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Abstract 
Stem cells, including embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), and amniotic fluid stem cells (AFSC) have the potential to be expanded and differentiated into various cell types in the body. Efficient differentiation of stem cells with the desired tissue-specific function is critical for stem cell-based cell therapy, tissue engineering, drug discovery, and disease modeling. Bioreactors provide a great platform to regulate the stem cell microenvironment, known as “niches”, to impact stem cell fate decision. The niche factors include the regulatory factors such as oxygen, extracellular matrix (synthetic and decellularized), paracrine/autocrine signaling, and physical forces (i.e., mechanical force, electrical force, and flow shear). The use of novel bioreactors with precise control and recapitulation of niche factors through modulating reactor operation parameters can enable efficient stem cell expansion and differentiation. Recently, the development of microfluidic devices and microbioreactors also provides powerful tools to manipulate the stem cell microenvironment by adjusting flow rate and cytokine gradients. In general, bioreactor engineering can be used to better modulate stem cell niches critical for stem cell expansion, differentiation and applications as novel cell-based biomedicines. This paper reviews important factors that can be more precisely controlled in bioreactors and their effects on stem cell engineering. 
© 2013 Baishideng. All rights reserved.
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Core tip: Stem cells are promising cell sources for cell therapy, tissue engineering, drug discovery, and disease modeling due to their ability of self-renewal and immense capability of lineage-specific differentiation. Bioreactor systems with engineered stem cell microenvironments, called “niches”, play an important role in deriving functional cell populations from stem cells. Some important factors and their effects on stem cell engineering in bioreactors are reviewed in this paper. The understanding of bioreactor regulation of stem cell niches is of great interest in developing novel biomedicines.
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Introduction
Stem cells are promising cell sources for cell therapy, tissue engineering, drug discovery, and disease modeling due to their ability of self-renewal and immense capability of lineage-specific differentiation
 ADDIN EN.CITE 
[1-3]
. Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), have the potential to be expanded indefinitely and differentiated into all cell types in the body
 ADDIN EN.CITE 
[4,5]
. In addition, adult stem cells, such as mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs), and neural stem cells (NSCs), also have limited lifespan and the restricted lineage differentiation, which may be extended by fetal stem cells such as amniotic fluid stem cells (AFSC)6[]
. Although stem cells open a new era for tissue regeneration, tissue modeling, and drug discovery, efficient differentiation of stem cells with the desired function is still the major challenge in stem cell engineering to fulfill their potential in biomedical applications.
Stem cells have been differentiated into a variety of cell types; however, the function of stem cell-derived tissue specific cells have not been well understood2[]
. For example, evidences indicated that the human PSC-derived cardiomyocyte more resemble embryonic cardiomyocyte rather than mature cardiomyocyte7[]
. Human ESC-derived erythroid progenitors expressed mostly fetal haemoglobin but have limited ability to activate mature haemoglobin
 ADDIN EN.CITE 
[8]
. In the example of MSCs, trophic factor secretion by the cells, the most important characteristics of MSC therapy, is highly dependent on the culture systems
 ADDIN EN.CITE 
[9]
. In addition, the efficiency of the lineage specific differentiations remain as the major challenge in stem cell bioprocessing because most current protocols resulted in low purity of the target lineages
 ADDIN EN.CITE 
[10]
. To date, all in vitro studies have indicated that the recapitulation of stem cell microenvironment is critical to regulate stem cell fate decision and the functionality of the differentiated tissue-specific cells.
Bioreactor systems with engineered stem cell microenvironments, called “niches”, play an important role in deriving functional cell populations from stem cells (Figure 1)11[]
. These bioreactor systems with tightly controlled and highly reproducible environmental factors can be used to regulate stem cell differentiation and tissue formation
 ADDIN EN.CITE 
[12,13]
. The critical culture parameters that have been widely studied in a bioreactor system for engineering stem cell niches include oxygen tension, 3-D scaffolds (synthetic or decellularized), physical forces such as hydrodynamic forces, mechanical strain, flow shear, and electrical stimulation (Figure 1). Recently, microfluidic devices and microbioreactors have been designed and used for high throughput regulation of microenvironmental factors to better understand stem cell niches and for drug screening
 ADDIN EN.CITE 
[14,15]
. Paracrine/autocrine factors can also be revealed using microfluidic devices and microbioreactors to better control stem cell differentiation. While the design of novel bioreactor affects all types of stem cells, the key factors and the optimal values differ for different process objectives and different tissue-specific cell types. Some important factors and their effects on stem cell engineering in bioreactors are summarized in Table 1 and reviewed in this paper. The understanding of bioreactor regulation of stem cell niches is of great interests in developing novel biomedicines.
Regulating oxygen tension in bioreactors

