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Abstract

Bioinstructive scaffolds encode information in the physical shape and size of materials to direct
cell responses. Electrospinning nanofibers is a process that offers control over scaffold architecture
and fiber diameter, while providing extended linear length of fibers. This review summarizes tissue
engineering literature that has utilized nanofiber scaffolds to direct stem cell differentiation for
various tissues including musculoskeletal, vascular, immunological and nervous system tissues.
Nanofibers are also considered for their extracellular matrix mimetic characteristics that can
preserve stem cell differentiation capacity. These topics are considered in the context of focal
adhesion and integrin signaling. Regenerative engineering will be enhanced by construction of
scaffolds encoded with shape information to cause an attached cell to create the intended tissue at
that region. Nanofibers are likely to be a bioinstructive scaffold in future regenerative engineering
development as we pursue the Grand Challenges of engineering tissues.

Introduction

Tissue engineering and regenerative medicine seek to use materials and the body’s own
regenerative capacity in synchrony to heal, replace and regenerate missing, defective or
dysfunctional tissues. Tissue engineering is classically defined as the application of
materials, stem cells, and soluble factors alone or in combination whereas regenerative
medicine seeks to incorporate knowledge of the natural regenerative processes to affect the
desired restoration of function. While materials have long been used in the body to aid in
restoring function, such as wooden replacement prosthesis, only recently have we begun to
appreciate the complexity of the approaches that are required to bring the efforts of
regenerative tissue engineers to the next level.

A single tissue is made up of several regions even if only the vasculature and the tissue
specific cellular groups are considered. Therefore creating a complete tissue requires many
specialized cell types to be combined correctly. Creating tissue cell types from progenitors
through differentiation into a specialized cell type is a complex process. Typically a cocktail
of growth factors are applied to a stem cell in a specific temporal pattern to realize the
characteristics of the desired cell type. The number and nature of the factors creates a
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formidable challenge for process control and therefore Food and Drug Administration
approval. If this list of required factors can be reduced, or even eliminated, by encoding
information into the engineered scaffold it may reduce the burden of bringing the treatments
to market.

Cell differentiation is a process that occurs in the early stages of development through the
end of life to varying degrees. Understanding differentiation is a key goal for biologists and
tissue engineers, the latter of which seek to direct differentiation. The importance of the
environment as an input into a cell’s decision process is an area of growing interest. A
majority of cell biology has been conducted in well controlled in vitro environments, i.e. the
petri dish[1]. However, discrepancies in the function of a cell in vitro versus in vivo are well
recognized. The flat culture dish is a good substrate that provides reproducible data, however
accuracy of the data could be improved by increasing the topological complexity of cell
culture substrates[2—4]. Therefore, nanofibers have the potential to change the way
differentiation is studied and therefore harnessed as a bioinstructive substrate.

It is likely that mechanisms which a bioinstructive substrate activate in cells to direct
responses are utilizing pathways that the extracellular matrix physiologically stimulate. The
extracellular matrix provides physical structure that cells interact with via sensing of signals
as well as integration and application of physical stress. Various techniques have been
utilized to make many kinds of cell adhesive substrates allowing for expansion of our
knowledge of cell biology. Nanofibers are of particular interest for specific applications such
as musculoskeletal engineering. Nanofiber substrates provide an easy to construct and long
shelf life in vitro substrate that may mimic the in vivo environment better than flat
polystyrene dishes. In addition, from a tissue engineering perspective, nanofibers are
encountered by cells on many scaffolds.

While biochemical differences in a substrate control biological outcomes, it is possible that
some of the effects observed are partially attributable to physical dissimilarities in the
substrate[5]. The shape of the extracellular environment is often reflected in the shape of
attached cells and the morphology of the cytoskeletal components. The size, shape and
mechanical properties of the adhesive regions a cell attaches to instruct the cell in a process
termed outside-in signaling. An example of this is the formation of focal adhesions that are
known to form on 2D substrates, but were found to be different on 3D fibronectin[6]. On the
other hand, investigation of cell attachment in 3D collagen gels called the formation of focal
adhesions in vivo into question altogether, including with attachment to collagen[7,8].
Understanding how the curvature of an ECM size feature is sensed may reveal mechanisms
by which 3D substrates communicate information to cells.

