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Abstract  

Neural tissue engineering aims at developing novel approaches for the treatment of diseases of 

the nervous system, by providing a permissive environment for the growth and differentiation of 

neural cells. Three-dimensional (3D) cell culture systems provide a closer biomimetic 

environment, and promote better cell differentiation and improved cell function, than could be 

achieved by conventional two-dimensional (2D) culture systems. With the recent advances in the 

discovery and introduction of different types of stem cells for tissue engineering, microfluidic 

platforms have provided an improved microenvironment for the 3D-culture of stem cells. 

Microfluidic systems can provide more precise control over the spatiotemporal distribution of 

chemical and physical cues at the cellular level compared to traditional systems. Various 

microsystems have been designed and fabricated for the purpose of neural tissue engineering. 

Enhanced neural migration and differentiation, and monitoring of these processes, as well as 

understanding the behavior of stem cells and their microenvironment have been obtained through 

application of different microfluidic-based stem cell culture and tissue engineering techniques. 

As the technology advances it may be possible to construct a “brain-on-a-chip”. In this review, 

we describe the basics of stem cells and tissue engineering as well as microfluidics-based tissue 

engineering approaches.  We review recent testing of various microfluidic approaches for stem 

cell-based neural tissue engineering. 
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Keywords. Microfluidics, stem cells, neural tissue engineering, 3D culture, stem cell niche, brain 

on a chip. 

 

1. Introduction 

Neural tissue engineering has attracted increasing attention in recent years; however the 

complexity of the biology of the nervous system, and the intrinsic biological blocks that interfere 

with its regeneration require innovative approaches 
1-4

. Scientists, physicians and engineers have 

applied various approaches and tools for enhancing neural regeneration and tissue engineering by 

better mimicking of the in vivo environment. These approaches include the development of 

bioactive scaffolds that imitate the extracellular matrix (ECM), improved monolayer technique 

using surface patterns with micro- and nano-topographies, nano-enabled materials and emerging 

technologies such as three-dimensional (3D) printing, microtechnology and microfluidics 
1, 3, 5-8

. 

Conventional cell culture and tissue engineering methods suffer from limitations including 

limited distribution of biomolecules by diffusion, and lack of natural interactions between the 

ECM and the cells themselves. To overcome these limitations, several 3D-based cell culture 

approaches have been created such as gel-based and spheroid-based systems, and also various 

porous structures 
5, 9-12

. Although theses 3D techniques provide a better biomimetic 

microenvironment for cells and stem cells than do two-dimensional (2D) cultures, they still have 

limitations in spatiotemporal control of specific cell culture parameters, and have encouraged 

researchers to further develop optimized methods.  

In addition to the substantial impact of microfluidic technology on biomedical research 
13-15

, 

microfluidics has shown much promise in the field of tissue engineering. Microfluidic systems 

offer advantages over conventional well-plate systems including the ability to: 1) control the 

spatiotemporal distribution of physico-chemical signals at the cellular level, 2) to analyze cell 
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differentiation and function using fewer cells and smaller quantities of reagents, and 3) perform 

multiple assays simultaneously 
9, 16, 17

. Moreover, microfluidic devices can overcome the 

disadvantages of typical cell/stem cell culture methods and tissue engineering approaches by 

improved mimicking of in vivo interactions between ECM and cells, and providing opportunities 

for high-resolution in situ imaging 
16-18

. In this regard neuroscience research and neural tissue 

engineering have benefited from different potential applications of microdevices, including 

improved neuronal culture, better in vitro disease modeling, new methods of cell isolation, and 

stem cell research 
19-21

.   

The combination of the particular advantages of microfluidics, and the range of possibilities 

provided by stem cell technologies, may provide solutions for the management of 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s and other disorders or injuries 

of the central or peripheral nervous system. This approach has even gone so far as to propose the 

creation of devices that have become known as a “brain-on-a-chip” 
22-25

 . Figure 1 schematically 

illustrates mimicking of the native ECM via microfluidics with the potential to control the 

spatiotemporal interactions of stem cells with the ECM, with the provision of internal or external 

stimuli and potential cellular targets. Two main approaches of microfluidic-based cell/stem cells 

culture, gel free- or gel supported substrates, are also shown. 

 

Figure 1. Stem cells in a microfluidic device. The figure demonstrates the possible physic-

chemical and biomolecular stimuli, which could be provided by microfluidics (top). Schematic 

illustration of different stem cell culturing approaches (supported via gel matrix or not) is also 

shown (bottom).  
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To explain the synergistic combination of microfluidics and stem cell research, we begin with 

the introduction of different types of stem cells, their sources and specific microenvironment, as 

well as the limitations of traditional stem cell culture techniques. Next microfluidics, and its 

physico-mechanical and biochemical properties are discussed with a particular focus on tissue 

engineering applications. We also review the recent applications of microfluidics in stem cell-

based neural tissue engineering and neural stem cell culture. 

 

2. Stem cells and tissue engineering  

The absence of any effective therapy for spinal cord injury (SCI), prevalent neurodegenerative 

diseases, not to mention strokes and traumatic brain injuries has led to the possibility of using 

stem cell engineering as an innovative approach for the regeneration of damaged neural tissue. In 

this regard, finding appropriate sources of stem cells that are able to differentiate into different 

types of mature neuronal cells, including neurons, glial cells, astrocytes and oligodendrocytes, 

has become the first step towards stem cell-based neural tissue engineering 
26

.         

2.1 Stem cells' sources for Neural Tissue engineering  

With the discovery of multipotent and pluripotent stem cells (PSCs), new avenues for tissue 

engineering involving the formation of various soft and hard tissues have emerged 
27-29

. Among 

the different kinds of stem cells available, embryonic stem cells (ESCs) 
30

, neural stem cells 

(NSCs) 
31

, human induced pluripotent stem cells (hiPSCs) 
32

, mesenchymal stem cells (MSCs) 
33

 

and adipose tissue-derived stem cells (ATSCs) 
34

 have all shown promising results for 

applications in neural tissue engineering. Intrinsic mechanisms such as the expression and 

activation of transcription factors, and extrinsic signals provided by the microenvironment 
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(niche) such as growth factors, ECM-cell interactions, and cell-cell interactions have improved 

the ability to control the fate of stem cells 
35, 36

. On the other hand, essential elements of cell 

sources must be considered to develop the cell/tissue replacement and promote the outcome 

efficiency.  First they must be allogeneic to reduce the unwanted immune-responses 
37

, further 

they should represent higher surviving rate to promote the clinical applications 
38

. Also the cell 

sources must be able to be prepared by standard methods to control the expression of undesired 

phenotype and risk of dyskinesia 
39

. 

2.1.1 Pluripotent stem cells (PSCs) 

PSCs were obtained from a mouse embryo for the first time in 1981, and at that time were called 

embryonic stem cells (ESCs) to distinguish them from stem cells derived from other sources 

such as teratocarcinomas 
40

. The discovery of the unique properties of these stem cells, their self-

renewing ability, and their responsiveness to particular stimulations by undergoing 

differentiation to different specific cell types, paved the way for a revolution in regenerative 

medicine 
41

. For example Iwai et al 
37

, demonstrated that ESC obtained from allogeneic sources 

could be used to generate neurons and to from synaptic connections in a non-human primate. 

Kassmer et al. 
42

 reported new type of PSCs known as very small embryonic-like cells that have 

potential ability to generate all cell types including the neurons. Although the PSCs possess 

favorable properties but their expansion is difficult in culturing conditions and they lose their 

multipotency in vitro. Chromosomal abnormality takes place when they grow in culturing 

medium and need strict selection at the time of engrafting to prevent transforming of 

undifferentiated cells and teratoma formation. Moreover they required a feeder layer in culture 

dish to support their continues growth direction and suppress spontaneous differentiation 
43

. 
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2.1.2 Induced-pluripotent stem cells 

Other major approach that is often discussed involves the treatment of somatic stem cells under 

certain specific conditions with manipulation of genetic factors that would cause them to revert 

to a type of immortal and PSCs, called induced-PSCs (iPSCs) 
44

. At the initiation of these iPSCs 

efforts, the efficiency of reprogramming was less than 1%, but in 2013 it was reported to have 

reached 100% by genetic regulation 
45

. Further studies found that the efficiency of differentiation 

of these cells into the desired tissue type was less effective than ESCs, although this 

effectiveness can be improved through optimized treatment methods 
26

.  Other researchers have 

used iPSCs isolated from different sources such as reprogramming of adult fibroblasts that can 

be transformed into brain cells. This technique could provide the possibility to wider application 

of iPSCs in tissue engineering, because the possibility of triggering an immune response and 

subsequent rejection would be reduced 
46, 47

. New methods have been investigated to allow direct 

transformation of somatic cells into neural progenitor cells that are called “induced neural stem 

cells” (iNSCs) in order to reduce the possible tumorigenesis of iPSCs 
48

.  Although the iPSCs 

have expanded potential therapeutic application, but their utilization is limited due to 

requirement of genetic manipulation and cell regulation as well as ethical consideration.  

