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Abstract
Importance of the field—Organ failure and tissue loss are challenging health issues due to
widespread injury, the lack of organs for transplantation, and limitations of conventional artificial
implants. The field of tissue engineering aims to provide alternative living substitutes that restore,
maintain or improve tissue function.

Areas covered in this review—In this paper, a wide range of porous scaffolds are reviewed,
with an emphasis on phase separation techniques that generate advantageous nanofibrous 3D
scaffolds for stem cell-based tissue engineering applications. In addition, methods for presentation
and delivery of bioactive molecules to mimic the properties of stem cell niche are summarized.
Recent progress in using these bio-instructive scaffolds to support stem cell differentiation and
tissue regeneration is also presented.

What the reader will gain—Stem cells have great clinical potential because of their capability
to differentiate into multiple cell types. Biomaterials have served as artificial extracellular
environments to regulate stem cell behavior. Biomaterials with various physical, mechanical, and
chemical properties can be designed to control stem cell development for regeneration.

Take home message—The research at the interface of stem cell biology and biomaterials has
made and will continue to make exciting advances in tissue engineering.
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1. Introduction
The limitations of artificial implants as well as the shortage of organ transplants have
intensified the research in the field of tissue engineering to develop biological substitutes
that restore, maintain, or improve tissue function1. Through the biomedical translation of
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multiple fields including chemistry, physics, materials science, biology, and medicine,
various technical innovations were created to provide new strategies for tissue engineering.
Recent innovations include stem cell harvest2 and transplantation methods, biomaterials for
control of physical and chemical cell environment, high-throughput technologies for
development of new functional materials, drug delivery strategies for controlled release of
growth factors and biomolecules3, as well as sophisticated surgical therapies. In a typical
tissue engineering approach, cells are grown in a three-dimensional scaffold, where both
cells and materials play a key role in de novo tissue regeneration and therefore are under
intense investigation4.

Embryonic stem cells are an attractive cell source for cell replacement therapies and
regenerative medicine by virtue of their ability to differentiate into any adult cell type5.
Adult stem cells, although limited to certain lineages, are also an attractive cell source for
both immunological and ethical reasons6. Other alternatives include amniotic fluid stem
cells, which can give rise to multiple lineages and are potentially useful for a variety of
therapeutic applications with low risk of tumorigenicity2. Stem cell development is closely
related to the natural stem cell niche, which provides mechanical, chemical, and topological
cues and initiates a series of complex signaling events to determine stem cell fate (mitotic
dormancy, self-renewal, or differentiation into a specific lineage). Extensive research has
been dedicated to understanding the molecular mechanisms underlying stem cell fate, in
order to better control the homogeneous differentiation of the ES cells prior to
transplantation, which is critical to tissue formation, such as to prevent the otherwise
teratoma formation in vivo7. Thus, an artificial stem cell niche is critical for exploiting their
therapeutic potential in stem cell-based tissue engineering. Researchers are designing
biomaterials to mimic the natural stem cell microenvironment that deliver stem cells with
precise control to achieve this goal. Biomaterials with various chemical composition and
physical properties8 such as mechanical strength, topology etc., have been investigated to
control biological response and ES cell differentiation with a bio-instructive extracellular
environment. For example, naturally derived or genetically engineered silk has been
functionalized to serve as biocompatible scaffold materials to provide excellent mechanical
properties and found to promote stem cell adhesion, proliferation, and differentiation in
vitro9. Hydrogels with tunable physical and chemical properties in time and space10, as well
as spatially-controlled distribution of bio-stimuli11, have been investigated to positively
direct and influence stem cell fate7,12. Controlled spatial and temporal gradients of agents
were produced by controlled release technology and microfluidic devices in fabricating
tissue hierarchical structures3,13. Under the broad range of tissue engineering strategies, we
will mainly focus on important technologies for biomaterials fabrication into porous
scaffolds as well as recent progress on biomaterial-guided stem cell development, followed
by perspectives on the future of stem cell-based tissue engineering.

2. Biomaterials for tissue engineering
Ideally, biomaterials synthesized for tissue engineering should perform the structural and
biochemical functions of the natural extracellular matrix (ECM), which provides cells with
topological, chemical and mechanical cues via its three-dimensional structure, until the cell-
produced ECM takes over14. Thus, materials that can form porous solid-state 3D structures
are commonly utilized in tissue engineering to maintain predesigned tissue structure, while
at the same time are biodegradable in a fashion that matches the cell modeling/remodeling
rate and neo tissue formation process. Biocompatibility and bioactivity, in addition, are
desirable to facilitate and enhance cell adhesion, proliferation, migration, and differentiation.
Lastly, material stiffness can also direct differentiation, often influencing material choice15.
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Polymeric materials for scaffolding can be generally categorized into naturally derived and
synthetic polymers. Naturally derived polymers, e.g., protein and polysaccharides, have
been used for tissue regeneration with the potential advantage of biological recognition that
might support cell development. Collagen, as the main component of extracellular matrix of
mammalian tissues, has been employed for tissue repair applications as cell-carrying
vehicles and scaffold materials. Collagen offers suitable surface chemistry for cell growth
and differentiation16. However, natural collagen brings concern over potential
immunogenicity and pathogen transmission, as well as poor mechanical properties,
biodegradability and handling. As a result, synthetic polymers receive considerable attention
and are employed as biomaterials in tissue engineering by virtue of their flexibility in
composition and fabrication for specific needs. For instance, biodegradability and biological
activity can be imparted to polymers via chemical, physical or/and processing techniques.