There are many possible molecular sensors for the membrane curvature around fibers.
Molecules involved in endocytosing large microbes, macropinocytosis and phagocytosis of
cell debris define a broad range of candidates. Interestingly clathrin is known to
preferentially associate with certain integrins during the endocytosis process, where aV5 is
the only known integrin to have a direct association with clathrin[9,10]. An exciting paper
also recently revealed the fact that clathrin can bend during the process of clathrin mediated
endocytosis[11]. Because this bending occurs during the maturation of an endocytic site, this
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raises the possibility that signaling occurs at certain bending radii and that clathrin could be
a variable sensor for membrane curvature. Signaling molecules that bind clathrin include
AP-180/CALM, B-arrestins, epsins, amphiphysins, synaptojanin 1, and auxilins[12];
rounding out a list of possible curvature sensors.

Flotillins, like caveolins, associate with the cell membrane. Because flotillins have a
hydrophobic domain, it is possible that spacing in the inner leaflet of the curved cell
membrane allows space for binding, although this has not been shown[13]. BAR domain
proteins have been studied for their involvement in the formation of membrane curvature,
however it is not completely clear what role they play[14]. F-BAR domain proteins bind to
shallow membrane curvatures (r>100 nm). The possibility that they could sense, in concert
with forming these curvatures, is plausible based on the current knowledge[14,15]. Thus,
more investigation is needed into proteins that may have curvature binding and signaling
capacities.

This review will focus on summarizing examples of tissues where nanofibers have been
shown to play a productive role in efforts to tissue engineer functional tissues through
differentiation of progenitor cells. This will include musculoskeletal, vascular, adipose,
internal organs and the nervous system. Before beginning that discussion, we consider the
role of integrins in natural extracellular matrix adhesions and a brief discussion of methods
to fabricate nanofibers. We also point out the possibility that rather than promote
differentiation, carefully designed nanofibers can preserve ‘stemness’.

Interaction with the Extra Cellular Matrix through Integrins

Nanofibers mimic extracellular matrix providing attachment sites for cells and a similar
architecture. Type 1 collagen organizes into fibers that are approximately 100nm in
diameter[16], while elastin based fibers are approximately 800nm in diameter[17-19]. Since
the protein ligands presented in collagen and elastin are distinct and correspond to different
integrin dimers [20], the effect of fiber diameter in natural ECM is intimately linked to
protein composition. In addition, collagen binding integrins are thought to rely heavily on
the helix structure of collagen. This raises the possibility that some integrins are more likely
to bind based on shape rather than molecular sequence. Specific known sequences have been
utilized by themselves to enhance integrin based cellular binding including RGD, QAGDV
and IKVAV for fibronectin / vitronectin, fibrinogen, and laminin respectively. Synthetic
electrospun nanofibers offer the ability to change the dimensions and architecture without
changing the composition of the fiber. Binding sites are then provided to cells by a mixture
of proteins that bind in an uncontrolled adsorption process from serum in media or with a
specific adhesive protein such as fibronectin prior to the addition of cells. If properly
designed, these experiments can still test the dimensions and architecture changes of
scaffolds since the protein coatings would be largely consistent between groups.

Integrins involved in cell attachment in vitro

Vitronectin is a known component of fetal bovine serum that mediates cell attachment[21].
The principal source of serum vitronectin is the liver[22]. The integrin dimer pairs involved

Regen Eng Transl Med. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowers and Brown