Oxygen is an important microenvironmental factor for stem cell differentiation via its role in regulating cell metabolism
 ADDIN EN.CITE 
[16,17]
. Traditionally, in vitro cell cultures are performed in incubators supplied with air and 5% CO2, in which the oxygen concentration is about 20%. However, the mean oxygen concentration in vivo is around 3% and varies with different tissue regions (i.e., 12% for arterial blood while 1.5% for the brain)18[,19]
. In embryos where stem cells are abundant relative to adult tissues, the oxygen tension is at a lower level than those in mature somatic tissues. Bioreactors allow in vitro cultures at various scales to more exquisitely replicate oxygen levels in normal physiological conditions that cannot be easily done with traditional static cultures. 
Role of oxygen tension
Reduced oxygen tension can maintain stem cells at primitive stage as well as regulating lineage-specific differentiation. Extensive studies have shown that hypoxia (0.9%-1% oxygen) maintains the primitive property of HSCs and their self-renewal ability
 ADDIN EN.CITE 
[20,21]
. Human MSCs grown in hypoxia (2% O2) had higher colony-forming unit activity and expressed higher levels of stem cell genes than those cultured at 20% O2
 ADDIN EN.CITE 
[22]
. For human ESCs, 5% O2 reduced the frequency of spontaneous differentiation through the up-regulation of hypoxia inducing factors (HIF)
 ADDIN EN.CITE 
[23]
. Hypoxia (5%-6% O2) also enhanced the efficiency of reprogramming to generate iPSCs, although the optimal O2 concentration and duration of hypoxic culture in the reprogramming process still require further investigations24[]
. In the example of NSC differentiation, mild hypoxia (2.5%-5% O2) enhanced human NSC differentiation into neuronal and oligodendrocyte cells, while under normoxia (20% O2) human NSC showed the preferential commitment to astrocyte lineage
 ADDIN EN.CITE 
[25]
. The beneficial effects of hypoxia may be due to the active mitochondria activity and better cell survival during differentiation. Similar to NSCs, oligodendrocyte progenitor cells (OPCs) were sensitive to oxygen
 ADDIN EN.CITE 
[26]
, because low oxygen was found to suppress bone morphogenetic proteins (BMP) signaling
 ADDIN EN.CITE 
[27]
. For human ESC-derived neurospheres, hypoxic preconditioning promoted neuronal differentiation and up-regulated HIF-1a, HIF-2a and the genes of erythropoietin (EPO), vascular endothelial growth factor (VEGF), and Bcl-2 family members
 ADDIN EN.CITE 
[28]
. All these studies demonstrated the important roles of oxygen in stem cell proliferation and differentiation.
Control of oxygen tension in bioreactors
Bioreactors allow the precise control of oxygen tension through the sensors and the feedback system. Lovett et al. demonstrated enhanced chondrogenic differentiation of human MSCs at 5% O2 and adipogenic differentiation at 20% O2 in a modular bioreactor with well characterized oxygen gradients
 ADDIN EN.CITE 
[29]
. Neural progenitors were also prepared in bioreactors with controlled oxygen for clinical trials
 ADDIN EN.CITE 
[30]
. Agarose-encapsulated murine ESC aggregates cultured in a perfused stirred tank bioreactor were directed to cardiomyocyte differentiation at 4% O231[]
. Similarly, a study with size-controlled embryoid bodies (EBs) derived from human ESCs showed that 4% O2 resulted in the up-regulation of cardiac genes compared to normoxia in a spinner bioreactor
 ADDIN EN.CITE 
[32]
. Continuous production of iPSCs was also assessed in an acoustic perfused bioreactor at different oxygen tensions, which showed that a significant increase in iPSC growth at the low oxygen tension of 5% due to the preferential glycolytic metabolism over mitochondria oxidation33[]
. It has to be pointed out that the oxygen gradient could exist around the local cell organizations. Even that the medium was exposed to normoxia, different oxygen transfer and consumption rates in the culture system might expose the stem cells to the local hypoxia environment. Therefore, using a biosensor to measure the in situ oxygen level, as shown in Figure 2, would be useful to fully understand the effect of oxygen in stem cell fate decision.