Poly(α-hydroxy acids), including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
their copolymer poly(lactic-co-glycolic acid) (PLGA), which are among the few Food and
Drug Administration (FDA) approved synthetic materials for certain human clinical
applications (e.g. degradable sutures, stents, wound dressings), are among the most widely
used synthetic polymeric materials in scaffold fabrication17–19. These polyesters degrade via
hydrolysis of the ester bonds, releasing acidic breakdown products that lead to autocatalytic
degradation20, and eventually breaking into oligomers or monomers that can enter the
metabolic pathways. PGA degrades in several weeks due to its hydrophilic nature21,22,
resulting in weak mechanical properties. PLA has a much slower degradation rate with the
introduction of a methyl group23,24, which makes the polymer more hydrophobic and
maintains mechanical strength over a longer period of time in vitro or in vivo. PLGA, with
controllable LA/GA ratio in the copolymer, can be tailored to satisfy the needed degradation
rate and mechanical properties. Some other linear aliphatic polyesters, including poly(ε-
caprolactone) (PCL)25 and poly(hydroxyl butyrate) (PHB)26, are less popular as scaffold
materials due to their slower degradation, but more attractive as long-term implants and
controlled release vehicles.

Some other synthetic polymers are also utilized in scaffold fabrication with their own
advantages. Poly(urethane)s (PU) can offer a wide range of mechanical properties27,28, and
the recently developed degradable PU could overcome the issue of PU’s slow
degradability29. Poly(phosphazene)s emerge as a promising class of biomaterials with their
flexibility in chemical composition and thus the well-controlled properties30.
Poly(anhydride)s and poly(ortho esters) are also attractive, especially in controlled drug
delivery, by virtue of their surface erosion properties31,32. Polyethers like polyethylene
glycol (PEG), a widely used hydrogel, are also used in drug delivery33 and stem cell
encapsulation12 applications. With the rapid development of biomaterials, combinatorial
methodology has been used to evaluate cell-material interactions to accelerate the
development process in finding the optimal materials for specific applications34.

In addition to chemical modification of polymers for desirable characteristics, composite
materials are designed to meet the various requirements in tissue engineering that single
polymers cannot fulfill. For example, hydroxyapatite (HAP), which mimics natural bone
mineral and provides mechanical and osteoconductive properties, has been widely utilized
as the mineral phase in composite materials design in combination with polymers including
PCL, PLLA, PGA etc, for bone tissue engineering applications35,36.

3. Nanofibrous (NF) biomaterials
Scaffolds with nanofibrous structure mimic the collagen physical structure and were found
to enhance cell/matrix interactions37,38. Our group has developed a novel phase separation
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technique to construct NF scaffolds in a three dimensional fashion from a variety of
synthetic and naturally- derived materials, which can be combined with other scaffold
processing techniques to introduce additional desirable structures and properties, including
predesigned well-controlled macro-pore/channel/tubular structures, designed 3D overall
shapes, as well as bioactive molecule delivery capability37,39–41.

3.1 Preparation of NF matrix
Phase separation is a thermodynamic process in which a homogeneous multi-component
system separates into multiple phases to reach lower system free energy. In the case of
polymer solution, phase separation can be induced either thermally or by adding a non-
solvent, resulting in the formation of a polymer-rich and a polymer-lean phase. Upon solvent
sublimation, polymer-rich phase solidifies to form the polymer foam while the polymer-lean
phase becomes the void space14. A novel thermally induced phase separation (TIPS) has
been developed by our group to generate NF structures40–43. In one example, PLLA solution
was thermally induced to phase separate into nanofibers42 (Figure 1A and B). With the
removal of the solvent by extraction, sublimation or evaporation, highly porous (such as
98%) PLLA foam was generated with continuous 3D NF structure42. The fiber diameter
ranges from 50 to 500 µm, similar to natural collagen fibers. By virtue of the much higher
surface to volume ratio as compared to control porous PLLA materials, the degradation rate
is significantly faster, indicating the nanofiber effect on hydrolytic degradation of the
polymer scaffolds44.

Recently a series of biodegradable amphiphilic poly(hydroxyalkyl (meth)acrylate)-graft-
poly(L-lactic acid) (PHAA-g-PLLA) copolymers has been synthesized and phase-separated
into NF scaffolds45. These copolymers can be further functionalized with bioactive moieties
to enhance bioactivity. In addition, these copolymers are more hydrophilic, thus degrade
faster than the PLLA homopolymer, showing potential advantages in tissue engineering. In
general, this technique expands the applicability of the phase separation techniques to
materials with different chemistry in fabricating an NF network.