Page 4

in binding to vitronectin include a V5 and aVB6 [23]. The aV subunits have been
associated with binding to the RGD sequence found in matrix proteins including fibronectin,
vitronectin, osteopontin, collagens, thrombospondin, fibrinogen and von Willebrand
factor[24]. The integrin B-subunit that pairs with oV may be related to the conformation of
the RGD sequence in the specific matrix protein. B5 integrin mRNA expression was
increased 4-fold compared to a fibronectin coated substrate when cells were cultured on
octadecanethiolate monolayers (without a specifically added adhesion protein)[25]. P21-
activated kinase 4 has been shown to interact with integrin a5, but not a1, during
human breast carcinoma cell migration on fibronectin coated surfaces[26]. Recent evidence
differentiates a5p1 from a VB3 in that a5p1 supports centripetally oriented fibers while

a VB3 allows a more random orientation of cytoskeletal stress fibers[27]. In epithelial cells
Rho activity is modulated by the balance between a5p1 and a VB3, where B1 favors random
and B3 persistent migration[28]. Interestingly, the ability of cells to migrate on nanofibers
made of Poly-N-acetyl glucosamine (pGIcNAc) is greatly reduced when function blocking
antibodies to a VB3 and a5p1 are added [29].

Mouse mesenchymal stem cell attachment and development of actin stress fibers has been
shown to be significantly reduced by integrin f1 blockade on PLGA nanofiber scaffolds[30].
B1 integrin has also been implicated in attachment to collagen/PCL blend nanofibers, which
may be primarily related to the collagen content, as the authors of this study did not compare
against smooth surfaces[31]. The proliferation of cells on nanofiber scaffolds is a common
method to determine the suitability of a new scaffold. 1 and a6 integrins are associated
with increased or decreased proliferation in many cell types depending on the splice variant
involved[32]. When expressed in CHO cells, the a1 receptor was able to mediate cell
attachment to fibronectin, while a5p1 mediated fibronectin matrix assembly and migration
in addition to attachment[33]. Thus the involvement of specific integrins during attachment
to nanofiber substrates is an area of open investigation.

Methods to fabricate nanofiber scaffolds

Nanofiber mats find application in a variety of settings including as filter media, reaction
substrates, biomedical applications, and material reinforcement when embedded in another
material. While electrospinning is a widely used technique for scientific studies, several
other techniques exist. Airbrushing creates nanofiber mats with greater alignment and higher
porosity than conventional electrospinning [34], that can have varied effects on cultured
hBMSCs [35]. Fiber drawing can be manipulated to create long fibers in the micrometer and
in theory the nanometer range [36]. Individual fibers can be drawn out of melted polymer,
but this is limited by throughput [37]. Short nanofibers can also be made using a molding
process [38]. Phase separation is a useful technique where the polymer is dissolved and a
second solution is added that the polymer is insoluble in, causing the polymer to fall out of
solution and form fibers. This has the advantage of being able to create nanofiber structures
through the pores of another structure [39,40]. Self-assembling nanofibers offer the
advantage of being able to form in a biocompatible way allowing full encapsulation of
cells[41,42]. However, none of these techniques offer the ability to control fiber diameter
with the same length of individual fibers that electrospinning can produce.
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Maintenance of Stem Cell Phenotype on Nanofibers

A properly selected cell culture surface can provide stem cells with signals that discourage
differentiation. Cell culture materials can be combined with natural polymers to affect cell
responses. Hashemi et al. cultured mouse embryonic stem cells on a nanofiber scaffold made
of collagen-grafted polyethersulfone and showed improved maintenance of SSEA-1 and
Oct-4 positive colonies when compared to unconjugated polyethersulfone fibers and flat
gelatin surfaces[43]. Lee et al. examined the presentation of integrin specific ligands,
selected to stimulate the integrin heterodimers that are highly expressed on pluripotent cells,
within a PEG hydrogel and showed a differential percentage of Nanog expression based on
which integrins were stimulated[44]. Clearly the protein composition of the substrate a stem
cell attaches to can affect the cell response, however the material properties are also
integrated by the cell.