2.1.3 Neural stem cells (NSCs) 

Neural stem cells are part multipotent stem cells and exist in all main subdivision of central 

nervous systems including non-neurogenetic regions. In 1992, Reynolds et al. established new 

methods for in vitro cell culture, and showed adult-derived brain cells were able to proliferate 

and generate both neurons and astrocytes 
49

.  Primary adult neural progenitors known as a major 

candidates for brain regeneration. Although oligodentrocyte progenitors and astrocytes have the 

ability of self-renewing, they do not consider as neural stem cell, due to their disability of 

Page 7 of 55 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



multipotency 
50

. Ependimal cells, epithelial cells of brain's ventricular system and spinal core's 

central canal, are in vitro potential cells to generate all types of neural cells 
51. 

Cave et al. 
52

 in a 

review introduce adult subventricular zone cells as a suitable source for replacing the 

dopaminerging neural cells.  

2.1.4 Other non-neural stem cells  

Nowadays non-neural stem cells are the main source of cells to be differentiated into neurons 

and other neural cells. For example cells derived from bone marrow (a rich source of 

hematopoietic stem cells (HSCs)), are often used in different aspects of tissue engineering, as 

well as for the production of glial cells and neurons
53

. Other varieties of non-neural stem cells 

and non-PSCs have been reported that can serve as multipotent stem cells. The variety of their 

differentiation and proliferation abilities is less pronounced than those of PSCs, and they have 

been identified as multi-cloned stem cells. Moreover, under normal growth conditions they are 

only able to produce a limited number of cell types. However, under certain specialized 

conditions and using appropriate techniques, all of them are able to generate neural progenitor 

cells. Different types of MSCs which are present in various tissues such as skeletal stem cells, 

bone marrow stromal cells, hepatoblasts  and chondroblasts are other example that have been 

studied 
54

. Furthermore it was represented that cells obtained from human liposuction fat have 

special ability to divide into other cell types. These MSCs  were called adipose-drived stem cells 

(ASCs) 
55

. ASCs are abundant and can be harvested with minimal invasive procedure. Their 

transferring into the host is safe and effective and manipulation of them is facile by current 

manufacturing guideline
 56

. In addition placenta-derived multipotent stem cells (PDMCs) can be 

obtained from human placenta with the potential to differentiate into different cell lineages 

without any ethical problems 
57

. Some studies have reported derivation of neuroepithelial stem 
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cells (NEPSCs) from ESCs with the potential to differentiate into neural tube and neural crest 

lineages under the appropriate biochemical conditions 
58, 59

. 

 

2.2 Neural stem cell biology and microenvironment  

Generally, the biology and fate of stem cells is under control of a range of internal or external 

factors, including the ECM, the interaction of stem cells with surrounding cells, various physical-

chemical stimuli, and soluble growth factors 
60

. The combination of these factors as a whole, 

determines the regulatory environment for neuronal cells, which is called the “neurogenic niche” 

61
. The interactions of stem cells with their environment and with surrounding cells govern their 

function, proliferation and differentiation. The neighboring cells (including mature neurons, 

astrocytes, endothelial cells, microglia, etc) interact with the NSCs and govern their final fate. In 

fact, this network controls the behavior of NSCs in terms of differentiation, proliferation and 

migration 
62

.  

The ECM proteins of the neural tissue play a dual role in nerve development; firstly they provide 

a suitable physical support for structural shape of the mature nerves especialy collagen, and 

secondly they regulate the NSCs responses to the growth factors especially tenascin 
63, 64

. The 

most important ECM proteins are summarized in Table 1.  

Table 1.  The most important ECM proteins in the neural stem cell microenvironment 

ECM Protein Location Function Ref  

HSPG
1
 Neuroepithelial cells Pluripotency and neural differentiation 

65
 

Collagen Neocortex Regulation of corticogenesis, promotion 

of neuronal differentiation 

66
 

Laminins Neuroepithelial cells Promotes polarization and 

neuroepithelium formation 

67
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Heparin Neocortex Proliferation of NSC 
68

 

CSPG
2
 Neocortex and 

ganglionic eminence 

Promotes self-renewal and neurogenesis 
69

 

Vitronectin Spinal cord Promotes differentiation into 

oligodendrocytes 

32
 

Reelin Developing cortex Controls differentiation, migration, and 

proliferation of NSC 

64
 

Tenascin Neocortex and RGC
3
 Promotes epidermal growth factor (EGF) 

response 

63
 

1: HSPG: heparan sulfate proteoglycan, 2: CSPG: chondroitin sulfate proteoglycan, 3: RGC: radial glial cells. Data 

derived from ref 
70

.   

 

In development of the embryonic central nervous system and neural tube, two main anatomical 

areas have been established; the ventricular zone (VZ) which is the origin of the all the different 

nervous cell types, and the sub-ventricular zone (SVZ) which consists of intermediate 

progenitors that ultimately produce neurons and glia 
70

. During the maturation process, neuro-

epithelial cells are exposed to several extracellular factors and components and migrate from the 

VZ toward the basal parts (SVZ) where they are transformed into RGC 
52

. The NSCs niche is a 

modulated system in which several components interact with each other to development nerve 

tissue, and to preserve the neural progenitor pool under control of “Sonic Hedgehog” (Shh) 

proteins 
71

. Notch family proteins influence the gene expression pattern in the NSCs, and their 

mutation has been shown to deplete the neural pool 
72

 Moreover, morphogens such as Wnt and 

bone morphogenic proteins (BMPs) also participate in the maturation and distribution of NSCs 

in the SVZ 
73

. The major growth factors and hormones that participate in the embryonic NSCs 

microenvironment are summarized in Table 2.  
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Vascularization of the embryonic central nervous system takes place simultaneously, along with 

the process of neural expansion. Vascularization is governed by non-neural cells like pericyte 

cells of the brain, and products secreted by RGCs and endothelial cells, such as vascular 

endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF2) and Notch ligands 
74

. This 

blood vessel network has an important role in the maintenance of NSCs and their proliferation 

and differentiation, and can further enhance neural growth and protection by promoting the 

migration of astroglial cells and helps the distribution of several soluble regulatory factors. The 

endothelial cells of the vessels also generate transforming growth factor β-2 (TGFβ-2) that 

encourages neurogenesis 
75

.  

Table 2. Major growth factors and hormones in the embryonic NSCs niche 

Growth factor or 

Hormone 

Location Function Ref  

Growth hormone Neocortex Stimulates the differentiation and 

proliferation of cells 

76
 

Cystatin-C Neocortex Promotes astrogenesis and suppresses 

oligodendrogenesis 

77
 

Insulin Growth 

Factors 

Neocortex Promotes self-renewal of NSCs 
78

 

TGFβ-1 Neocortex Promotes astrocytosis 
75

 

Ciliary neurotrophic 

factor 

VZ Enhances proliferation and survival of 

NSCs 

79
 

Leukemia inhibitory 

factor 

VZ Enhances proliferation and survival of 

NSCs 

80
 

Platelet derived 

growth factor 

(PDGF)-A & B 

SVZ Promotes oligodendrocytsis and 

astrocytosis 

71
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Bone morphogenetic 

proteins 

SVZ Promotes SVZ response to EGF 
73

 

VEGF RGC Angiogenic and mitogenic factor 
81

 

FGF RGC Promotes self-renewal and multipotency 
82

 

Erythropoietin Ganglionic 

eminences 

Enhances neural progenitor cell 

production 

78
 

BDNF
1
 Forebrain Promotes NSC proliferation 

83
 

EGF Striatal primordial Promotes NSC proliferation 
68

 

Glial cell line 

derived neurotrophic 

factor 

Ventral 

mesencephalon 

Neurotrophic factor for NSC 
82

 

Ghrelin Spinal cord Promotes NSC proliferation 
84

 

1, brain-derived neurotrophic factor. Data derived from Ref 
70

. 