Gelatin, derived from collagen, has similar chemical composition as collagen and has also
been phase-separated into highly porous NF matrix in a recent work41. These scaffolds
mimic the natural collagen both in physical structure and chemical composition and might
provide better environments for cells in a variety of tissue engineering applications.

Besides 3D NF structures, phase separation technique has also been employed to engineer
other desirable micro-structures for tissue engineering. In one case, by phase separation of
PLLA/PDLLA or PLLA/PLGA blends and particulate leaching, we have developed
macroporous polymer scaffolds with partially NF pore wall architectures46. These partially
NF scaffolds can be potentially utilized in studying cellular responses to different pore
surface architectures co-presented in a 3D environment, which might provide insights in
guiding cell/matrix interactions, and are potential candidates for various tissue engineering
scenarios, such as co-culturing multiple cells that have different preferences of surface
architectures. By creating a temperature gradient during phase separation process, scaffolds
with oriented tubular architecture at the micro-scale and fibrous structure at the nano-scale
were obtained and are excellent biomimetic scaffolds in regeneration of tissues with oriented
cellular structure, such as dentin, blood vessels etc47,48.

3.2 Preparation of NF matrix with designed macro-pore structure
Several fabrication techniques, including particulate leaching and reverse solid free form
(SFF) methods, have been combined with TIPS techniques to build pre-designed macro-/
micro-pore networks within the NF matrix39,40,42,43,49. The pore network facilitates cell
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seeding process as well as mass transport, vascularization, and tissue organization. For
example, highly porous, biodegradable polymer scaffolds seeded with myoblasts, embryonic
fibroblasts and endothelial cells facilitate the induction of vessel networks50. Porous
structure could be obtained by the assembly of sugar fibers as a 3D geometric porogen
structure, where polymer solution was cast and phase separated39 (Figure 1C). As another
example, solid free form technique has been developed to construct wax mold with designed
micro-structure used as a negative replica for NF scaffold fabrication to build micro-
channels40 (Figure 1D). Likewise, sugar spheres with desired diameter can be assembled
into negative replica of the scaffold for polymer solution casting and phase separation to
control pore size49. The resulting spherical macro-pore structure can reach different inter-
pore opening sizes via manipulating the assembly conditions (Figure 1E and F). Therefore,
various processing techniques could be combined with phase separation technique to
generate NF scaffolds with diverse pre-designed micro-environment for different tissue
engineering scenarios.

Electrospinning has also been applied to fabricate natural51,52 and synthetic materials53–55

into nanofibers, as well as microfibers (>1 µm) in a quick and simple fashion56.
Additionally, biomolecules such as proteins and hydroxyapatite57 can be incorporated into
the fibrous materials during the electrospinning process. Thus, electrospun NF biomaterials
have been widely investigated in tissue engineering applications, while challenges still exist
in constructing complex 3D scaffolds.

3.3 Preparation of NF matrix with designed 3D shape
2D culture of cells in vitro provides therapeutic solutions to several types of tissues, such as
skin and corneal tissues. In one example, cell sheets composed of autologous oral mucosal
epithelium were engineered using a temperature-sensitive surface for the reconstruction of
the corneal surface58. However, for engineering complex 3D tissues, a 3D scaffold is
needed. In these cases, the 3D overall shapes of the fabricated scaffolds are of significant
importance especially in certain types of tissue regeneration, e.g., vascular engineering, as
well as in clinical trials where patient-specific scaffold designs are needed. However, many
current scaffolding methods lack the control over the 3D shapes due to the restriction caused
by the characteristics of the methods themselves, such as electrospinning. This problem was
tackled by combining phase separation techniques and computer assisted design and
computer assisted manufacture (CAD/CAM) techniques40. Computed-tomography scans of
histological sections of human anatomical parts were utilized by CAD in designing and
constructing the 3D shapes of the wax mold, thus controlling the external shape of the
resulting scaffolds. NF Scaffolds with several 3D shapes, e.g., ear (Figure 2), a human
mandible segment and hand digit bone, as well as pre-designed pore structure were
successfully fabricated using the CAD/CAM techniques, phase separation and particulate
leaching methodologies40,59.

In vascular tissue engineering, tissue-engineered vascular grafts that resemble the natural
vascular tissue structure and function are desirable, especially in small-diameter blood
vessel engineering (e.g., coronary and peripheral vessels), where the non-degradable
polymer-based grafts successfully used in large-diameter blood vessel replacement might
cause poor patency due to thrombosis and hyperplasia60–62. TIPS technique has been
employed together with porogen leaching techniques to create biodegradable highly porous
NF PLLA scaffolds with tubular 3D shapes for vascular tissue engineering47. By using
materials with different conductivities to construct the tubular mold for scaffolding, a
temperature gradient was thus created during solid-liquid phase separation process that led
to the creation of gradient micro-tube structure on the micrometer scale with controllable
orientation direction (axially or radially oriented)48. NF structure could be maintained by
using a mixed solvent system.
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4. Composite scaffolds with nano-structure biomaterials
Mineralized tissues, e.g., bone and dentin, are organic/inorganic nanocomposites. In natural
bone, the nano-structure of collagen fibers and apatite crystals give rise to a mechanically
strong and tough nanocompostite. Thus, in developing biomaterials for bone tissue
regeneration, nanocomposites are advantageous to mimic both the structure and composition
of natural bone.