Biophysical cues of extracellular matrix 
Exogenous extracellular matrix and scaffolds
Biophysical cues provided by a tissue scaffold as synthetic extracellular matrix (ECM) play an important role in engineering stem cells in the bioreactor microenvironment. A wide variety of natural and synthetic materials, including Matrigel, collagen, alginate, hyaluronic acid, poly (ethylene terephthalate) (PET) matrix, poly(ethylene glycol) hydrogels, and self-assembling peptide gels, have been utilized for culturing and engineering stem cells
 ADDIN EN.CITE 
[12,34-37]
. The material properties including surface topology and stiffness or tensile strength have profound effects on cell adhesion, proliferation, and the differentiated cellular function
 ADDIN EN.CITE 
[38]
. For example, substrates with high stiffness directed stem cells into osteoblasts, medium stiffness promoted myogenesis, and low stiffness promoted neurogenesis39[]
. The scaffolds also provide 3-D biophysical cues that regulate cell organization and morphogenesis
 ADDIN EN.CITE 
[40,41]
. Neural differentiation from ESCs was promoted in 3-D fibrous matrices compared to 2-D culture42[,43]
. It was believed that the biomechanical forces from the scaffold caused cytoskeletal tension that affected cell shape and signal transduction, which in turn regulated stem cell lineage commitment
 ADDIN EN.CITE 
[44]
. The structures of the 3-D scaffolds, including pore size and porosity, affect mass transport and must be compatible with perfusion bioreactors for the development of thick and compact tissue grafts.

The optimal scaffold design for perfused bioreactor cultures should be guided by the structural and mechanical properties of native tissues. Hydrogels with tunable molecular, mechanical and degradation properties have been applied in human ESC cultures45[]
 and the engineering of soft tissues such as cartilage35[]
. For engineering bone and cardiac muscle, a scaffold must provide good balance in pore curvature for cell attachment, pore size for cell migration, and hierarchical structures including orientation, anisotropy, and channels for vascular conduits46[]
. Mechanically strong, highly porous, and mineralized silk scaffold can promote the bone tissue formation from MSCs
 ADDIN EN.CITE 
[47]
. The pore size of the scaffold has been shown to affect the type of the engineered bone tissue with the formation of flat bone in small pore, trabecular bone in large pore, and transient bone in a gradient of pore structures
 ADDIN EN.CITE 
[48]
. In contrast, soft, highly porous and channeled elastomer scaffold has been preferentially used for the engineering of vascularized cardiac tissue49[]
. For example, an accordion-like elastomer scaffold with structural and mechanical anisotropy has been designed and used for cardiac tissue engineering
 ADDIN EN.CITE 
[50]
, which induced the alignment and coupling of neonatal heart myocytes and generated direction-dependent contractions close to native heart tissues. Bioreactors can also enhance the mass transfer in the scaffolds through perfusion and other flow pattern to promote the stem cell proliferation or differentiation. For example, a radial-flow bioreactor was used to support 3-D expansion of human MSCs on a large collagen scaffold, which enhanced colony-forming unit activity of MSCs51[]
. ESCs differentiated on 3-D porous tantalum-based scaffolds inside spinner bioreactors showed significant enhancement in hematopoiesis compared to cells cultured under static conditions52[]
. Thus, the use of biomimetic scaffolds in the bioreactors is critical to recapitulate in vivo-like stem cell microenvironment to promote the desired lineage and the tissue-specific function.
Decellularized ECMs

Compared to synthetic ECMs, decellularized ECMs contain a mixture of adhesion ECM proteins, such as fibronectin and collagen, and the sequestered growth factors, such as fibroblast growth factor (FGF)-2, which can modulate the activities of receptor-ligand binding
 ADDIN EN.CITE 
[53,54]
. These interactions constitute a dynamic and reciprocal relationship among the cells, growth factors, and ECMs which cannot be readily reproduced by synthetic ECMs
 ADDIN EN.CITE 
[55,56]
. For example, human PSC-derived ECM supported PSC propagation with the deposited growth factors acting in transforming growth factor (TGF)-β/Nodal pathways56[]
. Decellularized ECMs from the heart was repopulated in a perfusion bioreactor and the cells displayed pumping function
 ADDIN EN.CITE 
[57]
. Decellularized cardiac matrices also preserved their signaling capacity and induced human ESC differentiation toward the cardiac lineage58[]
. Decelluarized bone matrix in a perfusion bioreactor supported human ESC differentiation into stable bone-like tissue
 ADDIN EN.CITE 
[59]
. Studies using the decellularized scaffolds supplied by nature will lead to the design of synthetic ECMs which mimic the native ECMs to be engineered in bioreactors.
Physical forces
Mechanical stimulation