 

Knowledge of the regulatory mechanisms of neural progenitor cells is the major key to design 

suitable in vitro conditions which is required for generation of mature nerves. Mimicking the 

behavior of ECM with biocompatible scaffolds and conserving the neural extracellular 

components are necessary for efficient cell culture. In this manner, microfluidic systems could 

allow each single cell to interact with signaling molecules and adopt its own natural behavior. 

Thus detailed studies of the neural microenvironment and the impact of ECM are important for 

maximizing cell viability and controlling neural cell differentiation.  

 

2.3 Traditional cell/stem cell culture techniques; limitations and solutions  

Traditional 2D culture methods were the first strategy used for culturing stem cells and screening 

for the importance of different components. In this method cells are attached to a plastic dish 
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containing medium and usually grow in a flat monolayer. The 2D cell culture systems provide 

the basic information of cell growth requirement, but are unsuitable to mimic the entire in vivo 

microenvironment especially since they interact with an unnatural (plastic) surface. The 

production yield of these systems is low and cell growth take place in an unnatural and 

uncontrolled manner in response to external factors. Furthermore, the viability of cells in these 

systems is low, and they require further improvement to increase cell-cell interactions and 

normalize signaling 
9, 85

. On the other hand, 3D cell culture systems have been designed to 

provide the ability to better sustain cell cultures in which cells are naturally attached to each 

other and normal gap junction are produced between them that enable the individual cells to 

communicate with each other by transfer of electrical currents, ions and small molecules. The 

use of biocompatible extracellular scaffolds allows the cells to move and migrate in a 3D culture 

system and exert different growth factors and each differentiated cell can act as it would in vivo 

86
. Since 2D static cultures do not resemble in vivo conditions and have poor scalability, different 

culture methods such as cell aggregates, nano-carriers, microencapsulation and microfluidic 

based approaches have been investigated. The cell aggregation approach (cell spheroids) has 

advantages including easy handling, with an ability for a high yield of cell production, can better 

mimic the native microenvironment due better to cell-cell interactions, and can allow efficient 

differentiation. However it has disadvantages including being difficult to control the aggregation 

size, the aggregates require dissociation, the long-term outcome of the culture is uncertain, and 

physical forces might damage the cells if the aggregate becomes too big 
87

. In the nanocarrier 

strategy, the production yield is high and due to the high surface to volume (S/V) ratio typical of 

nanostructures, there is no limitation for diffusion of nutrients. This system can be set up for 

large scale production with easy handling and reduced consumption of materials (growth factors 
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and medium). However, this method requires cell bead separation technique and clump 

controlling. The cost of materials in this system can be high, cells might be lysed owing to 

mechanical forces, also the monitoring of the culture is not easy 
88

. 3D cell-cell and cell-matrix 

interactions are well conserved in the microencapsulation strategy. In this system a polymeric 

biomaterial is engineered to enhance cell culture performance, which is the main benefit of this 

method, but cell harvesting is complicated for microencapsulated cultures 
89

.  

3. Microfluidics and tissue engineering   

Microfluidic technology refers to manipulation of fluids at microliter to picoliter levels in 

specific environments, structures and devices 
90, 91

. Microfluidics is a multidisciplinary field 

involving different scientific disciplines such as biotechnology, engineering, and physics 
91

. The 

scale of these devices is considered to be a favorable environment for cells and tissues. In other 

words, by applying the tools of microfluidics, researchers can control the microenvironment of 

cells under nearly optimum conditions 
9, 92

. Microfluidic devices and methods help biologists to 

culture, maintain and analyze the cell behavior in a controlled microenvironment. For example a 

series of microchannels was fabricated in order to obtain a standard culture medium to maintain 

neuronal differentiation of C17.2 NSCs and therefore to prevent unfavorable changes in the cell 

phenotype 
93

. The combination of microfluidic systems with stem cell technology can provide 

appropriate conditions for stem cell culture compared to the use of other cell types, and other 

traditional culture approaches. For example in neuroregeneration, these systems allow the 

generation of uniform populations of neuronal cells and glial cells 
20

. Combining diffusion and 

laminar flow, better controlled signaling, and the ability to co-culture cells in a 3D arrangement 

are the most important advantages of microfluidic cell culture 
94

. Different applications of these 
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characteristics in neural regeneration include the culture of single ESCs 
95

, study of ESC 

differentiation and monitoring of their migration 
96

, and gradient-mediated NSC chemotaxis 
97

.  

3.1 Microfluidics and the physico-chemical and physico-mechanical properties of stem cells  

The microenvironment of stem cells arises from different physiological, physico-chemical and 

physico-mechanical cues such as cell-ECM interactions, growth factor stimulation, shear stress, 

and the rigidity and topography of the microenvironment (Fig 1) 
9, 18, 98

. The effects of these 

factors may be detectable in improved cell-to-cell and cell-to-matrix interactions, cellular 

signaling and interactions with the microenvironment 
98

. Stem cell behavior such as proliferation 

and differentiation are governed by these factors and interactions 
98

. For example the stiffness of 

ECM affects the differentiation pathway of MSCs; soft matrix increases neural differentiation 

while tough or rigid matrix increases myogenic and osteogenic differentiation 
98

. Microfluidics 

can provide precise control over the stem cell/cell numbers and growth conditions, and enables 

researchers to arrange or design the cells in spatially controlled positions, and to track cell 

responses to different internal/external mechanical, chemical, and optical stimuli. Moreover, 

microfluidics techniques allows single cells to be studied in a high-throughput manner in 

microenvironments closely mimicking biologically -relevant conditions by creating gradients of 

mechanical forces and different chemical agents 
99, 100

. These advantages can be categorized into 

four groups consisting of (i) biophysico-mechanical, (ii) biomaterial composition, (iii) 

biochemical properties and (iv) fabrication characteristics. We briefly explain these properties 

and their applications in tissue engineering and stem cell culture. Extensive reviews of 

microfluidics based stem cell culture and implementation of different stimuli can be found 

elsewhere 
9, 18, 98

.   
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3.1.1 Biophysico-mechanical properties 

In biophysico-mechanical properties, microfluidics can allow control over different physical and 

mechanical factors including spatial confinement, biomolecular tensions, shear stress, substrate 

rigidity and topography. Each individual stimulus has impacts, and the combination of different 

factors can be determinative on the phenotypes and fate of the stem cells. Microfluidics can 

provide a high level of confinement as found in vivo and a large S/V ratio 
18

, that are not possible 

using conventional stem cell culture methods. As a result, a controlled 3D spatial environment 

and appropriate oxygen tension and pH/temperature gradients together with diffusion-based 

nutrient delivery and gas exchange are possible.  For example an investigation into early 

embryogenesis and differentiation using a microfluidic based temperature gradient has been 

reported 
101

. Enhanced spreading and migration of stem cells was reported in response to the 

combination of properties of the microfluidic surface including roughness and stiffness 
102

. 

On the other hand, control over the fluidic flow that affects dynamic cell culture conditions, 

availability of shear stress as naturally found in different organs, availability of different medium 

compositions 
18

 are other advantages of microfluidics in stem cell research. Microfluidics, based 

on the application of fluid dynamic methods, can be divided into two main categories; 

continuous flow microfluidics and droplet-based microfluidics 
91, 103

. Continuous flow 

microfluidics follows the principles of continuum mechanics in microenvironments. Droplet-

based microfluidics is based on the use of immiscible phases 
103

. Diverse methods have been 

applied to make the droplets including flow-focusing,  T-junction and electro-wetting, resulting 

in droplets with nanoliter to picoliter volume range 
91, 103

. Loading hydrogel structures with 

biomolecules via droplet-microfluidic methods has been applied in stem cell/cell cultures. For 

example the feasibility of a co-culture system was investigated via alteration of the flow rate of 
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two cell streams in a hydrogel microbead generating system 
104

. Furthermore, droplet-based 

microfluidics has been used to encapsulate stem cells in synthetic hydrogels, providing in vitro 

3D cell culture systems with enhanced maintenance of cell viability 
103

. For example this 

approach was used to encapsulate human MSCs (hMSCs) in 4-armed polyethylene glycol 

maleimide hydrogels (PEG-4MAL), and showed improved cytocompatibility without any loss of 

hMSCs after 7 days continuous culture 
105

. In addition to continuous microfluidics that has 

numerous applications in stem cell based neuroregeneration, the potential advantages of droplet 

based microfluidics could also be a promising strategy for future investigations of neural tissue 

engineering in a more controlled manner.  

