion) are also shown to be 

regulated by the mechanical properties of 3D structures [23].  

2.2. 3D culture of MSCs as spheroids 
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In contrast to 3D organizations formed in porous scaffolds or gels, the formation 

of MSC spheroids free of exogenous materials can also be integrated in different culture 

systems (e.g., low adhesion vessels, mechanical agitation, thermal lifting etc.) (Figure 

2B).  MSC spheroids display the enhanced functional properties by increasing the levels 

of osteogenic, adipogenic and chondrogenic differentiation, as well as the secretion of 

trophic factors and pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF) [24-26].  The efficiency of MSC aggregate formation is closely linked with the 

activation of Ras homolog gene family member A (RhoA)/Rho-associated protein 

kinase (ROCK) signaling and homodimeric cadherin-cadherin interactions [27].  

Compared to 2D cultures, MSC aggregates enhanced N-cadherin expression which 

activated canonical/non-canonical Wnt signaling and promoted osteogenic and 

chondrogenic differentiation [25]. 

Combining spheroid formation and mechanical signaling of biomaterial 

scaffolds, microencapsulation of MSC aggregates may provide signaling for enhanced 

differentiation [28].  Aggregate encapsulation enabled the control of spheroid size and 

prevented their agglomeration [29].  Although further investigation on the effect of 

capsule stiffness is required, evidence indicated positive regulation of adipogenesis, 

chondrogenesis, and osteogenesis by encapsulation of MSC aggregates [30, 31].  

In 3D cultures, controlled delivery of biochemical and biomechanical cues 

cannot be readily achieved under static culture conditions.  Instead, spatially and 

temporally controlled biochemical and biomechanical cues require bioreactor systems in 

which nutrient delivery, biomolecule gradients, and physical forces (e.g., generated 

from the fluid motion, or from the controlled delivery of cross-linker for hydrogel 

encapsulation) can be tightly regulated [11, 32].  
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3. Regulation of MSC biomechanical microenvironment in bioreactors 

While MSC expansion is preferred in a homogeneous environment with low 

shear stress and minimized turbulence, differentiation into specific lineages 

requires an exquisite control of biomechanical environment.  3D scaffolds adapted 

for the bioreactor culture of MSCs can provide extrinsic signaling to drive MSCs 

towards specific phenotype through the modulation of RhoA/ROCK and Yes-

associated protein (YAP)/ transcriptional coactivator with PDZ-binding motif 

(TAZ) signaling pathways (Figure 3A).  Bioreactors also provide mechanical forces 

which can modulate MSC phenotype.  Under certain situations, the effect of 

mechanical stress could dominate the effect of 3D scaffold topography to modulate 

cell shape and thus the differentiation potential of MSCs [33]. 

3.1. Mechanical stress in spinner flasks 

Stirred tank bioreactors, with the prototype of spinner flasks (SF), are 

commonly used for 3D MSC culture on different types of scaffolds or as spheroids 

[26, 34].  The long-term cultivation of MSC spheroids in stirred bioreactors 

prevents aggregate agglomeration and improves cell viability compared to static 

cultures [24].  The encapsulation of MSCs has also been shown to enhance cell 

viability, potentially through protection from heterogeneous shear stress and by 

controlling the aggregate size [35].  The culture agitation mediated by the impeller 

in SF regulates MSC organization and promotes homogeneous cell distribution 

following Poisson law compared to static cultures [36].  Moreover, SF is found to 

enhance the secretion of endogenous ECM for MSCs cultivated in 3D scaffolds [37].  

Spinner flasks provide moderate turbulent flow with a Reynolds number 

(Re) ranging between 1,400 and 2,300 [38].  The average shear stress is about 2.9 
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to 7.5×10-3 Pa and the Kolmogorov eddy sizes range between 160 and 230 m 

[38].  However, the shear stress distribution inside spinner flasks is heterogeneous 

with a broad range from 0.004 to 0.2 Pa [39].  Fixation of the scaffolds at a defined 

location of the spinner flask enables more predictable shear stress compared to 

free floating scaffolds [40].  Moreover, in spinner flasks, the flow acts 

predominantly at the edge of the scaffolds, with no or minimal penetration inside 

the scaffolds [40].  Modifications of SF geometry (e.g., using baffles or wavy walls) 

have demonstrated better shear stress distribution or mixing dispersion within the 

vessels [41].  Novel spinner flask designs using biaxial agitation significantly 

increase the homogeneity of fluid shear stress and its diffusion within the scaffolds 

[40].  Such new stirred bioreactors have been shown to improve mechanical 

signaling on MSCs compared to unidirectional flow [42]. 

3.2 Mechanical stress in perfusion chambers 

Perfusion chamber (PC) bioreactors can increase the homogeneity of MSC 

distribution and promote cell alignment in 3D scaffolds in a flow magnitude-

dependent manner [43-45].  Classical PC bioreactors provide parallel laminar flow 

(around the scaffolds).  For a flow rate between 0.01 and 0.5 mL/s, the average 

shear stress magnitude is about 10-4 Pa [46, 47].  MSCs grown in PC demonstrate 

more elongated cell morphology compared to static condition when increasing 

flow rate [48].  In addition, flow configuration can affect the endogenous ECM 

secretion and organization of MSCs [44, 49].  However, the shear stress 

distribution inside a 3D scaffold is highly heterogeneous and strongly depends on 

the flow direction and scaffold architecture [50].  For instance, transverse flow has 

been reported to enhance mechanical signaling compared to parallel flow [51], 
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presumably due to a higher percentage of cells exposed to interstitial flow induced 

in the transverse flow mode.   