Mechanical forces affect cellular differentiation pathways and are important to the control of tissue morphogenesis from stem cells60[]
. Mechanical stimulations affect cells in various ways: compression and shear can cause cellular deformation, pressure and shear force result in mechanical stress, and tension causes cell elongation and the deformation of cell nucleus46[]
. Therefore, mechanical signals play significant roles in the development and function of various tissues, including bone, cartilage, skeletal muscle, and cardiovascular tissues. It is well-recognized that the mechanical forces and the magnitudes that govern tissue development and remodeling in vivo would also enhance tissue development and function in vitro.

Specialized bioreactors have been developed to study the effects of mechanical stimulation on stem cell differentiation. Deformational loading and hydrostatic pressure are the primary factors of cell microenvironment for articular cartilage, and have been employed in cartilage tissue engineering
 ADDIN EN.CITE 
[12,61]
. Mechanical stimulation such as longitudinal strain accelerated the bone morphogenesis from MSCs62[]
. Zhang et al63


[ ADDIN EN.CITE ]
 developed a biaxial rotating bioreactor (BXR) to generate tissue engineered bone grafts from human fetal MSC and showed that higher cellularity, confluence, and more robust osteogenic differentiation were achieved in the BXR as compared to spinner flasks, perfusion, and rotating wall bioreactors. Human ligaments were engineered from human MSCs in a bioreactor by combining dynamic tension and torsion mimicking forces in vivo, which significantly improved the ligament function
 ADDIN EN.CITE 
[64]
. Using MSCs and fibroblasts seeded in tendon constructs in a bioreactor with cyclic mechanical load, tendons with comparable ultimate tensile stress and elastic modulus to fresh tendons were obtained
 ADDIN EN.CITE 
[65]
. Different cell types, such as MSCs and human EB-derived mesenchymal progenitors, may respond differently to the same mechanical force in a mechanical compression bioreactor
 ADDIN EN.CITE 
[66]
. MSCs in hydrogels responded to mechanical stimulation in the absence of TGF-β1 by upregulating chondrogenic genes while human EB-derived cells required the presence of TGF-β1. Biomimetic perfusion systems have also been developed for engineering small-diameter blood vessel grafts. For example, Niklason et al. obtained the engineered vessels from smooth muscle cells cultured in fibrous scaffolds under pulsatile flow in a perfusion bioreactor
 ADDIN EN.CITE 
[67]
. Cyclic flexure and laminar flow were also applied in the bioreactor, which synergistically accelerated the tissue formation of heart valve with significantly increased collagen contents and tissue stiffness
 ADDIN EN.CITE 
[68]
. Thus, novel design of bioreactors can be and has been successfully used to recreate physiological loading environment and control stem cell differentiation.
Electrical stimulation

Besides mechanical forces, electrical stimulation is also an important microenvironmental factor for mediating stem cell differentiation. Electrical stimulation regulates the action potentials of excitable cells and is especially useful for differentiation into neural and cardiac lineages. Mild electrical stimulation strongly influenced ESCs to assume a neuronal fate by the induction of calcium ion influx
 ADDIN EN.CITE 
[69]
. The application of a lateral current through the single-walled carbon nanotube/laminin composites stimulated the generation of neuronal action potentials during NSC differentiation70[]
. The application of direct current electrical fields to human ESC-derived EBs promoted cardiomyocyte differentiation by regulating the generation of reactive oxygen species
 ADDIN EN.CITE 
[71]
. Cardiac-like electrical stimulation was also applied to generate excitation-contraction to induce cellular tension on cells cultured on scaffolds
 ADDIN EN.CITE 
[72]
. Similar to the application of mechanical stretch, the electrically stimulated cells underwent electromechanical coupling and conducted electrical pacing signals over macroscopic distances with synchronously beating at the frequency of stimulation.