3.1.2 Biomaterial properties  

The biomaterial properties of microfluidics-based tissue engineering devices consist of different 

factors; various biomaterial components related to ECM and biological materials have been used 

for microfabrication. ECM of cells and stem cells is a composite of different kinds of biological 

molecules such as proteins, proteoglycans and soluble factors (Tables 1 and 2) 
98

. The interaction 

of cells with their microenvironment and substrate can produce a cellular mechanical force 

which can be sensed by myosin motors and integrin molecules, and affects cellular behavior via 

focal adhesion complexes and the actin cytoskeleton 
98

. Different natural or synthetic materials 

have been used for fabrication of these microdevices, and they can be subsequently modified to 

mimic the ECM. Using microfluidics, well-defined geometric patterning of different molecules 

and combinations 
13

 can be achieved, something that is not possible using individual culture 

dishes.  
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Polydimethylsiloxane (PDMS) is the most widely investigated material for fabrication of 

microfluidic devices for tissue regeneration including the neural tissue engineering field. PDMS 

is a silicon elastomer material considered to possess high gas permeability, low cost, simple 

fabrication, and the possibility of mass production 
73

. Furthermore, PDMS can readily undergo 

molding, has low levels of auto-fluorescence and good transparency which facilitates cell 

imaging; these properties make it the first choice of bioengineers 
106, 107

. In regard to 

neuroregeneration, numerous studies have taken advantage of these benefits to investigate the 

use of PDMS-based microdevices in stem cell biology, and manipulation of their fate 
108-110

. 

However, despite these advantages, there is some difficulty in the handling and fabrication of 

high aspect-ratio channels, the material has low stiffness, a hydrophobic nature, and can undergo 

unexpected evaporation due to its porous structure, as well as possessing biocompatibility and 

sterilization issues, that collectively comprise its challenges 
9, 92, 107

. In recent years, new 

alternative materials have been introduced such as different polymers and some combined 

strategies. For example in the neural tissue-engineering field, hybrid PDMS-glass platforms have 

been used for transdifferentiation of human adipose tissue-derived stem cells (hATSCs) 
111

. 

Microfluidic devices based on naturally-occurring polymers have been fabricated by using fibrin, 

agarose and collagen to mimic the in vivo condition 
73

. For example the application of a gelatin 

methacrylate (GelMA) polymer was reported as a photo-crosslinkable physical barrier in a 

PDMS based microdevice for NSC culture 
112

. Another study used a gelatin-based hydrogel 

microdevice for ESC culture and neural differentiation 
113

. The hydrophobic nature of PDMS 

and its porous structure may be problematic for tissue engineering and biological studies, since 

hydrophobic molecules are absorbed well onto the surface of this material 
92, 107

. This issue can 

be resolved by surface modification of the PDMS with methods such as chemical vapor 
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deposition (CVD), plasma treatment as well as application of surfactants, polymers and 

nanomaterials, and PDMS-patterning approaches such as chemical and topographical patterning 

(Reviewed by ref 
114

). Furthermore, joining hydrophilic groups to the surface of microfluidic 

devices seems a promising approach to functionalize them. In some cases, especially with cell 

culture applications, charged molecules such as poly-D-lysine, or ECM proteins, including 

laminin, fibronectin and collagen, can be applied and coated onto the surface of PDMS 
99

. 

Collagen type 1 
115

, poly-L-lysine (PLL) 
116

 and fibronectin 
111

 coatings have all been used to 

overcome the shortcomings of PDMS, and other polymeric material-based microdevices. For 

example Pluronic F-127 treatment was used to prevent absorption of fluorescent molecules into 

the PDMS matrix, and lessening noise and background during fluorescence imaging 
110

.  

3.1.3 Biochemical properties 

Many biochemical molecules have been used in microdevices to more closely imitate the 

physiological properties of the native tissue of interest. Stem cells are in contact with different 

soluble signaling cues in their in vivo microenvironment (Fig 1) (Table 2) such as extracellular 

calcium ions, various growth factors, nutrients and oxygen. Automated culture systems, soluble 

gradients and temporal exposure regimens 
98

 are the most investigated conventional and 

microfluidics strategies to meet this purpose.  Microfluidics can be advantageous for controlling 

the chemical composition of the microenvironment and to produce spatiotemporal control of 

soluble gradients 
98

.  In this regard, microfluidics uses various mechanical devices such as 

pneumatic valves, osmotic pumps or diffusion-based gradient generation to study the signaling 

pathways, growth factor /nutrient gradients, long-term culture, and stem cell differentiation 
117-

119
. Generation of continuous and stable gradients in a precise manner is achievable by 

application of microfluidic tools and devices 
18

. In addition, automated temporal control of the 

Page 19 of 55 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



delivery of soluble factors can be achieved using microfluidic systems. For example a continuous 

growth factor gradient with a mixture of PDGF, EGF and FGF2 was created using a gradient-

generating microfluidic device produced from PDMS by rapid prototyping and soft lithography 

117
. Controlled autocrine and paracrine signaling and growth factor-dependent NSC 

differentiation into astrocytes was reported using this device. Another study used a microdevice 

in which a gradient was generated by two laminar flow streams and an osmotic pump to 

recapitulate the biological effects of different biomolecules (including cytokine gradients (FGF8, 

agonist Shh and antagonist (BMP4) 
120

. Long-term culture and Shh concentration-dependent 

generation of a complex neural network was achieved using human ESC-derived neurons guided 

to differentiate and proliferate. Stem cells behaviours in native tissue are in contact with multi 

stimuli with different origin. Generally appropriate migration or differentiation isn’t a single 

factor dependent mechanism.  Study the effect of multi biochemical factors or in combination 

with effects of some other cues such as shear stress can represent new insights about their effects 

on stem cells proliferation and differentiation. 

3.1.4 Fabrication characteristics 

            Soft lithography is the most often exploited method for fabrication of microfluidic devices in the 

neural tissue-engineering and biological research. This method involves replica molding, 

embossing, and printing 
91, 121

. The process uses a master (mold) with a topographic pattern, and 

then the liquid polymer is poured over the master. In this way, the pattern on the master is 

replicated 
122

. Soft lithography-based fabrication methods have been used for production of 

different simple and complex microchips which have been employed in stem cell-mediated 

neural tissue engineering 
57, 108, 115

. In this regard two additional topics should be noticed; large 

scale assays and integration of sensors. Microfluidic large scale integration can be obtained using 
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valves or droplet-based microfluidics for parallelization of the assays, and design of a single 

platform to accomplish a series of successive steps 
18

. This strategy can be used to study the 

effect of various biochemical factors on stem cell behavior and fate as well as controlled 

gene/drug delivery systems or for nanotoxicological assays. Despite the advantages of these 

high-throughput systems over the conventional costly and time-consuming methods, their 

integration into traditional set-ups especially concerning read-out equipment needs more effort. 

Rotating culture systems and stirred culture systems are two methods using fluidic flow to 

maximize the yields in stem cell research. Rotatory culture systems have low shear stress and a 

more homogeneous environment along with efficient gas transfer ability, but the aggregate size 

must be controlled. In stirred systems, the culture environment is controlled efficiently and 

nutrients and gases can easily transfer through the medium 
88

.   

           On the other hand, precise, in situ, real-time and non-invasive monitoring of the cellular 

microenvironment and cell activity 
18, 99

 can be achieved using bio-sensors incorporated into the 

microdevice. Microelectromechanical system technology can be a key part of the design and 

fabrication of such devices. These approaches can be used in neural tissue engineering 

applications 
18

 such as for monitoring oxygen tension, physical parameters such as temperature, 

cellular stress levels, cell/tissue metabolism parameters, electrochemical and chemical activity, 

and the differentiation status of stem cells. 

4. Stem cells in microfluidic-based neural tissue engineering  

Various types and sources of different stem cells have been employed in stem cell-based neural 

tissue engineering using microfluidic systems. In addition to the afore-mentioned advantages, 

some other properties are important for application of microfluidics in stem cell based 

neuroregeneration. ESCs and NSCs have been the two principle categories of stem cells used for 
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this purpose, and different shapes and designs of microdevices have been employed to achieve 

the best results. In this regard, the geometry of the microfluidic device is very important. 

Separated and confined structures are the best options for neuroregeneration, especially for 

neural outgrowth and for the study of the impact of different stimuli  
18

. Using microtechnology, 

fabrication of devices with different dimensions and controlled geometry, using the soft 

lithography technique, and rapid prototyping for various applications can be possible. For 

example compartmentalized microdevices have been used for guided neuron growth and cell-cell 

interactions. In addition, co-culture of different neural cells like glial cells, astrocytes or 

Schwann cells is possible, allowing modeling of diseases such as neurodegeneration (and 

neuroregeneration) can be achieved using various microdevices. Simple microfluidic chips, 

compartmentalized microdevices, hydrogel-based microfluidic devices, microfluidic bioreactors, 

and microfluidic arrays have all been reported in recent years for studying stem cell culture, 

migration and differentiation. 