Designs of novel biomaterial architecture (e.g., scaffolds with fibers parallel 

to the flow) or flow configurations have been tested to enhance the shear stress-

mediated diffusion inside scaffolds [52].  The highest shear stress is found on the 

surface of the pores in the scaffolds as a function of the number and the size of the 

pores [50, 51].  Conversely, the fluid shear stress is lower inside the scaffolds 

(almost by 20-fold), where the fluid flow provides convective transport over the 

mechanical stresses.  It was demonstrated that reducing the angle between the 

fibers or increasing both the porosity or the diameter of the scaffolds significantly 

enhanced the diffusion of hydrodynamic stresses, and consequently the biological 

activities of MSCs [53].  

3.3. Mechanical stress in rotating wall vessels 

The rotating wall vessels (RWV) provide low shear stress and promote the 

round shape of MSCs, which have shown similar viability and proliferation 

compared to 2D cultures [54].  The cell distribution inside 3D scaffolds is enhanced 

in RWV compared to the static culture due to the hydrodynamic environment with 

high mass transfer rate [55].  In addition, microgravity in RWV can induce the 

formation of spheroids and is suitable to expand MSC aggregates [56].  For 

differentiation, MSC spheroids cultured in adipogenic and osteogenic medium in 

RWV exhibit oil red O staining and von Kossa staining respectively, demonstrating 

the ability of the aggregated cells for lineage-specific differentiation [56].   

Microgravity-based bioreactors with the prototype of RWV reduce the 

effects of normal gravity and provide laminar flow with lower magnitude of shear 
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stress compared to other types of bioreactors [57, 58].  However, computational 

fluid dynamics analysis reveals the variations of shear stress and fluid velocity 

inside scaffolds.  For instance, for cylindrical scaffolds the shear stress is predicted 

at 6×10-3 Pa at the bottom, 9×10-3 Pa at the top, and 7×10-3 Pa at the lateral part of 

the scaffolds [58]. 

3.4. Incorporation of hydrostatic pressure, compression and tensile force 

While scalability is a major criterion for the bioreactors designed for hMSC 

expansion, the ability to recreate and control the 3D microenvironment is an 

important consideration for the applications in regenerative medicine.  

Compression bioreactors (CC) provide direct uniaxial compressive forces by 

hydrostatic pressure or by mechanical stimulators [59].  CC can enhance MSC 

migration and promote cytoskeletal reorganization, which is reinforced by the 

scaffold mechanical properties [60].  In addition, CC upregulate the synthesis of 

several ECM proteins (e.g., collagen) compared to static cultures [61].  As a 

consequence, CC can induce changes in MSC morphology: from highly spreading 

cells to the formation of intercellular connections, depending on the initial status 

of RhoA or Ras-related C3 botulinum toxin substrate 1 activation [59].  The 

regulation of MSC shape in CC consequently affect the differentiation into 

osteogenic and chondrogenic lineages. 

Tensile strain bioreactors (TS) provide stretching forces to MSCs through 

mechanical stimulators.  Application of tension stress to MSCs promotes elongated 

cell shape and increases ECM secretion [62].  TS can change MSC mechanical 

properties such as increasing cellular Young's modulus through the induction of 

actin stress fiber formation [62].  In addition, TS promotes MSC alignment 
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perpendicularly to the strain axis [63].  While uniaxial static stretching can induce 

local alignment of actin fibers, dynamic stretching leads to significant cytoskeletal 

alignment and repolarization of hMSCs through entire cell network [64]. 

3.5. Limitation of the conventional bioreactor systems 

The bioreactors discussed so far allow the cultivation of MSCs at relatively 

large scale (~cm3) (Table 1).  Among several types of bioreactors, a better MSC 

colonization of 3D scaffolds has been observed in biaxial spinner flasks compared 

to PC, RWV and uniaxial spinner flasks [42], while MSC spheroids cultivated in 

spinner flasks and RWV have shown similar cellular structure and viability [24].  

Although spinner flasks are convenient for increasing scale of MSC production at 

the undifferentiated state, they may be less useful than PC or RWV for investigating 

the effects of mechanical stress on MSC differentiation (Table 1).  The limitation of 

RWV and PC is the difficulty to regulate and control metabolite or morphogen 

diffusion and mechanical forces within the scaffolds.  

More importantly, SF, PC, RWV, CC and TS have restricted throughput for 

the modulation of culture conditions, as well as a limited resolution for the 

dynamic analysis of cell behavior, which is usually performed at the population 

level and or by sampling (Table 1).  Moreover, the regulation of MSC environment 

in conventional bioreactors is often performed by trial and error.  While the use of 

computational models combined with the bioreactor systems allows to better 

direct MSC priming, novel devices are still required for the dynamic, spatial and 

temporal tight control MSC fate in 3D culture [65].  