Hydroxyapatite (HAP) and calcium phosphate are inorganic compounds similar to the
inorganic component in natural bone and are often employed in composite scaffold for bone
regeneration, which provide osteoconductivity and bone bonding capability63–65. Polymers,
on the other hand, usually served as the organic component to construct a continuous 3D
structure with high surface area and porosity36. By blending and phase separation
techniques, PLLA/HAP and PLGA/HAP composite scaffolds were created with improved
mechanical properties and osteoconductivity23,66. Osteoblastic cell culture showed enhanced
cell seeding uniformity and expression of bone markers osteocalcein (OCN) and bone
sialoprotein (BSP) in the composite scaffolds67.

In addition to mimicking the chemistry of the bone matrix, polymer/nano-HAP scaffolds
have been developed to mimic the nano-size mineral features, which improved not only the
mechanical properties and protein absorption, but also cell adhesion and function
consequently, as compared to the micro-sized HAP/polymer scaffolds68. In addition, the
introduction of nano-HAP did not alter the scaffold structure compared to using micro-sized
HAP.

In order to further improve cell-matrix interactions, which occur on the surface of the
scaffolds, a biomimetic approach has been developed to grow bone-like apatite nano-
particles on porous polymer scaffolds in a simulated body fluid (SBF) while maintaining the
scaffold bulk structures and properties35,69,70. The grown HAP particles have nano sizes and
a more similar chemical composition to natural bone apatite (Ca/P ~ 1.5) than the
stoichiometric HAP crystals (Ca/P ~ 1.67). These partially carbonated apatites degrade
faster to facilitate new bone modeling and remodeling. The growth of HAP particles is
affected by the scaffold morphology as well as the ionic concentration and pH value of the
SBF71.

To further mimic the NF structure of collagen in bone tissues, NF PLLA scaffolds with
predesigned macro-pore structure developed by phase separation and particulate leaching
were investigated for bone-like apatite deposition in SBF49. Large amounts of apatite were
found on the surface of scaffold without compromising the porous structure using a suitable
incubation time in SBF. Recently, with the development of NF gelatin porous scaffolds,
apatite was also grown onto the surface of the gelatin NF scaffolds, resulting in NF gelatin/
HAP porous scaffolds that mimic both the physical and chemical properties of natural bone
ECM72. Additionally, electrodeposition is developed recently as another straightforward and
versatile method for accelerated mineral deposition onto scaffold surfaces73.

5. Bioactive biomaterials
5.1 Surface modification

While improved surface bioactivity of the synthetic scaffolds is desirable to facilitate cell
recognition and ultimately affect the tissue formation, there are currently limited effective
surface modification methods, especially for 3D scaffolds. Surface patterning can be used to
control cell shape and therefore their fate74. Plasma treatment was employed to modify
poly(3-hydroxybutyrate) (PHB) thin films using low pressure ammonia, which had
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enhanced hydrophilicity and could be further conjugated to protein via the introduced amine
groups75. However, this method could only be applied to 2D films or very thin 3D
constructs because of the limited plasma penetration.

A few techniques were developed to introduce bioactive molecules onto the internal surfaces
of scaffolds with 3D porous structure, along with the apatite modification mentioned above.
In one method, a pre-fabricated scaffold was immersed in a gelatin solution in a solvent
mixture (e.g., dioxane as the solvent of the scaffold material, and water as the non-
solvent)76. After the pore surfaces of the scaffold swelled to a certain degree, so that the
gelatin molecules were at least able to partially penetrate into the pore surface layer, the
scaffold was moved to water (non-solvent) to solidify, resulting in the permanent entrapment
of gelatin onto the scaffold that are stable in aqueous medium.

A porogen-induced surface modification technique was also developed77. The modifying
agent, chosen as gelatin, was prepared as porogen. The surface modification was carried out
at the same time while the scaffold was fabricated. First, gelatin spheres were assembled
into a 3D negative replica of the scaffold, followed by polymer solution casting and phase
separation processes. Polymer solution was prepared using a solvent mixture, which
contained the solvent for gelatin (water in this case), so as to physically entrap gelatin
molecules during the casting procedure.

An electrostatic layer-by-layer self-assembly process has also been developed by our group
to modify the pore surface of 3D NF scaffolds78. Polymer scaffolds with macro-porous NF
structure were fabricated in advance, which were then activated in an aqueous
poly(diallyldimethylammonium chloride) (PDAC) solution to build positively-charged pore
surfaces. The activated scaffolds were then immersed into the negatively charged
biomolecules (e.g., gelatin) solution. After repeating these two steps several times, the
surface modification layer with a controlled thickness was built on the pore surfaces of the
scaffold, and found to improve scaffold hydrophilicity and enhance cell adhesion and
proliferation within the scaffold.