Flow shear force
Flow shear force generated by perfusion or agitation can improve mass transfer in the scaffolds and thus provides better control on nutrient delivery. For example, perfusion improved tissue architecture of engineered cardiac muscle73[]
, increased cellularity and matrix synthesis in chondrocyte cultures74[]
, and enhanced chondrogenesis of human ESC-derived MSCs
 ADDIN EN.CITE 
[75]
. Perfusion also improved cellularity and bone matrix components of engineered constructs using human adipose-derived MSCs
 ADDIN EN.CITE 
[76]
. Grayson et al77


[ ADDIN EN.CITE ]
 engineered anatomically shaped human bone grafts using human MSCs in a bioreactor with continuous perfusion and found that the bone matrix architecture and density correlated with the interstitial flow pattern and intensity. In addition, perfusion was found to give better pO2 control and more uniform cell distribution within 3-D scaffolds
 ADDIN EN.CITE 
[78]
, and facilitated long-term ESC culture to reach a high cell density
 ADDIN EN.CITE 
[79]
. MSC proliferation was enhanced in highly porous matrices at different flow rates (0.11.5 mL/min), and the higher flow rate of 1.5 mL/min upregulated osteogenic differentiation
 ADDIN EN.CITE 
[80]
. Different perfusion flow configurations like parallel flow and transverse flow were found to affect osteogenic differentiation of human MSCs due to the regulation of ECM and FGF-2 secretion by different flow patterns81[]
. Flow shear induced by agitation preserved Oct-4 expressing cells during PSC differentiation
 ADDIN EN.CITE 
[82,83]
. It was suggested that shear stress modulated gene expression through mechano-transduction to induce autocrine or paracrine signaling to suppress spontaneous differentiation
 ADDIN EN.CITE 
[84,85]
. These findings underscore the importance of reciprocal interactions of flow shear force and cell signaling in 3-D cellular organizations.
Microfluidic devices and microbioreactors

Microfabrication techniques, especially soft lithography, can be used to control features at a micrometer scale between 1 and 1000 µm in microdevices86[]
, which provide controllable microenvironments for engineering stem cell differentiation as well as for cytotoxicity screening in high-throughput assays (Table 2)
 ADDIN EN.CITE 
[14,87]
. Via laminar flow within microchannels, microfluidic systems can be used to generate biochemical gradients and deliver cytokines at well-defined concentrations
 ADDIN EN.CITE 
[88,89]
. Microfluidic devices also can be used to regulate molecular and biomechanical signals, and to study their effects on cell morphogenesis, migration, proliferation, and cell–cell interaction. Microbioreactors, or microfluidic-based cell culture arrays, allow the spatial and temporal control of stem cell microenvironment compared to large scale bioreactors. With microfluidic devices and microbioreactors, stem cell differentiation can be regulated by controlling substrate size and stiffness, cytokine gradients, flow rate, and autocrine/paracrine signaling90[]
.
Applications in stem cell differentiation and drug screening

Microfluidics and microbioreactors have been studied recently for the specific lineage differentiation from various stem cell types. Spatial control of the proliferation and differentiation of NSCs was achieved by controlling gradients of growth factors in microfluidic devices
 ADDIN EN.CITE 
[91]
. An automatic microfluidic system for adipogenic and osteogenic differentiation of human AFSCs has been developed using micro-electro-mechanical-systems (MEMS) technology92[]
. Neuronal and oligodendrocytic differentiation of NSC was significantly enhanced by 3-D microenvironments in microfluidic channels, suggesting that mimicking in vivo microenvironment should promote NSC differentiation93[]
. Microdevices have also been incorporated with cyclic strain; for example, micro-grooved polydimethylsiloxane (PDMS) sheets have been used to study the mechanosensing properties of MSCs
 ADDIN EN.CITE 
[94]
. Kim et al. designed microfluidic arrays for perfused ESC culture over a logarithmic range of flow rates and observed the changes of colony sizes and shapes in response to flow rate95[]
. A microfluidic chip was used to automatically analyze proliferation, motility and osteogenic differentiation of MSC in a range of cell culture regimes including medium formulation, seeding density and feeding schedules96[]
. Besides controlling soluble and chemical niches in both 2D and 3D stem cell cultures, microdevices have been applied to study the synergistic effect of soluble/chemical factors and biomaterials in a miniaturized high-throughput manner12[]
. Synthetic biomaterial arrays were incorporated with microfluidics to test the interactions of stem cells with a variety of extracellular signals97[]
. A microscaffold cell chip, made of poly-methyl-methacrylate bonded to a perforated poly-carbonate membrane, has been used to study the single spheroid behavior of retinal stem cells with the precisely controlled microenvironment[98,99]. Using a microarray, thousands of polymeric materials and their effects on the differentiation of human ESCs and MSCs could be evaluated. A microfluidic platform coupling with an array of microbioreactors (Figure 3) has been applied for high throughput studies of human ESC differentiation into mesoderm cells[100]. The microfluidic platform allows quantitative assessments of human ESC characteristics in both 2-D and 3-D microenvironments and can be used to determine the effects of cytokine gradients (i.e., BMP-4, Activin A, and Wnt3a) on cell differentiation101[]
. These microbioreactors can serve as the high-throughput platform for screening cytokines, tissue scaffolds, and environmental factors, and thus can be used in developing and optimizing bioprocesses for culturing and engineering stem cells
 ADDIN EN.CITE 
[102]
.