3.6. Microfluidic bioreactors for a better control of mechanical stress 
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MBs combine the features of conventional bioreactors (i.e., hydrodynamic 

stress, capability of 3D culture etc.) but exceed their performance by a high degree 

of throughput for analysis and the capability for complex combinatorial regulation 

of MSC microenvironment (Table 1) [65].  Indeed, MBs are designed with micro-

scale control of the geometry (e.g., by photolithography-based molding) which can 

precisely control the fluid flow (Table 2) [66].  In addition, gradients of mechanical 

stress can be generated in MBs, enabling the tight control of various shear 

magnitudes inside the same vessel for the same MSC population [67, 68].  

Therefore, the influence of shear stress on single MSCs or individualized spheroids 

can be assessed in MBs [69-71].  MBs also enable the tuning of physico-chemical 

properties of the scaffolds or capsules [72].  Therefore, MBs can accurately define 

combinatorial mechanical parameters for optimal MSC priming in vitro.  Besides 

the mechanical stress, other types of forces generated from electromagnetic field, 

tensile tension, and compression in bioreactors can provide additional signaling to 

regulate the differentiation of MSCs along specific (e.g., chondrogenic and 

osteogenic) lineages (Table 2) [73-77].   

To investigate the effects of mechanical stress distinct from biochemical 

cues, a novel application of droplet-based microfluidic chips has enabled the 

development of biological compartmentalization methods, reducing the 

interference of MSC paracrine signaling on the specific cues provided by the 

bioreactors [78, 79].  MBs enable the accurate investigation of the specific 

contribution from the diffusion of biochemical molecules versus the mechanical 

forces resulting from fluid flow, through the generation of Peclet number (Pe) 

gradients [80].  Hence, MBs emerge as powerful dynamic culture tools to tightly 
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refine MSC culture conditions, through the specific combination of biochemical and 

biomechanical cues that can lead to enhanced functions of MSCs. 

4. Regulation of MSC biochemical environment in bioreactors 

Bioreactors not only provide mechanical signaling regulating proliferation 

and differentiation of MSCs, but also modulate mass transport and thus the 

dynamic and temporal distribution of the nutrients and growth factors (Table 3).  

The biochemical environments are shaped by essential nutrients such as glucose 

and oxygen and by the molecules that can induce MSC differentiation, playing a 

synergistic role in a bioreactor environment.  

4.1. Glucose and oxygen levels for regulating MSC metabolism 

Proliferation of MSCs relies mainly on glycolysis while the differentiation 

along adipogenic and osteogenic lineages requires a metabolic switch from 

glycolysis to oxidative phosphorylation [81, 82].  In contrast, MSC chondrogenic 

differentiation is accompanied by enhanced glycolytic metabolism [81].  During 

expansion, the specific glucose consumption of MSCs was reported to be 0.2-0.4 

pmol/cell/h [83] and the oxygen uptake rate was 98 fmol/cell/h [81].  During 

osteogenic differentiation, the glucose consumption rate was reduced by 2-fold 

(about 100 fmol/cell/h), while no change was observed for chondrogenic 

differentiation [83].  As the major metabolic substrates, both glucose and oxygen 

levels influence MSC fate.  Low concentration of glucose was shown to promote 

MSC expansion and chondrogenic differentiation [84], while high concentration of 

glucose was reported to enhance adipogenic and osteogenic differentiation [85].  

Oxygen requirements also change upon MSC differentiation.  For example, MSC 

proliferation and chondrogenic differentiation were found to be enhanced under 
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hypoxia, which promotes glycolytic metabolism [86].  In contrast, adipogenic and 

osteogenic differentiations are reduced under hypoxia which prevents the 

metabolic switch to oxidative phosphorylation [87]. 

The fluid motion in different bioreactors influences oxygen and glucose 

delivery, the biomolecule gradients, and the accessibility to the cells.  For example, 

a parallel flow perfusion bioreactor is insufficient to sustain 3D bone construct 

development due to increased oxygen demand, while the increased interstitial 

flow in transverse flow pattern can enhance oxygen delivery to the cells [51].  In 

addition, well-instrumented bioreactors (e.g., stirred tank vessels) equipped with 

oxygen and pH probes as well as sensors of metabolites enable the feedback 

control of oxygen tension and glucose concentration inside the culture vessel [88].   

4.2. Biochemical molecules and synergistic effects with biomechanics 

Biochemical molecules can act synergistically with mechanical stress in 

bioreactors, leading to efficient osteogenic differentiation [89].  For example, 

osteogenic differentiation of MSCs can be enhanced by combining the mechanical 

stress in bioreactors (e.g., cyclic strains and perfusion) and osteo-inductive soluble 

factors (e.g., dexamethasone, ascorbic acid, and β-glycerolphosphate) [90, 91].  

Dexamethasone and bone morphogenetic protein (BMP)-2 were found to promote 

the expression of TAZ which led to better osteogenic differentiation (Figure 3A) 

[92].  Dexamethasone also up-regulates familial hemophagocytic 

lymphohistiocytosis-2 (FHL2), which increases nuclear translocation of β-catenin 

and thus the osteogenic differentiation of MSCs via activation of RUNX2 [93, 94].  