5.2 Bioactive molecule delivery
Biological signaling is a key component for regulating tissue regeneration, especially in the
repair of defects of a large size, where endogenous signaling molecules are often not
sufficient in terms of type or quantity, making the addition of exogenous signaling
molecules necessary4. Due to the short half-lives of proteins and peptide drugs, as well as
cells’ sensitivity to the protein/peptide concentration, controlled delivery of bioactive
molecules is desirable. In addition, growth factor delivery systems may be employed to
induce the differentiation of stem cells and subsequent neo tissue morphogenesis79.

Polymer particulate carriers have been shown to effectively release the encapsulated drugs
in a controlled fashion and maintain their bioactivity post administration80–82. These carriers
are often made from biodegradable polyesters such as PLLA and PLGA due to their
excellent biocompatibility and controllable biodegradability as discussed earlier. A double
emulsion technique has been utilized to fabricate growth factor encapsulated micro/nano-
spheres81. The size of the spheres was controlled by varying the double emulsion parameters
such as surfactant amount and emulsion strength, while the release kinetics was controlled
by adjusting the copolymer (PLGA) composition and molecular weight. Sustained protein
release over days to months was achieved while the bioactivity was maintained in a high
level. From our study, recombinant human platelet-derived growth factor BB (rhPDGF-BB)
released from PLGA nanospheres was biologically active and was able to stimulate the
proliferation of human gingival fibroblasts83.
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To introduce these nanospheres as drug delivery vehicles into the 3D scaffolds during tissue
regeneration, a novel technique has been developed to immobilize biological factor-
encapsulated nanospheres onto prefabricated NF scaffolds to achieve in situ delivery83,84

(Figure 3). This approach circumvents the issues of uncontrolled spatial delivery by using
micro/nano-spheres alone due to undesired coalescence or migration. Single or multiple
biological factors delivery could be spatially and temporally controlled. The release kinetics
could be manipulated via varying nanosphere formulation. In one study, bone
morphogenetic protein-7 (BMP-7) was incorporated into nanospheres and subsequently
immobilized onto NF scaffolds for a rat subcutaneous implantation model study84. BMP-7
was released in a controlled fashion with high biological activity and induced ectopic bone
formation, confirmed by H&E staining, von Kossa staining and radiographic measurements.
In another study, platelet-derived growth factor (PDGF) was chosen to demonstrate its effect
on angiogenesis in the nanosphere-immobilized NF scaffolds85. Following implantation in
rats, the released PDGF was biologically active, which induced angiogenesis and the
corresponding pericyte formation in a PDGF-dose-dependent manner, evaluated using
Factor VIII staining85. Recently, the highly soluble antibiotic drug, doxycycline (DOXY),
was also successfully incorporated into PLGA nanospheres and subsequently immobilized
onto the NF scaffolds to achieve in situ 3D release86. A reduced initial burst release was
observed as compared to using PLGA nanospheres alone. Common bacterial growth (S.
aureus and E. coli) was inhibited for a prolonged duration, which was beneficial for dental,
periodontal or bone treatments. These results demonstrate that this delivery system within
the 3D scaffold is applicable to not only proteins but also other large biological molecules
and small molecule drugs, making it possible to design more complex drug delivery
strategies for tissue engineering.

6. Scaffold-guided stem cell development
Scaffolds fabricated using various techniques as stated above, including phase separation,
particulate leaching, SFF techniques etc, can be highly useful in regenerative medicine
applications when combined with several types of stem cells. Embryonic, mesenchymal,
embryonic-derived mesenchymal, amniotic-fluid derived, and dental pulp stem cells have
been used to produce various tissues. The NF PLLA scaffolds provide an advantageous
matrix environment for tissue development due to its macro- and nano-scale features. The
designed macro-pores allow for cell aggregation within each pore, as well as, cell migration
and uniform nutrient/waste exchange throughout the scaffold. Secondly, the nanofibers
mimic the extracellular matrix to provide the physical cues that stem cells require for
adherence, proliferation, and differentiation87. Bone, cartilage, dentin, bladder, and vascular
tissues have been developed from several stem cell types, as discussed below.

6.1 Bone
Embryonic stem (ES) cells can be differentiated into any tissue due to their pluripotency88.
This advantageous property of ES cells has been utilized for bone formation in tissue
engineering. By seeding mouse ES cells on NF matrices (Figure 4A) and comparing these
results to solid, flat films (Figure 4B), we deduced the NF effect on ES cell differentiation to
an osteogenic lineage. The positive effect of nanofibers was even seen after only 12 hours,
as the ES cells formed protrusions to adhere to the nanofibers, compared to the rounded
morphology on solid films (Figure 4C)89. When ES cells were seeded on 3D NF scaffolds,
the nanofibers increased osteogenic differentiation, shown by gene expression of osteogenic
markers and calcium staining for bone mineralization content. This work demonstrates that
nanofibers enhance osteogenic differentiation of ES cells.