 Likewise, the combination of microfluidics with other approaches has been investigated in order 

to monitor the differentiation of the stem cells, and for understanding their biology. Figure 2 

shows the overall process of stem cell derivation and isolation, as well as microfluidic stem cell 

culture and their possible behavior. Different microfluidic-based neural tissue engineering 

applications are listed in Table 3. More details are given in the following sections focusing on 

reports of the use of stem cells for neural regeneration.      

 

Figure 2. Illustration of the different stem cell sources, microfluidic stem cell culture, and 

different stem cells behaviors in a microchip, including self-renewal, apoptosis, migration and 
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differentiation. Direct differentiation of stem cells to various neural phenotypes is also shown. 

(Experimental figures reprinted from Ref. 
109

. Copyright 2015 with permission from Elsevier).  

Table 3. Different stem cells and application of microdevices for neural tissue engineering. 

Stem cell Microdevice Highlights Ref  

 

 

 

 

 

ESCs 

 

 

Compartmental culture system 

with grooved microchannels 

• Study on neurite outgrowth and axon guidance 

• Neural differentiation from single cells 

• Neurosphere differentiation into mature 

neurons 

• Accelerated migration of single axon 

• Axons migration monitoring  

 

96
 

Large-scale, concave-microwell 

culture plate containing arrayed 

cylindrical well structures 

• Size and shape homogeneous EBs
1
 production 

• EBs
1
 maintained phenotype   

• Differentiation into adult cells 

 

123
 

Dual-micropillar microfluidic 

platform 

• 6 days Single ESCs culture 

• Shear stress and cell docking controlling 

• Differentiation into neural-like cells 

 

95
 

 

Compartmentalized microfluidic 

device with open wells 

• Neuron-oligodendrocyte co-culture  

• Generation of myelinating oligodendrocytes 

• Potential tool for treatment of myelin 

abnormalities and demyelinating malignancies  

 

124
 

Microfluidic biochip with four 

separate porous membrane, micro-

chambers and biosensors  

 

• Stimulate and record function of neural tissues  

 

125
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Gelatin hydrogel microfluidic chip 

placed at the bottom of a standard 

multi-well plate 

 

• Precise delivery of retinoic acid gradient 

• Decoupling of cell culture from microfluidic 

manipulation 

• Spatiotemporal control of neuronal 

commitment 

 

 

113
 

 

ESC-Ns
2 

 

Triple-chamber compartmentalized 

micro-grooved microfluidic device 

with holes in the main channel  

 

• Axons isolated from somal cell bodies 

• Application in neurodegenerative 

diseases 

 

116
 

 

 

 

 

 

 

 

 

 

 

 

Microfluidic gradient generator 

using microcapillaries as 

connectors between chambers 

 

• Linear and stable biomolecular 

gradient 

• Increased cell migration directionality and 

differentiation  

 

97
 

 

3D ECM containing microfluidic 

array 

• Derivation of electrophysiologically 

functional neuron-like cells 

• Enhanced functional neuronal differentiation 

• Increasing the therapeutic efficacy of stem cell 

transplantation 

108
 

 

Low oxygen tension mimicking 

microfluidic array 

 

• Maintaining self-renewal capacity 

• Direct neuronal commitment 

• Self-renewal and differentiation analyzing 

 

109
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NSCs 

 

 

 

 

 

 

 

 

 

 

Collagen coated 3D co-culture 

microdevice  

• In vitro reconstituted brain-mimetic 3D 

vascular microenvironment 

• Spatiotemporal control of the NSC niche 

• Regulation of NSC self-renewal and 

differentiation 

• Maximizing paracrine and autocrine signaling 

effects 

 

 

115
 

Microfluidic dual-well cell-culture 

device 

 

• > 99% capture efficiency 

• Single-cell culture and differentiation 

126
 

 

3D microenvironments containing 

microchannels 

 

• Quantifying and monitoring  the effects 

mimicking ECM for guiding differentiation  

 

8
 

 

On-chip LEPD
3
  

 

• Long term cell culture 

• Stem cell differentiation 

• Transfection of postmitotic neurons 

• High viability (>90%)  after electroporation 

 

110
 

 

Micro-engineered gradient 

generator consisting of mirrored 

serpentine channels connected by 

rectangular and triangular gradient 

chambers 

 

• Micro-engineered FGF-2 gradients  

• No gradient-dependent localization of 

dividing hNSCs 

• Asymmetric neuron culture 

•  Increasing the number of neurons 

 

127
 

 

Photo-crosslinkable GelMA 

hydrogel 3D microfluidic Device 

• 53-75% neuronal differentiation 

• Inhibition of interstitial fluid using hydrogel 

physical barrier 

 

112
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• Regenerative applications 

Collagen gel supported 

microfluidic device 

• Neural stem/progenitor cell culture 

• Nerve growth factor biochemical dependent 

differentiation  

• Collagen density dependent differentiation 

 

128
 

 

hATSCs
 

 

Gel-free 3D microfluidic culture 

containing microchannel and 

reservoir layers 

 

• Increased neuronal-like cell structures, long 

neuritis and GABA secreting neurons 

• In vivo high ratio of trans-differentiation to 

motor neurons  

111
 

 

NEPSCs
 

 

Phase-guided 3D microfluidic cell 

culture bioreactors 

 

• Dopaminergic neuronal differentiation after 30 

days of culture 

 

58
 

 

PDMCs
 

 

Microfluidic chip with physico–

chemical stimulation 

• Maintaining pluripotency and proliferative 

potential 

• Enhanced neuronal cell differentiation 

 

57
 

1. EBs: Embryoid Bodies; 2. ESC-Ns:
 
ESC-derived neurons; 3. LEPD: Localized electroporation device 

 

4.1 Embryonic stem cells 

One of the best sources for the isolation of stem cells is the inner cell mass of the blastocyst that 

contains pluripotent “embryonic SCs” (ESCs) 
44

. The other major approach that is often 

discussed, involves the treatment of somatic stem cells under certain specific conditions that 

allow manipulation of gene expression to produce a pluripotent cell type called “induced PSCs” 

(iPSCs) 
44

. The term “pluripotency” refers to the ability of these cells to eventually produce all 
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the different cell types that comprise an entire organism, and of course, neural cells can also be 

obtained from differentiation of PSCs (ESCs or iPSCs). One of the first lineages that can be 

obtained from differentiation of PSCs can often be neural cells. In other words, in a simple 

culture medium ESCs can spontaneously differentiate to form neural cells 
129

. Several studies 

have investigated the wide range of application of PSCs for repairing diseases of the nervous 

system, including genetic disorders, neurodegenerative diseases, and mitigating the symptoms of 

damage to the brain and spinal cord 
29, 129-132

. Microfluidics can provide desirable conditions to 

facilitate culture and neural differentiation pathway of ESCs. Microfluidic-based cell and stem 

cell culture systems are generally categorized into two classes, gel-supported- and gel-free 

approaches. Figure 1 illustrates these two main microfluidic-based stem cell culture methods. 

Each of these microfluidic cell culture systems has specific advantages and disadvantages. The 

gel-free approaches may be ineffective for long-term cell/stem cell culture because of limited 

space, evaporation of the medium, effects of shear stress, and limitations in passive and diffusive 

mass transport 
73

. The gel-supported approach provides good cell/biomolecule encapsulation 

properties and more closely resembles the in vivo environment to overcome the limitations of 

traditional culture techniques. However this method can suffer problems with cell viability due to 

limitation in nutrient and oxygen transport, or due to lack of sufficient ECM in some 

circumstances 
73

. Different gel-free techniques 
111

 and gel-supported techniques using collagen 

112, 115
 have been reported for neural differentiation of stem cells. 

In this regard, to overcome the challenges of gel-free culture and to investigate the effect of 

biomolecular gradients, a study developed a hydrogel microfluidic device that allowed precise 

delivery of biomolecules to mouse ESCs that were cultured through a combination of macroscale 

and microscale approaches 
113

. The chip consisted of a macroscale culture substrate, containing 
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embedded microchannels for spatiotemporal control of biomolecule delivery (Fig. 3 A). Neural 

differentiation of ESCs was induced by a gradient of the morphogen, retinoic acid. Furthermore, 

the strongest neuronal differentiation and a greater occurrence of EBs were reported using this 

gradient. Moreover, ESC pluripotency was confirmed by Oct4 expression (GFP) and efficient 

colony formation and colony morphology (Fig. 3 B). The size limitation of microfluidic 

platforms (and therefore the low scalability of these systems) may prevent their widespread 

clinical application. However advanced designs such as previous example would be helpful to 

eliminate the restriction of microfluidic-based tools for the construction of real-sized grafts and 

tissues.  