Microfluidics and microbioreactors have also been studied recently for the drug screening based on stem cell proliferation and differentiation
 ADDIN EN.CITE 
[103]
. The migratory behavior of cancer stem cells were evaluated in the compartmentalizing microfluidics by combining gradient generators, fluid handling, micro-electrodes and live cell imaging, which can be used for drug screening and disease diagnosis104[]
. Microbiroeactors with 3-D fibrous matrices (Figure 4) were also developed to assess the cytotoxicity of drug and medium supplements
 ADDIN EN.CITE 
[14,87,101,105]
. This 3-D model more resembled the in vivo microenvironment and thus the cell response to the drugs more reflected the response that could occur in vivo. For example, various Chinese herb medicines were tested in the 3-D microbioreactors seeded with mouse ESCs and cancer cells106[]
, in which the sensitivity was greatly enhanced compared to 2-D screening platform. Thus the microfluidics and microbioreactors recreate the stem cell microenvironment while still allow the high throughput analysis, significantly improving the reliability of the screening outcomes.
Applications in regulating paracrine and autocrine signaling
Soluble growth factor secreted by stem cells is a critical niche factor for efficient stem cell differentiation. For examples, MSCs secreted various trophic factors to modulate the immune response and cell survival107[]
. PSCs have also been shown to self-regulate the expansion and differentiation through autocrine/paracrine signaling such as Wnt, lefty, and Activin A
 ADDIN EN.CITE 
[108-112]
. For hematopoietic differentiation, the secreted VEGF, stem cell factor (SCF), and anti-apoptotic factors from ESCs stimulated the formation of colony-forming cells113[]
. Autocrine and paracrine signaling through transforming growth factor (TGF)-β regulates Smad crosstalk and controls the survival and repopulation ability of HSCs
 ADDIN EN.CITE 
[114]
. The identified paracrine/autocrine signaling can be used to improve the stem cell differentiation by enhancing the positive signaling and inhibiting the negative feedback signaling.
Continuous flow microbioreactor arrays revealed the effect of paracrine-dependent mechanism during human ESC differentiation into early mesoderm15[]
. The negative feedback loop to the mesoderm progenitors could be overcome by adding the glycogen synthase kinase (GSK)-3β inhibitor CHIR99021 and the positive induction signals were enhanced by supplementing FGF-2. Endogenous Activin A may also be secreted during human PSC differentiation into early mesoderm cells, which requires the inhibition of this signaling to promote the mesodermal specification101[]
. Autocrine/paracrine signaling also supported PSC self-renewal. By increasing the flow rate to wash out the endogenous secreted factors, PSC spontaneous differentiation occurred
 ADDIN EN.CITE 
[108,115]
. While microfluidics has been explored to study the autocrine/paracrine signaling of adherent stem cells
 ADDIN EN.CITE 
[108,110]
, its use in suspension stem cells is also possible in combination with other approaches such as pathway inhibition and fed-batch dilutio
 ADDIN EN.CITE 
[110,116]
. Cell communication and spatial ligand distribution in 3-D suspended cells are determined by cell organization, cell density, and ligand diffusivity. The aggregate models have been shown to up-regulate factor secretion and provide spatial effect compared to monolayer cultures due to the enhanced cell-cell and cell-ECM interactions
 ADDIN EN.CITE 
[117,118]
. For example, EB derived from human ESCs and iPSCs were seeded into the multi-wells which prevented the EB washout101[]
. The revealing mechanism of autocrine/paracrine signaling enables the novel design of differentiation protocols and potential translation into large scale bioprocesses. Thus, microfluidics and microbioreactors can be used as powerful tools to better understand the autocrine/paracrine factors that could lead to more efficient stem cell engineering and differentiation.
Conclusion