Another stem cell source that has promise for bone regeneration is human embryonic stem
cell-derived mesenchymal stem cells. These cells are attractive because they are more
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homogenous than ES cells, have a higher proliferative capacity than mesenchymal stem cells
(MSCs), and can be induced to chondrogenic and osteogenic lineages90,91. In order to better
understand the chemical and physical cues that control human embryonic stem cell-derived
mesenchymal stem cell (hESC-MSC) osteogenic differentiation, Hu et al. studied the effects
of dexamethasone (Dex), bone morphogenetic protein (BMP)-7, and nanofibrous features.
Dex and BMP-7 synergistically improved differentiation, as alkaline phosphatase (ALP) and
calcium content was significantly lower when each osteogenic factor was used alone.
Secondly, two-dimensional NF matrices increased ALP and calcium contents versus flat
films, similar to results with mouse ES cells mentioned previously. By combining these
results to form an optimized osteogenic system, hESC-MSC were cultured on three-
dimensional NF scaffolds with Dex and BMP-7, which greatly enhanced osteogenesis at 6
weeks of culture. This study reveals that the chemical factors of Dex and BMP-7 and
physical architecture of nanofibers improved osteogenic differentiation of hESC-MSCs,
another viable cell source for bone tissue regeneration applications92.

A third cell type that has been successfully used for bone formation is human amniotic fluid-
derived stem cells (hAFSCs). Human AFSCs are multipotent and highly proliferative but
little is known about their responsiveness to growth factors and synthetic scaffolds for
osteoblastic differentiation93. Similarly to the other stem cell types discussed previously,
BMP-7 and NF scaffolds (versus solid walled scaffolds) facilitated osteoblastic
differentiation by mimicking in vivo BMP signaling and natural ECM.

6.2 Cartilage
The knowledge gained from bone tissue formation has been applied to generate cartilage. By
determining the ideal environment for both tissues, the entire osteochondral interface can be
regenerated, which is especially important in osteoarthritic joint restoration. One stem cell
type used for cartilage formation is human MSCs (hMSCs), which also have potential to
differentiate into bone and fat tissues94. Similar to osteogenesis, chondrogenesis was
improved by growth factor supplementation and designed architectural features. The
addition of transforming growth factor (TGF)-β1 improved aggrecan, collagen type II, and
Sox-9 gene expression of hMSCs. GAG accumulation and collagen type II deposition
(Figure 5A and 5B) also increased at 6 weeks of culture with TGF-β1. In addition to
important NF architecture, the designed, interconnected macropore network favorably
allowed hMSC aggregation within the 250–425µm pores (Figure 5C and 5D)87. This
aggregation likely induced differentiation by facilitating the condensation process that is
integral in chondrogenic differentiation87. Once again, the NF macroporous scaffold with
necessary growth factors provided an advantageous environment for tissue regeneration.

6.3 Dentin
NF scaffolds have also been used in dental applications for tooth defect repair with the
differentiation of human dental pulp stem cells (hDPSCs) into odontoblasts, which form
dentin. Dentin is the mineralized tissue below the enamel layer of the tooth that encases the
dental pulp within the tooth. It has similar components to bone, namely hydroxyapatite and
type I collagen95, making NF scaffolds an ideal candidate for dentin tissue engineering. The
nanofibrous scaffolds advantageously enhance the odontogenic differentiation of hDPSCs,
compared with control scaffolds96. When seeded on NF scaffolds, hDPSCs differentiated
into odontoblasts in both ‘Dex’ media (containing Dex, ascorbic acid, and β-
glycophosphate) and in ‘BMP-7+Dex’ media (containing the Dex media with BMP-7)97.
However, the ‘BMP-7+Dex’ media had higher quality dentin formation in vitro and in vivo.
In vitro there was higher ALP activity, gene expression of odontogenic markers, and
calcium content. When hDPSC-seeded scaffolds were implanted in vivo in nude mice, more
hard tissue formation and ECM deposition, as well as higher dentin sialo protein staining97.
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Therefore, the NF scaffold in combination with odontogenic soluble factors propelled
hDPSC differentiation for dentinogenesis.

6.4 Bladder and vascular tissues
NF scaffolds have also been applied to deliver stem cells for vascular formation and
urological tissue engineering. In one example, BMSCs were first induced to differentiate
into smooth muscle cells (SMC) using a combination of myogenic growth factors, bladder
ECM and dynamic culture. The myogenically differentiated cells were then seeded onto NF
3D PLLA scaffolds with porous structure, which were found to facilitate the cell-matrix
penetration, maintain myogenic differentiation of these cells, and promote tissue remolding
with rich capillary formation, showing potential for bladder tissue engineering98. Similarly,
the porous NF 3D PLLA scaffolds were also found to support vascular tissue formation
from SMCs derived from ESCs99. In a different study, electrospun nanofibers made of
polyhydroxybutyrate (PHB) and its copolymer poly-3-hydroxybutyrate-co-3-
hydroxyvalerate (PHB-HV), combined with endothelial differentiation medium, were found
to promote the differentiation of human adipose tissue-derived stem cells (hASCs) into the
endothelial lineage100. Electrospun hydrogel nanofiber was also found to encourage MSC
differentiation into smooth muscle- or endothelial- like cells depending on the elasticity of
the hydrogel101. In this specific nanofiber hydrogel system, an elasticity of 3kPa encouraged
MSC differentiation into endothelial cells, while higher elasticity (of >8kPa) favored MSC
differentiation into smooth muscle cells101.