Ascorbic acid might activate the osteoblastic cis-acting element (OSE2) promoter 

to promote osteocalcin expression [95].  β-glycerol phosphate, a source of 
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inorganic phosphate (substrate for alkaline phosphatase), was shown to stimulate 

mineralization and regulate osteopontin expression [96].   

Similarly, adipogenic differentiation is promoted by combining 

microgravity in RWV and soluble adipo-inductive factors such as dexamethasone, 

insulin, indomethacin etc. [97].  While microgravity mainly regulates the Hippo 

signaling to modulate adipogenic differentiation, the soluble adipogenic factors 

influence other distinct signaling pathways.  Indeed, insulin and glucocorticoids 

can act on the upstream of adipogenic differentiation, leading to the activation of 

CCAAT/enhancer binding protein (C/EBP)-β and C/EBP-δ (early stage of 

adipogenesis) [98].  The treatment of MSCs with indomethacin or a selective 

repressor of COX-2, parecoxid, has been shown to increase adiponectin expression 

of MSCs (late stage of adipogenesis), while suppressing osteogenic differentiation 

[99].  In addition, thiazolidinedione can act as a direct agonist of PPAR-γ at the late 

stage of adipogenesis [100]. 

Chondrogenic differentiation of MSCs can be enhanced through the 

synergistic effects of mechanical forces from bioreactors (such as compression) in 

the presence of biochemical factors, e.g., dexamethasone, transforming growth 

factor (TGF)-β, and ascorbic acid [101, 102].  Indeed, dexamethasone was found to 

induce the expression of sex determining region Y-box 9 (SOX9) during 

chondrogenesis [103].  TGF-β and TGF-β receptor-regulated SMAD-3 and p300 

cooperatively activated SOX9-dependent transcription of collagen type II [103].  

Ascorbic acid may also contribute to the MSC expression of Col2a (collagen type II) 

at the transcriptional and the post-transcriptional level [104]. 

4.3. Dynamic and temporal regulation of biochemical signaling 
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Dynamic and temporal regulation of the differentiation through cellular 

metabolism and various biochemical inducers may be required to improve MSC 

proliferation and differentiation.  Bioreactors can provide sufficient level of 

throughput to accurately define the biochemical microenvironment for MSC fate 

decision.  In addition, bioreactors allow continuous monitoring of metabolic and 

phenotypic status, and help to define feeding strategies.  Indeed, different types of 

bioreactors can be equipped for various spectroscopic measurements (e.g., Raman, 

near infrared, impedance etc.) which enable the on-line monitoring of cell phenotype 

and metabolic status during MSC expansion or differentiation [105].  Moreover, 

bioreactors enable the combinational delivery of multiple metabolic, physiological, 

and mechanical cues, which can hardly be achieved in 2D static cultures. 

Bioreactors allow the rational design of culture processes to dynamically 

meet the metabolic and physiological requirements for MSC proliferation.  For 

instance, batch, fed-batch, and continuous cultures can be operated in bioreactors.  

While batch culture does not provide sufficient nutrients for MSC growth [12, 106], 

fed-batch culture based on the monitoring of glucose or growth factors was shown 

to promote MSC proliferation [106].  The continuous delivery of medium was also 

found to enhance MSC proliferation independent of flow shear stress [107].   

Dynamic and temporal regulation of the biochemical microenvironment in 

bioreactors also modulates MSC differentiation.  For instance, dynamic regulation 

of oxygen tension in perfusion bioreactors was shown to promote adipogenesis 

(under 20% O2) or chondrogenesis (under 5% O2) depending on oxygen level 

[108].  In contrast, batch bioreactor culture can promote adipogenic differentiation 

through autocrine signaling [109].  The continuous delivery of dexamethasone 
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during both the expansion and the differentiation stages was found to promote 

osteogenic differentiation compared to the dexamethasone treatment during the 

differentiation stage only [110].  The transient delivery of serum at the early stage 

of differentiation promoted both osteogenic and chondrogenic differentiation 

[111].  Moreover, for chondrogenic differentiation, it was reported that short-term 

exposure to TGF-β1 enhanced proteoglycan expression and maintained total Col2a 

expression while the specific productivity of Col2a was decreased compared to the 

constant exposure to TGF-β1 [112].  Despite these observations, the dynamic and 

temporal regulation of the differentiation inducers in bioreactors has not been 

investigated in detail to date.  Hence, a tightly controlled microenvironment in 

appropriately designed bioreactor is indispensable for the dynamic and temporal 

regulation of MSC biological function. 

Using conventional bioreactors, precisely controlled spatial and temporal 

biomolecule gradients are hardly achievable at microscopic levels.  In this regard, 

MBs have a unique capacity to generate the gradients of metabolites, growth 

factors, or cytokines [66], via T-sensors, premixer gradient generators, and 

universal gradient generators etc. [113].  Indeed, due to the micro-size geometry of 

the channels and thus low Reynolds number in MBs, the mixing of miscible 

solutions of different concentration or composition never occurs.  In the absence of 

inertial force, viscous force (including diffusion and pressure-driven convection) 

dominates in MBs for the dragging of the culture medium.  Consequently, while a 

high Peclet number (Pe) does not enable the mixing of different miscible solutions, 

a low Pe number allows the formation of inter-diffusion zone for the precisely 

controlled generation of long-term stable gradients [114].  Moreover, due to the 
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small scale of the culture chamber, steady state occurs within a short time period 

in MBs, enabling the temporally controlled molecular gradients [115].  