Efficient stem cell differentiation into functional tissue-specific cells is one of the major challenges in stem cell engineering. Regulating the stem cell niches in bioreactors provides a platform to precisely control stem cell fate decision. The complexity of stem cell niches can be recreated in bioreactors by modulating the regulatory factors such as oxygen tension, the scaffolding materials and configurations, and by providing various stimulation forces. Microfluidics and microbioreactors increased the throughput of screening various microenvironmental factors and improved the understanding of local paracrine and autocrine signaling. Further studies are still required to recapitulate the in vivo stimuli and integrate various niche factors to interrogate the interactions among cells, ECMs, autocrine/paracrine signaling, and physical forces. Overall, bioreactors provide the bridge from the fundamental mechanism to the enabling technology for stem cell-derived biomedicines and therapeutics.
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Figure 1 Important stem cell niche factors regulating stem cell proliferation and differentiation in bioreactors. The niche factors include regulatory factors (such as oxygen), extracellular matrix (synthetic and native), physical forces, and paracrine/autocrine factors.
Figure 2 In situ measurement of oxygen concentration during stem cell differentiation. A: Multi-well plate with an oxygen sensor in each well; B: The starting undifferentiated human embryonic stem cells (ESCs); C: The human ESC derived cardiomyocytes expressing cardiac marker NKX2.5 and cardiac troponin I (adapted from reference Xu et al
 ADDIN EN.CITE 
[120]
); D: The bioreactor system with a sensor platform for reading the oxygen tension during in situ differentiation.

Figure 3 Microbioreactor array for human pluripotent stem cells differentiation. A: Top view of the microbioreactor array assembly; B, C: Photographs of the assembled microfluidic platforms. A contrast dye was used in images (B) and (C) to show the fluid paths. Adapted from Cimetta et al100
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.

Figure 4 Perfusion bioreactor array for cell-based assay. A: Schematic drawing of the device composed of top and bottom layers; B: Perspective view of the assembled device to form microscale channels and wells; C: Design of individual cell culture well and relay well formed by two layers, with cell culture well that can be filled with any modular tissue engineering scaffold such as PET fibrous matrix; D: Perspective drawing of the top and bottom frames for frame-assisted assembly; E: Photograph of device in assembly with each inlet connecting to a flexible connector capped to prevent contamination (highlighter window); F: Photograph of assembled device at work with each inlet connected to an external tubing through a flexible connector (highlighter window). Reproduced from reference Wen et al14
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Table 1 Examples of regulatory factors in bioreactors and their effects on stem cell engineering

	Factors
	Effects on stem cell niches
	Ref.

	Oxygen tension
	Hypoxia promotes the proliferation of NSC, HSC, and MSC, inhibits spontaneous differentiation of humn PSC, and promotes iPSC reprogramming and growth; 
	21-24


[ ADDIN EN.CITE , 33]


	
	Hypoxia promotes lineage specific differentiation from NSC, MSC, and human PSC
	27


[ ADDIN EN.CITE ,29,32]
 

	Scaffold/ substrate cues
	Higher cell proliferation rates under higher mechanical stresses; Substrate stiffness directs stem cell differentiation; Control of cell shape via substrate size directs human MSC differentiation
	38


[ ADDIN EN.CITE ,41,44]



	
	3-D fibrous matrix promoted neural differentiation of ESC, silk scaffold promoted bone tissue formation from MSCs, honeycombs for cardiac tissue formation
	42


[ ADDIN EN.CITE ,43,47,50]


	
	Enhanced MSC proliferation in collagen scaffolds in a radial-flow bioreactor 
	51[]


	Decellularized ECMs
	Decelluarized bone matrix in a perfusion bioreactor promoted human PSC differentiation into bone tissue; Decellurized cardiac matrix promoted human PSC differentiation into cardiac lineage. 
	55


[ ADDIN EN.CITE ,58,59]


	
	Human PSC-derived ECM supported PSC proliferation
	56[]


	Mechanical forces
	Mechanical stimulation significantly improved the function of engineered ligaments
	64