 A popular method in PSC biology is called direct differentiation, in which differentiation to 

specific cell type is obtained by application of a tailored array of external signals in a controlled 

environment 
29

. In this regard, a study developed a dual-micropillar-based microfluidic device in 

order to direct differentiation of single ESCs to a neural phenotype 
95

. In this study, eight inner 

saddle-shaped micropillars and 16 circular-shaped outer pillars were used to allow reduction of 

cell docking (via a higher hydrodynamic resistance) and control the shear stress, respectively. 

Furthermore, after 6 days of culture the ESCs showed 72% differentiation into neural-like cells 

(Fig. 3 C and D). 

 

Figure 3. Fabrication of microchips and ESC culture. A) Schematic illustration of fabrication of 

the hydrogel microfluidic chip. 1. Mold fabrication and injection of hydrogel monomers. 2. 

Gelation, and mold removal. 3. Transfer to a well plate. 4. Cell seeding and system activation for 

cell-based assays. B) ESC culture on the surface of the chip (reproduced from ref. 
113

. Copyright 

2015 with permission from nature publishing group). (C) Dual-micropillar-based microfluidic 
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platform containing microvalves. (D) Neural-like cells in microchip with stained Tuj1 (anti-

neuronal classIII, β_tubulin), SMA (anti-α-smooth muscle actin) and DAPI (blue-fluorescent 

DNA stain)  (reproduced from ref. 
95

. Copyright 2015 with permission from John Wiley & Sons). 

 

Oligodendrocytes  are one of the important cell types in the structure of the brain, that produce 

myelin which acts as an insulator for axons 
29

. The actual mechanism of myelination (myelin 

sheath) formation around the axons by oligodendrocytes is a less investigated field. An 

investigation developed a combination of microfluidic technology with stem cell biology to 

cause differentiation of ESCs into myelinating oligodendrocytes, and to allow assessment of 

myelin formation 
124

 (Fig 4. A-D). Quantification of myelin formation was obtained through an 

automated method. Results of this study are relevant, not only for long-term live imaging, but 

also for the search for new treatments for demyelinating diseases like multiple sclerosis (MS). 

 

In recent years, numerous studies have reported the application of compartmentalized 

microfluidic platforms for neurobiological research 
133-135

. The ability to observe the different 

parts of neurons (axons and cell bodies) in compartmentalized microfluidic devices can be useful 

for studying neurodegenerative diseases. For example Hwa Sung Shin et al., used embryonic 

stem cell (ESC)-derived neurons (ESC_Ns) (derived from mouse ESCs) and showed that the 

axons traversed the microchannels, and were finally isolated from the somatic cell bodies to 

allow the study of axonal biology 
116

 (Fig. 4E).  
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Figure 4. Microfluidic based myelin formation and axonal isolation. A, B) Schematic of 

microfluidic devices for myelination. C) Microfluidic myelinating oligodendrocytes (MBP), 

neurites (TUJ1) and cell nuclei (DAPI). Brackets mark indicates myelin, tubes of 

oligodendrocyte extensions wrapping neuritis. D) Arrowheads marked tubes showed by optical 

transverse sections (Scale bars: 20 µm in C and 3 µm in D) (Reproduced from Ref. 
124

. Copyright 

2015 with permission from The Company of Biologists Ltd). E) Three-chamber microfluidic 

devices for Map5 stained axonal isolation of ESC_Ns (Reproduced from Ref. 
116

. Copyright 

2015 with permission from Springer). 

 

4.2 Neural stem cells  

Adult neural progenitor cells (NPCs), in the presence of particular factors such as EGF and FGF 

can differentiate into different types of neuronal cells 
49

. Although this type of “neural-

engineered adult stem cells” (NESCs) cells can indeed be generated, owing to restricted 

resources, and a narrow range of cells they can differentiate into, they are not considered to be 

good candidates for human clinical trials 
136

. The ability of these differentiation pathways to be 

guided by the use of appropriate factors, illustrates the benefit of the employment of microfluidic 

approaches. The ability to mimic the stem cell niche (which plays an important role in NSCs 

self-renewal and differentiation) can be a useful for NSC culture. A study reported a PDMS-

based microfluidic device that could reconstitute the NSC-vascular niche, containing a 3D brain 

vasculature (bVas) and an ECM microenvironment that allowed NSCs to adopt physiologically 

relevant phenotypes. Through the combined effects of ECM components, chemical gradients, 

and signaling molecules, neuronal differentiation was suppressed, but NSC differentiation into 

astrocytes and oligodendrocytes was promoted 
115

. In addition, monitoring of the self-renewal 
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and differentiation of NSCs was assessed using quantitative reverse-transcription polymerase 

chain reaction (qRT-PCR).  A soft lithography process was used to fabricate the microdevice 

with a central channel for collagen type I hydrogel that was seeded with NSCs, and two adjacent 

surrounding channels contained the bVas (Fig. 5 B).  

 

Biological paracrine signals produced by the surrounding cells may affect the differentiation of 

stem cells. To enhance the differentiation of human NSCs (hNSCs) to functional neuronal cells, 

a study investigated the effect of signaling on the hNSC differentiation in a 3D microfluidic 

array 
108

. ECM hydrogel was used for hNSC culture, and genetic engineering of human 

mesenchymal stem cells (hMSCs) was used to increase expression of glial cell-derived 

neurotrophic factor (GDNF) (performed by anionic polymeric nanoparticles). Paracrine signaling 

took place between hMSCs and hNSCs using the microfluidic design with a soft lithography-

based central channel for hNSC culture, and lateral channels for GDNF-expressing hMSCs. 

Enhanced differentiation of hNSCs to neuronal cells was achieved with functional 

electrophysiological features and glial differentiation was suppressed (Fig 5. A). The in vivo 

effectiveness of this technique was confirmed by sterotactic transplantation into the brain of mice 

with neonatal hypoxic-ischemic brain injury. A hyaluronic acid (HA) hydrogel was used to 

transplant GDNF-hMSC cells (and control hMSC cells) into the striatum. The mice that were 

transplanted with GDNF-hMSCs showed better neurological performance on the Rotarod, grip 

strength, and passive avoidance tasks. 

 

Figure 5. Investigation of NSCs biology via microfluidics. A) Microfluidic platform for in vivo 

paracrine signaling mimicking for enhanced NSC differentiation. Top: Schematic illustration of 
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Microfluidic array for NSCs and GDNF-MSCs coculturing. Bottom (left): qRTPCR experiments 

with upregulated expression of the TH marker in hNSCs. Bottom (right): Neurite formation level 

of GDNF-hMSCs in comparison with control groups (Reproduced from Ref. 
108

. Copyright 2015 

with permission from Elsevier). B) Schematic illustration of microdevice for interaction of 

cultured NSCs with bVas (Reprinted from Ref. 
115

. Copyright 2015 with permission from John 

Wiley & Sons.). C and D) Neural stem/progenitor cells migration and differentiation in the 

collagen matrix. C) Fluorescent labeling (red) of MAP2 protein expression in appropriate 

collagen density (0.9 mg/ml). D) Neural stem/progenitor cells percentage with MAP2 expression 

within different collagen matrices (Reproduced from Ref. 
128

. Copyright 2015 with permission 

from the Royal Society of Chemistry). 

 

The generation of a biomolecular gradient in a controlled manner can be an effective method in 

neural regeneration. Conventional pieces of apparatus for studying chemotaxis in vitro cell 

culture, suffer from limitations such as uncontrolled concentration gradients, and limitations on 

direction and speed of cell migration. A study investigated a microfluidic-based gradient of 

CXCL12 (aka stromal cell-derived factor 1 α) for investigation of the effect of BDNF 

pretreatment on NSC chemotaxis 
97

. Enhancement of NSC chemotaxis with better directionality 

of cell migration was obtained; however this chemotaxis required CXCR4-CXCL12 receptor-

activation. 

A recent study reported culture of encapsulated NPCs in a collagen microfluidic device 
128

. 