Furthermore, MBs can be equipped with multiple gradient generators for the 

combinatorial regulation of the MSC biochemical environment [116].  Thus, MBs 

provide better control for nutrient and growth factor delivery at single cell or 

individual spheroid levels.   

However, the applications of MBs for the dynamic and temporal regulation 

of the MSC microenvironment are still emerging.  Indeed, limited studies on 

biomolecule concentration gradients (e.g., fetal bovine serum, chemotactic agents, 

and oxygen) have been evaluated in 2D and 3D systems for the regulation of MSC 

migration or proliferation (Table 3) [117-119].  These proof-of-principle studies 

indicate the feasibility of dynamically refining the 3D environment by combining 

MBs and live cell imaging (e.g., using reporter gene expression systems) towards 

the enhanced functional properties of MSCs. 

4.4. Regulation of endogenous ECM secretion, paracrine signaling, and 

trophic activities 

MSCs are a signficant source of endogenous macromolecues that have 

essential signaling function.  Regulation of the spatial and temproal distribution of 

the cell-secreted macromolecules is an important means to regulate MSC trophic 

effects and control tissue regeneration.  In parallel flow, MSCs secrete more ECM 

proteins compared to static culture or transverse flow [51].  In addition, MSCs in 

perfusion bioreactors were reported to secrete high levels of growth factors.  For 

instance, autocrine fibroblast growth factor (FGF)-2 expression was enhanced in 

parallel flow, which promoted the proliferation of MSCs [120].  Moreover, the 
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culture of MSCs in perfusion bioreactors or under mechanical loading promoted 

the secretion of VEGF and other pro-angiogenic factors such as FGF-2 and TGF-β1 

through the activation of endothelial nitric oxide synthase (eNOS) and PGE2 [121, 

122].  MSCs in perfusion bioreactors enhanced the expression of placental growth 

factor, a pro-osteogenic molecule, through actin polymerization-mediated 

mechanism (e.g., RhoA/ROCK) [123].  In spinner flasks, MSC spheroids 

upregulated the expression of VEGF and IL-24 [24], a molecule reducing the 

viability of cancer cells.  Under microgravity, MSCs enhanced the secretion of 

neurotrophic factors such as nerve growth factor, brain-derived neurotrophic 

factor, and ciliary neurotrophic factor [99]. 

However, the precise impact of the bioreactor-mediated cues remains 

unclear especially at the single MSC level.  Due to the intrinsic heterogeneity of 

MSC populations, understanding the variability of the responses of MSCs at the 

single cell level to micro-environmental changes is critical for the rational design of 

MSC differentiation protocols [124].  Contrasting to other types of bioreactors, MBs 

enable a time-resolved single cell characterization without the need for cell 

processing (e.g., cells need to be harvested for flow cytometry analysis) [109, 125, 

126].  Moreover, the tight control of flow rate in MBs can precisely balance the 

equilibrium between the accumulation and the wash-out of cell-secreted factors; 

thus, MBs allow the assessment on the contribution of paracrine factors to the 

regulation of MSC behavior [109].  Moreover, droplet-based MBs enabling 3D 

biological compartmentalization combined with tightly controlled 

microenvironment are especially promising for new applications [127].  For 

instance, using a microsphere-conjugated antibody, MB enabled the single cell 
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detection of the transcriptome by encapsulating individual cells into droplets for 

nanoliter reverse transcription reaction [69], which can be combined with a cell 

sorting system [128].  In addition, droplet-based MBs can be used for the high-

throughput controlled MSC aggregate formation and encapsulation within tunable 

hydrogels [129].  Thus, MB systems should ultimately enable the combination of 

the accurate screening of inductive culture conditions, and the enrichment of 

homogeneous primed MSC population for a dedicated clinical application.  

5. Convergence of intracellular signaling pathways in bioreactors 

5.1. Regulation of MSCs through the RhoA/ROCK and Hippo signaling 

The mechanical properties of 3D scaffolds (e.g., Young’s modulus) and the 

MSC aggregate formation regulate cellular behavior through integrin-mediated 

signaling, the increased cellular traction, and the activation of RhoA/ROCK 

signaling [130, 131].  In addition, RhoA/ROCK also regulates the MSC alignment 

along the nanofibers in 3D polymeric scaffolds [132].  The viscoelastic properties 

of biomaterials can affect the expression of cadherins, which in turn modulates the 

activation of RhoA/ROCK signaling [133].  Transduction of the mechanical signals 

in most bioreactors was found to act through integrins and focal adhesion kinase 

(FAK) auto-phosphorylation which activated RhoA/ROCK and promoted MSC 

proliferation and osteogenic differentiation [97, 134].   