6.4 Overall biological effects
In summary, several types of stem cells have been successfully utilized in various tissue
engineering applications using a novel three-dimensional NF macroporous scaffold. The
scaffold has many positive biological effects on stem cell differentiation by closely
mimicking natural ECM with synthetic nanofibers and permitting cell/nutrient migration
through the interconnected porous network. The scaffold can also incorporate controlled
release nanospheres containing growth factors84, which greatly enhanced the regeneration of
bone, cartilage, and dentin as exemplified previously. The synthetic scaffolds with multi-
level architecture have been integral in tissue engineering applications and will be applied to
a wider array of tissue regeneration needs, such as neural regeneration in future work.

7. Conclusion
Research on stem cell biology and modern biomaterials has created exciting opportunities
for tissue regeneration and cell-based therapy. Biomaterials can now be rationally designed
to provide a defined local biochemical and mechanical microenvironment with dynamic
regulations on stem cell development for desired tissue formation. Phase separation
technique has produced ECM-mimicking 3D NF scaffolds from various synthetic and
naturally-derived materials, while diverse micro/nano-technologies were introduced to
engineer complex biophysical micro-environment. Drug delivery strategies and surface
modification further brought desired properties to regulate cell-matrix interactions. These
technologies provide us with valuable tools for different tissue engineering solutions. By
logically selecting cell source, scaffolds, and bioactive stimuli, various tissues including
bone, dentin, cartilage, bladder and vascular tissues have been developed. As the field of
tissue engineering continuous to evolve, more complex strategies will be developed for
potential therapeutic applications.
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8. Expert opinion
8.1 Current state of tissue engineering field

Investigational models in tissue engineering have evolved rapidly, which are derived from
interdisciplinary and multidisciplinary research by cell biologists, chemists, biomaterial
engineers, computer scientists, and medical doctors. Stem cells showed great potential in
tissue engineering ever since they were first brought into the field in the 1990’s, when
researchers used MSCs with site-specific delivery vehicles to repair cartilage, bone, tendon,
marrow stroma, muscle, and other connective tissues102. Biomaterial effects, deriving from
material physical structure, local chemistry and mechanical properties, have been utilized to
control cell proliferation and differentiation for several stem cell types and tissue
types16,38,87,89,92,103. Discovery and increased understanding of growth factors, as well as
drug delivery strategies, have offered researchers control over cellular proliferation,
differentiation, migration, adhesion and gene expression84,104,105 in a temporal and spatial
manner. The progress in tissue engineering has changed the conventional tissue repair
protocols, with several tissue engineering therapies tested in clinical trials. For example,
Stratagraft employing collagen matrix as supporting materials for both a dermis and a fully-
stratified, biologically-functional epidermis has been tested clinically as human skin
substitute106. In another example, tubular scaffolds made of degradable PLLA/PCL
reinforced by woven PGA have been used to deliver bone marrow derived mononuclear
cells in a cardiovascular surgery as tissue engineered vascular grafts107. Recently, successful
human tracheobronchial replacement to restore lung function in a patient was reported using
a decellularized human airway construct repopulated with epithelial cells and chondrocytes
of MSC origin108. There is also a limited number of clinical trials combining MSCs with
biomaterials. Hydroxyapatite porous scaffolds, for example, have been employed to deliver
MSCs for bone defect repair in patients109–111. Stem cells and biomaterials have also been
used together with growth factors to increase the healing potential in a clinical treatment of a
mandibular defect112.

8.2 Current challenges
The limited success of tissue engineering in clinics using MSC and biomaterials is attributed
to several reasons. Besides regulatory issues as well as economic concerns, there are
significant scientific and technological limitations. There is much to learn regarding the
mechanisms underlying stem cell development. Intercellular and intracellular signaling
pathways are often difficult to determine due to issues such as functional redundancy,
autoregulation, and lack of availability of knockout animal models. Nano/micro-
technologies also need to be further advanced to provide more precise control over the
biophysics of 3D scaffolds at multiple scales, in order to better systematically study the cell/
matrix interactions. Also, suitable dosing and duration of growth factors used in tissue
engineering, understanding of the induced complex cascade that define the appropriate
expression sequence, as well as the synergic effects of multiple growth factors need to be
further addressed113. In addition, more in vivo studies are needed despite cost barriers,
especially in large animal models, to provide better perspectives for human clinical trials.
Successful overcoming these current challenges would allow for better tissue formation with
more physiological properties.

8.3 Future of the field
The next decade would present us more challenges and exciting research topics in the
rapidly developing field of tissue engineering. Hybrid approach would be applied to produce
customer designed bio-mimetic/bio-inspired artificial extracellular matrices, incorporating
optimal physical structures and local chemistry to improve stem cell support. Stem cells
delivered by these designed scaffolds can then be guided and stimulated to reconstitute a
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functional tissue in vivo. Multiple cell types may also be employed with spatial control, e.g.
in the form of printed 3D cells/organs, to generate complex tissues ex vivo, with the needed
vascular architectures and tissue hierarchy.