Improved NPC migration and differentiation was shown at an optimal nerve growth factor 

concentration. Synchronized and organized migration of cells, and better neuronal differentiation 

with good cell-cell connections was obtained in the appropriate conditions (Fig 5. C,D).     
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4.3 Other types of stem cells  

Differentiation of other types of stem cells with the goal of neural regeneration and neural tissue 

engineering has also been investigated. HSCs derived from bone marrow (that can generate all 

types of different blood cells) 
137

, and different types of MSCs found in other tissues such as 

skeletal, bone marrow are some examples of this subject. Adipose derived SCs (ADSCs) are 

multipotent MSCs that exist in subcutaneous fat deposits and are easily isolated from material 

obtained using lipoplasty (fat removal) 
55

.  

Similar to other stem cell types, employment of specific stimuli including different intracellular 

or extracellular factors that affect growth and differentiation delivered in microfluidic-based 

devices are the most investigated in neurogenesis. For example Jeein Choi et al., reported self-

renewal and trans-differentiation of multipotent hADSCs to neurons which was induced by 

activating the Wnt5A/β-catenin signaling pathway in a static cell culture using a 3D microfluidic 

device 
111

. A gel-free microfluidic cell culture system with low oxygen partial pressure was 

developed that caused increased hADSCs growth (in comparison with 2D culture) and a 

significant increase in neuronal-like cell structures. HIF1α (Hypoxia-inducible factor 1-alpha) 

expression was induced by low oxygen levels, which caused increased expression of Wnt5A/β-

catenin and Oct4. HIF1a binding to regulatory sites of Oct4 and β-catenin genes induced 

hADSCs neural differentiation (particularly into motor neurons useful for repairing of SCI) and 

gamma-aminobutyric acid (GABA) secreting neurons (Fig 6. A-B). 

One of the most investigated examples of neurodegenerative diseases is Parkinson’s disease, that 

affects about 2% percent of humans after 65 years old 
138

. Progressive loss of dopaminergic 

neurons (DNs) is the hallmark of Parkinson's disease. In this regard a study investigated the 
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application of 3D microfluidic cell culture technology for differentiation of NEPSCs derived 

from human iPSC to DNs (Fig 6. D,E) 
58

. After 30 days DNs were produced that were 

electrophysiologically active, and exhibited long neurites typical of mature neurons forming an 

interconnected network in this biocompatible phase-guided microfluidic cell culture bioreactor. 

These innovative studies were proposed to be useful for Parkinson's disease investigation and 

drug discovery. 

 

Figure 6. Application of microfluidics for other types of stem cells. A-B) Neuronal 

differentiation in a gel-free microfluidic chip. A) Microchip with two inlets (exchanging medium 

and loading neurospheres) and one outlet (left) and schematic concept of immobilization of the 

neurospheres in the sphere-loading channel with elliptical pillars (right). C) Efficient 

neurogenesis of hATSC neurospheres into GABA secreting neurons (60% of DAPI) in 

comparison to dish culture (30% of DAPI) (left). High rate of neurogenesis to give motor 

neurons (NF160+ ) in chip culture of hATSC neurospheres compared to dish culture in the 

lesions of mouse injured spinal cord tissue (10-15% transdifferentiation of engrafted cells in 

comparison with less than 5%, respectively) (right) (Reproduced from Ref. 
111

. Copyright 2015 

with permission from Elsevier). C) Immunostaining of differentiated neurons with nuclei, 

TUBβIII and TH stains in a microfluidic bioreactor for differentiation of human NEPSCs into 

neurons (left). Scale bar: 100µm. Live–dead cell correlation and efficiency of differentiation 

(right). (Reproduced from Ref. 
58

. Copyright 2015 with permission from the Royal Society of 

Chemistry).  
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PDMCs represent a new source of stem cells that are relatively simple to obtain, and have good 

ability to differentiate into neurons. A recent study reported a microfluidic chip that used 

physical methods to modulate the differentiation PDMCs 
57

. Enhanced neuronal cell 

differentiation was achieved with physical stimulation using shear stress (produced by varying 

the injection flow rate) in comparison to chemical stimulation with 1-methyl-3-isobutylxanthine 

(IBMX).  

Creation of even more sophisticated parts of the neural system has been investigated using 

micro/nanofabrication techniques and microfluidic culture of neural cells with goal of creating a 

“brain-on-a-chip”. For example the creation of a blood-brain barrier (BBB) using endothelial and 

astrocyte co-culture and silicon nitride membrane has been reported 
139

. A two-layer membrane-

based microdevice working through biochemical and biomechanical stimulation 
140

, and an 

integrated device consisting of four patterned PDMS sub-layers, electrode layers, and the 

sandwiched polycarbonate membrane 
141

 have also been reported in recent years. Another study 

used plastic, disposable and optically clear synthetic materials to model the microvasculature of 

the BBB (SyM-BBB microdevice) and create a functional BBB model 
142

. Similarly, creation of 

neural circuit models using different microdevices has been investigated. For example creation 

of a lower motor neuron–neuromuscular junction circuit using microgrooves 
143

, a 3D neural 

circuit using a microdevice consisting of ECM components and micropillar arrays 
144

, and 

acompartmentalized microsystem 
145

 have all been reported. In regard to application of stem cells 

and microfabrication devices for this purpose, one example reported a microfabricated 

compartmentalized chamber with proteins micropatterned on the surfaces for investigating the 

effects of fibroblast growth factor receptor (FGFR) signaling on guidance and outgrowth of 

ESCs-derived axons, and creation of functional neural circuits 
146

.  
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As one of the next steps toward a brain-on-a-chip, Park et al. combined an osmotic micropump-

based system with concave microwell arrays, and modulated the constant flow of fluid to 

evaluate the effect of 0.15 µL min
−1

 flow (that mimics the in vivo situation) on 3D 

neurospheroids 
147

. Neural progenitor/stem cells were cultured for 10 days to form 

neurospheroids allocated into different dynamic and static groups (neurospheroids cultured with 

and without flow, respectively). They followed up the neurospheroid size and the formation of 

neural networks in dynamic and static flow conditions, generally observing a larger 

neurospheroid size in the dynamic group. They reported greater neurite extension in the dynamic 

group compared to the static group resulting in formation of a more robust neural network 

(Figure 7. A). Quantitative analysis and optical imaging confirmed this result. Furthermore, 

neural progenitor/stem cell marker staining showed enhanced differentiation into neurons. In this 

model, they exposed the neurospheroids to amyloid-β treatment and compared their viability 

with those that were not treated with amyloid-β. Amyloid-β staining with thioflavin showed a 

greater amount of amyloid-β and a lower percentage of viable cells in the dynamic group (Figure 

7. B).  

 

Figure 7. Neural network formation and neurotoxic effects of amyloid-β. A) Average number of 

neurites extending (upper graph) and average size of neurospheroids (lower graph) in different 

microdevice sections of two main group. B) Destruction of neural networks shown by 

immunofluorescence images staining synapsin IIa (synaptic marker) and nestin (neural 

progenitor/stem cell marker) in neurospheroids in different groups (Scale bar:100 µm). 

(Reproduced from Ref. 
147

. Copyright 2015 with permission from the Royal Society of 

Chemistry).  
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5. Conclusions and future perspective 

The complex structure and intricate function of the nervous system, together with the intrinsic 

limitation on its ability to regenerate, cause considerable difficulties for the field of neural tissue 

engineering. The ability to culture and differentiate stem cells in a controlled in vitro 

environment also presents some problems, considering the vast range of stimuli that can 

critically determine the fate of the stem cells. Providing an appropriate and adequate range of 

different stimuli, including specific ECM proteins, adequate shear stress, sufficient substrate 

stiffness and recoil force, appropriate oxygen tension, as well as desirable nano-features and 

micro-topography can all be important for the close mimicking of the in vivo microenvironment 

or stem cell niche.  

Microfluidic technology has the ability to overcome the limitations of traditional 2D and 3D cell 

and stem cell culture techniques, producing improved results that more closely resemble those 

naturally obtained in vivo. Microfluidic devices have some excellent advantages that are 

important for stem cell-based tissue engineering, especially in the area of neural regeneration. 

Good control over the spatiotemporal factors that determine the extracellular microenvironment 

of stem cells, particularly their interactions with other cells and with the ECM, precise control 

over the biochemical gradients, and providing the most appropriate physical microenvironment 

are the most important properties of the microdevices that are used to replicate the stem cell 

niche.  Various microfluidic systems have been designed and fabricated for the purpose of neural 

tissue engineering. Enhanced neural migration and differentiation, a better ability to monitor 

these processes, as well as understanding of stem cells and their behavior in different 

microenvironments have been obtained through application of microfluidic based devices to 

stem cell culture and neural tissue engineering.   
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Due to the complexity of stem cell biology, deeper investigations into the biological and 

physicochemical cues exerted by the native microenvironment that affect stem cell biology are 

required, and microfluidic devices can play a role with their ability to replicate the natural 

microenvironment. For example improved compartmentalized microfluidic devices can allow 

examination of different parts of neural cells, and co-culture of several different cell types.  