Hippo signaling can be regulated through 3D cell organization and shear 

stress in the bioreactors [135].  The activation of RhoA/ROCK induced by shear 

stress in perfusion bioreactors, the biomaterials stiffness and 3D cell organization 

leads to the formation of actin fibers and the activation of Hippo signaling [20, 

135].  In this pathway, activation of RhoA/ROCK results in the un-phosphorylated 
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forms of YAP/TAZ potentially through the inhibition of Lats1/2, a specific kinase of 

YAP/TAZ [136].  The un-phosphorylated YAP/TAZ is translocated to the nucleus 

and acts as a co-activator of Runt-related transcription factor 2 (RUNX2) and a co-

repressor of peroxisome proliferator-activated receptor (PPAR)-γ that promotes 

osteogenic differentiation but inhibits adipogenesis (Figure 3A) [137]. 

5.2. Regulation of MSCs through the Wnt/β-catenin signaling 

Besides Hippo signaling, the Wnt/β-catenin pathway is also influenced by 

MSC organization and especially by the shear stress in bioreactors (Figure 3B).  

Decreased expression of Dickkopf-1 (DKK-1), an inhibitor of Wnt signaling, has 

been observed in MSC spheroids [5].  Due to the enhanced N-cadherin expression 

and β-catenin signaling in MSC spheroids, Wnt pathway might be the key for the 

enhanced ostegeonic differentiation of MSC spheroids [24].  In bioreactors, fluid 

shear stress was found to activate non-canonical Wnt pathway and enhance the 

liberation of β-catenin from N-cadherin, which promoted osteogenesis through 

RUNX2 activation and reduced adipogenic differentiation [138].  Fluid flow from 

perfusion bioreactors was reported to act mostly at the early stage of osteogenic 

differentiation [139], because the sustained β-catenin signaling may have negative 

effects on the later stages of osteogenic differentiation [140].   

Chondrogenic differentiation is also enhanced in PC and SF mediated by 

Wnt/β-catenin pathway.  Perfusion flow was found to promote chondrogenic 

differentiation over osteogenic differentiation depending on cell density and 

condensation stage [141, 142].  Fluid shear stress can increase the level of the 

activated extracellular signal-regulated kinase (ERK) 1/2, which is necessary for 

chondrogenesis.  On the other hand, TGF-β continuously activates the canonical 
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Wnt/β-catenin and SMAD-3 signaling, which antagonize the late osteogenic 

differentiation and promoted chondrogenic differentiation [140, 143].  Hence, 

bioreactor-mediated mechanical stress increases β-catenin signaling and enhances 

chondrogenic differentiation in combination with the presence of TGF-β (Figure 

3B).  These observations indicate the close cooperation between biochemical and 

mechanical signals to regulate MSC fate in bioreactors. 

While the β-catenin signaling and the Hippo pathway cooperate to enhance 

MSC differentiation in a context-dependent manner, other signaling may also act in 

concert to promote MSC differentiation.  For instance, the regulation of ion 

channels, calcium signaling, and the secretion of nitric oxide and prostaglandin E2 

(PGE2) also contributes to the enhanced osteogenic differentiation under 

mechanical stresses [144]. 

Conclusions and future perspectives 

Bioreactors provide culture environment in which molecular signaling from 

biomaterials, physical forces, and biochemical molecules are integrated and 

modulated.   These functions are especially important in regulating 3D biochemical 

and biomechanical microenvironments to provide reproducibility and scalability 

required in MSC bioprocessing and tissue regeneration for clinical application.  

While the conventional bioreactor systems have been extensively studied, the 

limitations of these systems may be addressed by microfluidic bioreactors that 

enable tighter control of 3D culture microenvironment.  Microfluidic bioreactors 

should enable systematic screening of different combinations of mechanical cues 

and address dynamic delivery of biomolecules for the temporally controlled 

molecular induction of MSC priming.  Moreover, the assessment of heterogeneities 
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within MSC population should be accurately addressed for better understanding of 

the non-responding cells.  To date, the potential of microfluidic devices for MSC 

culture in vitro has not been fully exploited.  Hence, there are avenues towards the 

refinement of MSC culture processes and better understanding of stem cell niche 

using microfluidic bioreactors.  
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Table 1. Comparison of different bioreactors for MSC expansion and 
differentiation. 
 
Type of 
bio-
reactor 

Geometry/ 
Dimension 

Manufac-
turing 
limitations 

Sample   
volume  

Micro- 
environment 
regulation 

Biochemical 
Micro-
environment 
control 

Mechanical 
Micro-
environment 
control 

Resolution 
level for 
monitoring 

Ref. 