Along with the advancement of biomaterials, the fate of stem cells will be more precisely
controlled. The resulting higher quality tissues will lead to more clinical trials and
applications of the stem cell beyond tissue engineering therapies.
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3D three dimensional
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ALP alkaline phosphatase

BMP-7 bone morphogeneic protein-7

BSP bone sialo protein

CAD computer assisted design

CAM computer assisted manufacture

CATE computer-aided tissue engineering

Dex dexamethasone

DOXY doxycycline

ECM extracellular matrix

ES cell embryonic stem cell

FDA Food and Drug Administration

hAFSCs human amniotic fluid-derived stem cells

HAP Hydroxyapatite

hDPSCs human dental pulp stem cells

hESC-MSC human embryonic stem cell derived mesenchymal stem cell

hMSCs human embryonic stem cell

MSCs mesenchymal stem cells

NF nanofibrous

OCN bone markers osteocalcein

PCL poly(ε-caprolactone)

PDAC poly(diallyldimethylammonium chloride)

PDGF platelet-derived growth factor

PDLLA poly(DL-lactide)

PGA poly(glycolic acid)

PHAA-g-PLLA poly(hydroxyalkyl (meth)acrylate)-graft-poly(L-lactic acid)

PHB poly(hydroxyl butyrate)

PLA poly(lactic acid)

PLGA poly(lactic-co-glycolic acid)

PLLA poly(L-lactic acid)

PU poly(urethane)

rhPDGF-BB recombinant human platelet-derived growth factor BB

SBF simulated body fluid

SFF solid free form

TGF transforming growth factor

TIPS thermally induced phase separation
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Article highlights box

1. Synthetic polymer scaffolds with nanofibrous structure mimic the collagen
physical structure to enhance cell/matrix interactions.

2. Thermally-induced phase separation allows the construction of nanofibrous
scaffolds from natural and synthetic polymers in a 3D fashion with control over
micro-structure and overall 3D shapes.

3. The scaffolds with designed features of nanofibers and macropores positively
affect stem cell adhesion, proliferation, differentiation, and tissue formation.

4. In bone tissue regeneration, polymer/ceramic nanocomposites are advantageous
to mimic both the structure and composition of natural bone.

5. Growth factors are a key component in tissue engineering and are delivered by
nanospheres on scaffolds to spatiotemporally regulate stem cell fate and tissue
regeneration.

6. Several types of stem cells were differentiated on nanofibrous scaffolds to form
bone, cartilage, dentin, and smooth muscle tissues.
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Figure 1.
scanning electron micrographs (SEM) of: a PLLA NF scaffold prepared from 2.5% PLLA/
THF solution at a phase separation temperature of 8 °C with magnification of 500× (A) and
20 000× (B); 3D macroporous NF PLLA scaffolds; (C) prepared from sugar fiber template
leaching and phase separation; (D) prepared from SFF and phase separation; and (E), (F)
prepared from sugar sphere template leaching and phase separation. (A) (B) From Ma and
Zhang42, Copyright © 1999 by John Wiley & Sons. Reprinted with permission of John
Wiley & Sons. (C) From Zhang and Ma39, Copyright © 2000 by John Wiley & Sons. (D)
From Chen et al.30, Copyright © 2006 by Elsevier. Reprinted with permission of Elsevier.
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(E), (F) From Wei and Ma49, Copyright © 2006 by John Wiley & Sons. Reprinted with
permission of John Wiley & Sons.
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Figure 2.
NF scaffolds created from 3D medical images and a phase-separation technique. A) human
ear template reconstructed from histological sections; B) resulting NF scaffold of the human
ear (scale bar: 10 mm); C) the nanofibrous pore wall morphology (scale bar: 5µm). From
Chen et al.40, Copyright © 2006 by Elsevier. Reprinted with permission of Elsevier.
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Figure 3.
SEM micrographs at two different magnifications (A, B) and laser scanning confocal
micrograph (C) of PLGA nanosphere-immobilized PLLA nanofibrous scaffolds. FITC-
labeled bovine serum albumin was encapsulated in PLGA nanospheres, showing green
emission under confocal microscopy (C). From Wei et al.83, Copyright©2006 by Elsevier.
Reprinted with permission of Elsevier.
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Figure 4.
SEM micrographs of (A) NF matrix, scale bar-10µm; (B) solid film, scale bar=10µm; and
(C) D3 mouse ES cells on NF matrix and solid film 12 hours after seeding, scale bar=5um.
From Smith et al.89, Copyright©2009 by Mary Ann Liebert. Reprinted with permission of
Mary Ann Liebert.
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Figure 5.
hMSCs culture on 3D NF PLLA scaffold. Immunohistochemical type II collagen stain after
constructs cultured for 6 weeks (A) without TGF-β1 or (B) with TGF-β1, showing much
more type II collagen deposition with TGF- β1, scale bar=100um; (C,D) SEM micrographs
of hMSCs after 24 hours of culture showing aggregation within macropores. From Hu et
al.87, Copyright©2009 by Elsevier. Reprinted with permission of Elsevier.
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