[ ADDIN EN.CITE ]
 

	
	Mechanical compression enhanced MSC differentiation
	66


[ ADDIN EN.CITE ]


	
	Dynamic compression with deformational loading and hydrostatic pressure improved cartilage tissue engineering; 
	61


[ ADDIN EN.CITE ]


	
	Hydrodynamic shear, cyclic flexure, and cyclic stretch accelerated heart valve tissue formation
	68


[ ADDIN EN.CITE ]
 

	
	Pulsatile flow and circumferential stretch improved the engineered blood vessels
	118[]
 

	Electrical stimulation
	Induced cellular tension and promoted cellular and functional properties of engineered cardiac tissue
	71


[ ADDIN EN.CITE ,72]


	
	Electrical stimulation enhanced neural differentiation
	69


[ ADDIN EN.CITE ,70]


	Flow shear force
	Lower flow (shear) rates enhanced MSC proliferation and higher flow (shear) rate increased osteogenic differentiation; Parallel flow and transverse flow affected osteogenic differentiation of human MSCs
	80


[ ADDIN EN.CITE ,81]


	
	Perfusion improved tissue architecture of engineered cardiac muscle and increased matrix synthesis in engineered chondrocytes
	73


[ ADDIN EN.CITE ,74]


	
	Agitation preserved Oct-4 expressing cells during PSC differentiation
	82


[ ADDIN EN.CITE ,83]



ESCs: Embryonic stem cells; MSCs: Mesenchymal stem cells; PSC: Pluripotent stem cells; iPSC: Induced pluripotent stem cells; ECM: Extracellular matrix. 

Table 2 Microfluidics devices and microbioreactors in engineering stem cell niches
	Microfluidic devices and microbioreactors
	Stem cell type
	Applications
	Ref.

	Gradient-generating microfluidic device
	NSC
	Proliferation and astrocyte differentiation
	91


[ ADDIN EN.CITE ]


	MEMS automated microfluidic device
	AFSC
	Adipogenic and osteogenic differentiation
	92[]


	3-D hydrogel incorporated microfluidics
	NSC
	3-D differentiation into neuronal and oligodendrocyte differentiation
	93[]


	Micro-grooved PDMS sheets with cyclic strain
	MSC
	MSC proliferation and differentiation
	94


[ ADDIN EN.CITE ]


	Microfluidic device with logarithmical flow rate
	Mouse ESC
	ESC adhesion and proliferation
	95[]


	A microfluidic chip which creates arbitrary culture media formulations
	MSC
	Proliferation, osteogenic

differentiation, and motility
	96[]


	A microscaffold cell chip with precisely controlled microenvironment
	Retinal stem cells
	Decrease apoptosis during the retinal differentiation 
	[98,99]

	Microbioreactor array for 2-D and 3-D hydrogel cultures
	Human ESC
	Adjust flow rate and evaluate vascular differentiation
	[100]

	Microbioreactor arrays for drug screening
	ESC, MSC
	Incorporate 3D culture, biomaterials, etc. to screen drugs in a high-throughput manner
	103


[ ADDIN EN.CITE ]


	Compartmentalizing microfluidic devices
	Cancer stem cells
	Understanding of cell migration and cancer invasion 
	104[]


	Microbioreactor array with 3-D fibrous matrix
	Mouse ESC
	High-through cell-based assay for drug screening
	14


[ ADDIN EN.CITE , 87, 102,106]


	Microbioreactor array with full factorial design of growth factor combinations
	Human ESC
	Screening exogenous and paracrine factors in human ESC differentiation into mesoderm cells
	15[]


	Microfluidics with patterning and temporal analysis
	PSC
	Reveal paracrine/autocrine signaling for PSC self-renewal
	110[]


	Microbioreactor array with 3-D cell culture setting
	EBs derived from human ESC or iPSC
	PSC mesoderm differentiation, with controlled cytokine gradients. 
	101[]


	Microfluidics with varying flow rates
	PSC
	Reveal paracrine/autocrine signaling during PSC self-renewal
	108


[ ADDIN EN.CITE ,115]



MEMS: Micro-electro-mechanical-systems; AFSC: Amniotic fluid stem cells; ESCs: Embryonic stem cells; PDMS: Polydimethylsiloxane; MSCs: Mesenchymal stem cells; PSC: Pluripotent stem cells; iPSC: Induced pluripotent stem cells.
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