Spinner 
flask (SF) 

Cylinder 
e.g. 145×63.5 
mm (125 mL 
spinner from 
Corning) 

SF requires 
glass or 
plastic 
molding 

Up to 
5 cm3 

 

Single 
environmental 
condition 
could be tested 
per run 

SF can be 
equipped with 
probes/analy-
tic tools (e.g., 
Raman 
spectrometry) 

Various level of 
shear stress 
generated by 
impeller 

Cell 
Population/ 
Sample level 

Zhang et 
al., 2010 
[42] 

Rotating 
wall 
vessel 
(RWV) 

Cylinder 
e.g., 95.3 
×198.1mm 
(1000 mL, 
Synthecon) 

RWV requires 
glass or 
plastic 
molding 

Up to 
10 
cm3 

 

Single 
environmental 
condition 
could be tested 
per run 

RWV can be 
equipped with 
probes/analytic 
tools (e.g., 
Raman 
spectrometry) 

Homogeneous 
shear stress 

Cell 
Population / 
Sample level 

Cinbiz et 
al., 2010 
[58] 

Perfusion 
chambers 
(PC) 

Cylinder/ 
Rectangle 

No limitation: 
PC can be 
custom-
fabricated 

Up to 
5 cm3 

 

Single 
environmental 
condition 
could be tested 
per run 

PC can be 
equipped with 
probes/analy-
tic tools (e.g., 
Raman 
spectrometry) 

Homogeneous 
shear stress 

Cell 
Population / 
Sample level 

Bartniko
wski et 
al., 2014 
[50] 

Compress
ion 
chamber 
(CC) 

Cylinder 
(10 × 5 mm, 
e.g.,  
CartiGen) 

CC requires 
plastic 
molding 

Up to 
1 cm3 

 

Single 
environmental 
condition 
could be tested 
per run 

Limited Homogeneous 
compressive 
forces 

Cell 
Population / 
Sample level 

Ye et al., 
2014 
[61] 

Tensile 
stress 
chamber 
(TC) 

Cylinder  
(e.g., up to 31 
mm2, 
Flexcell) 

No limitation: 
TC can be 
custom-
fabricated 

cm3 
scale 

Single 
environmental 
condition 
could be tested 
per run 

Limited Homogeneous 
stretching 
forces 

Cell 
Population / 
Sample level 

Ghazanfa
ri et al., 
2009 
[63] 

Micro-
fluidic 
bio-
reactors 
(MB) 

Rectangle 
High aspect 
ratio: 
(height: 
micron size ; 
width: 
centimeter 
size) 

No limitation: 
MBs are 
usually 
custom-
fabricated 

mm3 

scale 
Gradient of 
biochemicals;  
Gradient of 
bio-mechanical 
forces 

Highly 
controlled/live 
imaging/can be 
equipped with 
probes/ analytic 
tools (e.g., 
Raman 
spectrometry) 

Highly 
controlled 
hydro-dynamic 

Single cell 
analysis / 
Live imaging 

Pagano 
et al., 
2014 
[119] 

 
  



 36 

Table 2. Regulation of MSC mechanical microenvironment in microfluidic 
bioreactors. 
 

Cell 
organiza-
tion 

Type of 
microfluidic 
bioreactor 

Parameter evaluated Effect on MSC 
proliferation 

Effect on MSC 
phenotype 

Ref. 

2D 

Pneumatic 
based air 
chamber 

Compression forces (1 
kPa to 20 kPa) in the 
same vessel 

1.5 fold 
increase 
 

Moderate 
compression (5 kPa) 
enhanced osteogenic 
differentiation 

Sim et al., 
2007 
[145]  

Diaphragm 
vacuum 
pump 
negative 
pressure 

Tensile stress (2.2 to 
3.7 % membrane 
deformation) in the 
same vessel 

2 fold increase 
compared to 
unstressed 
conditions 

3.7% membrane 
deformation 
increased 
osteogenesis and 
decreased 
adipogenesis; 
Comparison with 2D 

Gao et al., 
2011 [77]  

Pneumatic 
air chamber 

Simultaneous adipose 
tissue (AT) derived 
versus bone marrow 
(BM) derived MSCs 
osteogenic 
differentiation upon 
compression (from 1 
psi to 5 psi) 

N.D. BM-MSCs displayed 
higher osteogenic 
differentiation 
compared to AT-
MSCs 

Park et 
al., 2012 
[90]  

Perfusion 
plus 
resistance 
chamber 

Multiple shear stress 
magnitude (0.009 to 
1.089 dyne/cm2) in 
the same bioreactor 

1.5 fold 
increase 
between 0.009 
and 1.089 
dyne/cm2 

Shear stress (1.089 
dyne/cm2) increased 
osteogenic 
differentiation 

Zhong et 
al., 2013 
[67]  

3D 

Syringe 
pump 
perfusion 

MSC self-crosslinking 
(i.e., poly-
ethyleneimine-
hydrazide) 
(spheroids) 

N.D. Similar von Kossa 
staining compared to 
2D culture 

Ong et al., 
2008 [71]  

Syringe 
pump 
perfusion 

Shear stress (flow rate 
ranging from 0.06–0.2 
ml h-1) into 3D 
scaffolds 

N.D. Enhanced osteogenic 
differentiation (von 
Kossa staining) 
compared to 2D 
culture 

Toh et al., 
2007 [68]  

Static 
cultures 

Surface micro-
patterning (250-1000 
m) for multicellular 
structures of MSCs 

N.D. Size of the 
micropattern 
regulated adipogenic 
and osteogenic 
differentiation 

Ruiz et 
al., 2008 
[146]  

Solenoid 
valve 
compression 
device 

Compressive strain 
magnitude (poly 
ethylene glycol 
encapsulation), 6 to 
26% compressive 
strain 

N.D. High compressive 
stain (26%) 
increased MSC 
deformation 

Moraes et 
al., 2010 
[76]  

N.D. not determined. 
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Table 3. Regulation of MSC physiological microenvironment in microfluidic 
bioreactors 
 

Cell 
organiza-
tion 

Type of 
bioreactor 

Parameter 
evaluated 

Effect on MSC 
proliferation 

Effect on MSC 
phenotype 

Ref. 