Some potential applications of microfluidics in neural tissue engineering are the utilization of 

natural or synthetic materials as a biocompatible scaffold to guide neural system development. 

Microfluidics can be a promising approach for screening of these different biomaterials. The 

potential advantages of microfluidics are its use of minimum quantities of material, testing 

combinations of different biomaterials, and investigating their biological interactions and 

comparative efficacy. On the other hand, long-term cultures and assays are a challenge in 

microfluidics as well in neural tissue engineering. Precise quantification of measurements in 

most biological investigations including tissue engineering methods need both long-term and 

high through-put assays. Application of microfluidics especially via high through-put devices 

and parallelization of multiple assays in neural tissue engineering can be advantageous for long-

term stem cell culture, characterizing their proliferative and differentiation capacity and 

modeling of neural diseases (for example Alzheimer’s, malignancies and abnormalities of the 

BBB) and  for drug/biomaterial screening. These studies can also be useful for investigation of 

the impacts of drugs, nanoparticles, growth factors and cytokines on differentiation and 

proliferation of stem cells. In these regard, nanotechnology approaches are promising candidate 

for biology, medicine, tissue engineering, as well as for neuroscience and neural tissue 

engineering 
5, 148-150

. Various nanostructures have been reported with potential applications in 

these fields 
150-153

. Employment of nanoparticles in tissue regeneration and neural tissue 
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engineering can be used as a potential research field, for example stem cell tracking by 

nanoparticles in a microdevice or studying their toxicity on neural cells.  

Future studies should also consider some less-investigated subjects in microfluidic based neural 

tissue engineering. For example there has been much attention on the application of MSCs in 

neural tissue engineering because the ethical issues involving ESCs and cells derived from ESCs 

such as NSCs. Hence more microfluidics-based neural tissue engineering studies using ADSCs, 

placenta and bone narrow derived stem cells would be a potential future application. Also there 

has been an extensive discussion on the impact of inflammation on tissue regeneration, and 

whether it is overall considered desirable or undesirable. One interesting study could be the 

investigation of the impacts of immune cells and inflammatory cells on the neural regeneration 

process using stem cells in a microdevice. On the other hand, utilization of computational 

simulations for better imitation of the native microenvironment, and improved control of 

microdevices is another potential application. For example simulation of native shear stress of 

the neural niche and its ECM components, and integration of these for tissue engineering 

approaches would be useful to demonstrate the synergistic combination of microfluidics, tissue 

engineering and in silico studies.  

Through the multidisciplinary overlap of biology and engineering combined with emerging new 

trends such as microfluidics, stem cells and nanotechnology, the fabrication of an artificial 

human organ (even going as far as a brain) is beginning to be considered possible; this has been 

imagined as a “brain-on-a-chip” 
147

 . Organs on a chip will provide much better mimicking of 

real human physiology, and will be useful for tissue engineering, disease modeling and drug 

screening; however much more well-designed studies are still required in these fields.  
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Graphical abstract: 

 

 

Overall process of stem cell derivation and isolation, as well as microfluidic stem cell culture and 

neural tissue engineering  
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Figures:  

 

Figure 1. Stem cells in a microfluidic device. The figure demonstrates the possible physic-

chemical and biomolecular stimuli, which could be provided by microfluidics (top). Schematic 

illustration of different stem cell culturing approaches (supported via gel matrix or not) is also 

shown (bottom).  
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Figure 2. Illustration of the different stem cell sources, microfluidic stem cell culture, and 

different stem cells behaviors in a microchip, including self-renewal, apoptosis, migration and 

differentiation. Direct differentiation of stem cells to various neural phenotypes is also shown. 

(Experimental figures reprinted from Ref. 
109

. Copyright 2015 with permission from Elsevier). 
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Figure 3. Fabrication of microchips and ESC culture. A) Schematic illustration of fabrication of 

the hydrogel microfluidic chip. 1. Mold fabrication and injection of hydrogel monomers. 2. 

Gelation, and mold removal. 3. Transfer to a well plate. 4. Cell seeding and system activation for 

cell-based assays. B) ESC culture on the surface of the chip (reproduced from ref. 
113

. Copyright 

2015 with permission from nature publishing group). (C) Dual-micropillar-based microfluidic 

platform containing microvalves. (D) Neural-like cells in microchip with stained Tuj1 (anti-

neuronal classIII, β_tubulin), SMA (anti-α-smooth muscle actin) and DAPI (blue-fluorescent 

DNA stain)  (reproduced from ref. 
95

. Copyright 2015 with permission from John Wiley & 

Sons.). 
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Figure 4. Microfluidic based myelin formation and axonal isolation. A, B) Schematic of 

microfluidic devices for myelination. C) Microfluidic myelinating oligodendrocytes (MBP), 

neurites (TUJ1) and cell nuclei (DAPI). Brackets mark indicates myelin, tubes of 

oligodendrocyte extensions wrapping neuritis. D) Arrowheads marked tubes showed by optical 

transverse sections (Scale bars: 20 µm in C and 3 µm in D) (Reproduced from Ref. 
124

. Copyright 

2015 with permission from The Company of Biologists Ltd). E) Three-chamber microfluidic 

devices for Map5 stained axonal isolation of ESC_Ns (Reproduced from Ref. 
116

. Copyright 

2015 with permission from Springer). 
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Figure 5. Investigation of NSCs biology via microfluidics. A) Microfluidic platform for in vivo 

paracrine signaling mimicking for enhanced NSC differentiation. Top: Schematic illustration of 

Microfluidic array for NSCs and GDNF-MSCs coculturing. Bottom (left): qRTPCR experiments 

with upregulated expression of the TH marker in hNSCs. Bottom (right): Neurite formation level 

of GDNF-hMSCs in comparison with control groups (Reproduced from Ref. 
108

. Copyright 2015 

with permission from Elsevier). B) Schematic illustration of microdevice for interaction of 

cultured NSCs with bVas (Reprinted from Ref. 
115

. Copyright 2015 with permission from John 

Wiley & Sons). C and D) Neural stem/progenitor cells migration and differentiation in the 

collagen matrix. C) Fluorescent labeling (red) of MAP2 protein expression in appropriate 
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collagen density (0.9 mg/ml). D) Neural stem/progenitor cells percentage with MAP2 expression 

within different collagen matrices (Reproduced from Ref. 
128

. Copyright 2015 with permission 

from the Royal Society of Chemistry). 
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Figure 6. Application of microfluidics for other types of stem cells. A-B) Neuronal 

differentiation in a gel-free microfluidic chip. A) Microchip with two inlets (exchanging medium 

and loading neurospheres) and one outlet (left) and schematic concept of immobilization of the 

neurospheres in the sphere-loading channel with elliptical pillars (right). C) Efficient 

neurogenesis of hATSC neurospheres into GABA secreting neurons (60% of DAPI) in 

comparison to dish culture (30% of DAPI) (left). High rate of neurogenesis to give motor 

neurons (NF160+ ) in chip culture of hATSC neurospheres compared to dish culture in the 

lesions of mouse injured spinal cord tissue (10-15% transdifferentiation of engrafted cells in 

comparison with less than 5%, respectively) (right) (Reproduced from Ref. 
111

. Copyright 2015 
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with permission from Elsevier). C) Immunostaining of differentiated neurons with nuclei, 

TUBβIII and TH stains in a microfluidic bioreactor for differentiation of human NEPSCs into 

neurons (left). Scale bar: 100µm. Live–dead cell correlation and efficiency of differentiation 

(right). (Reproduced from Ref. 
58

. Copyright 2015 with permission from the Royal Society of 

Chemistry).  
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Figure 7. Neural network formation and neurotoxic effects of amyloid-β. A) Average number of 

neurites extending (upper graph) and average size of neurospheroids (lower graph) in different 

microdevice sections of two main group. B) Destruction of neural networks shown by 

immunofluorescence images staining synapsin IIa (synaptic marker) and nestin (neural 

progenitor/stem cell marker) in neurospheroids in different groups (Scale bar:100 µm). 

(Reproduced from Ref. 
147

. Copyright 2015 with permission from the Royal Society of 

Chemistry).  
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