2D 

Osmotic 
pump 
perfusion 

Gradient of fetal 
bovine serum 
(FBS) (0 to 30%) 
in the same vessel 

30% FBS enhance 
MSC proliferation, 
attachment viability 
and spreading 
compared to lower 
concentration 

N.D. Park et al., 
2007 [118]  

Peristaltic 
pump 
perfusion 
chamber 

Series dilution of 
adipogenic 
conditioned 
medium in the 
same bioreactor 

N.D. Increased 
homogeneity in 
differentiation. 
Paracrine signaling 
promoted early 
adipogenic 
differentiation (C/EBP 
β and C/EBP δ) 

Hemmings
en et al., 
2013 [109]  

Perfusion Perfusion of 
hepatogenic 
differentiation 
medium 

2 fold increase 
compared to 96 well 
plates 

Increased hepatogenic 
differentiation (4 fold 
increase in low-
density lipoproteins 
uptake) 

Ju et al., 
2008 [126]  

3D 

Perfusion 3D perfusion 
versus 2D cultures 

2 fold increase Enhanced neuronal-
like differentiation 
compared to 2D 

Choi et al., 
2011 [125] 

Static MSC spheroid 
encapsulation by 
flow-focusing 

N.D. Enhanced osteogenic 
differentiation of MSC 
spheroids in alginate-
RGD compared to 
alginate alone 

Chan et al., 
2013 [129] 

Perfusion Gradient of bone 
morphogenetic 
protein (BMP)-2 

N.D. Enhanced chemotaxis 
under gradient 
compared to uniform 
BMP-2 concentration 

Pagano et 
al., 2014 
[119] 

N.D. not determined. 
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Figure legends 

Figure 1. Different types of bioreactors to regulate MSC microenvironment. 

(A) Spinner flask (SF) bioreactor enables MSC culture in 3D scaffolds or as 

spheroids.  (B) Perfusion chamber (PC) enables MSC culture in 3D scaffolds.  (C) 

Rotating wall vessel enables MSC culture on 3D scaffolds or as spheroids (RWV).  

Microfluidic bioreactor (MB) with flow focuser to generate capsule droplets for 

MSC encapsulation as single cells or as spheroids. 

 

Figure 2. Culture systems and configurations for 3D expansion and 

differentiation of MSCs. (A) The 3D MSC encapsulation processes include 

polymeric hydrogel gelation, ECM-grafting and crosslinking, which can be 

integrated in the culture system.  The degree of hydrogel cross-linking regulates 

the hydrogel mechanical properties, which in turn modulate MSC biological 

functions (e.g., the osteogenic differentiation is favored on stiff scaffolds or 

hydrogels).  Alternatively, MSCs can also organize into 3D structure in pre-

fabricated porous scaffolds with various surface and structural properties that 

influence MSC fate through their interactions with ECM proteins and 

biomechanical signaling.  (B) The formation of 3D MSC spheroids free of exogenous 

materials can be integrated in the culture vessels such as low attachment plates, 

stirred tanks, culture dishes coated with positively charged membrane or UpCell™ 

for thermal lifting, adapted from Sart et al., 2014 [26]. 

 

Figures 3. Regulation of MSC phenotype by bioreactors through the 

Hippo/YAP pathway and Wnt/β-catenin pathway.  (A) The Hippo/YAP 
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pathway.  The inducers of differentiation (e.g., dexamethasone) regulate the 

production of TAZ.  The pattern and the elasticity of ECM regulate the activation of 

RhoA/ROCK.  Shear stress from bioreactor acts through the focal complex to 

activate RhoA/ROCK.  RhoA/ROCK promotes the formation of stress fibers, which 

inhibit the phosphorylation of YAP/TAZ.  The un-phosphorylated form of YAP/TAZ 

translocates into the nucleus and acts as a co-repressor of PPAR-γ, inhibiting 

adipogenic differentiation.  On the other hand, YAP/TAZ acts as a co-activator of 

RUNX2, activating osteogenic differentiation.  (B) The Wnt/β-catenin pathway.  

Upon application of mechanical stress, β-catenin is liberated for N-cadherin.  β-

catenin translocates to the nucleus and inhibits adipogenesis.  In combination with 

exogenous or autocrine transforming growth factor (TGF)-β, β-catenin promotes 

chondrogenesis.  When associated with T-cell factor (TCF) and lymphoid enhancer 

factor (LEF), the liberated β-catenin promotes the transcription of RUNX2 and 

osteogenesis.  FAK: focal adhesion kinase; GDP: guanosine diphosphate; GTP: 

guanosine triphosphate; p: phosphorylated; PPAR: peroxisome proliferator-

activated receptor; ROCK: Rho-associated protein kinase; RUNX2: Runt-related 

transcription factor 2; TAZ: transcriptional coactivator with PDZ-binding motif; 

YAP: Yes-associated protein.  
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