Many experiments have investigated material properties in the stem cell response. Wei et al.
utilized microarray analysis to show differences in gene expression for stemness related
genes between 3D and 2D systems[45]. Using patterned substrates, cell area has been linked
to the maintenance of stemness and the ability to differentiate after re-seeding to another
substrate [46]. Low stiffness hydrogels promote the maintenance of stemness as measured
on polyacrylamide gels with measurements of nanog[47]. Stiffness, although not always
measured by investigators, is one of the most well known regulators of stem cell fate[48].
While it is possible to estimate relative stiffness based on material type used to make
nanofibers, such as hydrogels [44,45,47] verses solid polymers [43,45,49,50], it should be
given more attention as a co-factor in studies of other material properties directing stem cell
propagation or differentiation. In support of the idea that soluble signals may not be
necessary for maintenance of stem cell phenotypes, Zhou et al. found that a low fixation of a
MEF feeder cell layer (resulting in a high membrane fluidity) supported stemness better than
the more rigidly fixed MEFs [51].

Electrospinning is not the only method to create large culture surfaces of solid polymer
nanofibers. Hofmeister et al. showed that a molding technique could create fibers of
sufficient length to lay over and create a surface with randomly oriented fiber morphology
that increased expression of Nanog and Oct4A genes in hMSCs (indicators of self renewal
and stemness) [49]. In another study, carbon nanofibers were produced in an aligned and
random pattern with the aligned pattern showing signs of satellite cell (a muscle specific
stem cell) properties arising from adipose derived stromal cells [50]. A discussion on
nanofiber orientation as a promoter of differentiation occurs later in this review. Overall,
material properties are able to reduce stem cell differentiation and the opposite is also true.

Musculoskeletal Tissue Cell Differentiation

Nanofibers have been used to support bone tissue engineering. Shin et al. utilized PCL to
make a MSC seeded nanofiber scaffold about 1mm thick that became mineralized[52]. Bone
marrow derived MSCs are likely candidates for musculoskeletal tissue differentiation, but it
also turns out that nanofibers support the differentiation of umbilical cord and adipose
derived MSCs [53]. Peripheral blood mesenchymal stem cells have been encapsulated in a
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self-assembling peptide scaffold to fill a bone defect with better results than the gel alone
[54]. In another study, alkaline phosphatase activity was significantly upregulated by 2 and 3
weeks in culture on nanofibers compared to a flat control [55]. PLGA nanofibers have also
been shown to induce osteogenic differentiation without the use of differentiation media.
Sonomoto et al. showed that this effect may be due to the release of lactic acid from the
fibers as addition of lactic acid to culture of stem cells in regular media on a flat surface also
increased the alkaline phosphatase activity at Day 7 [56].

Nanofibers intrinsically drive osteogenic differentiation, but the mechanism is not fully
understood. Possibilities include limited adhesive regions, the arrangement of those adhesive
regions and/or the shape of nanofibers. The shape of cells can be manipulated by
micropatterns of adhesive molecules, which Kilian et al. used to show that osteogenic
differentiation is stimulated when cells are encouraged into a shape such as a star with points
that accumulate focal adhesions[57]. Using cell seeding density to affect cell shape,
Eychmans et al. have shown that osteogenic, adipogenic and chondrogenic differentiation
are regulated by cell shape [58].

A collection of mechanotransduced signals may be involved in the ability of nanofibers to
support osteogenic differentiation. Indeed, POR1 has been shown to increase Racl activity
on 100nm nanofibers, reducing the ability of cells to undergo bone differentiation[59]. Some
signals may be more sensitive at a particular diameter than others. While in other cases,
there may be varied modulation of already known mechanotransduction pathways, or new
signals may arise that had only been known in different contexts, such as POR1, a
membrane stabilizing factor.

Our future understanding of environmental factors in cell differentiation are also likely to
come from cell-cell interactions [60]. Electrospun nanofibers do not prevent cell-cell
interaction at any scale, but rather may promote or suppress interaction depending on many
factors. For instance, cell-cell interactions might be encouraged if a limited adhesion area is
presented, or if the adhesive area is large enough that two cells can spread out adjacent to
one another (Figure 1). In the case of fibers, if the cell density exceeds the binding capacity
of the fibers, some cells will be forced to adhere to cells rather than the fiber surface. Wide
fibers would present adjacent cells with ample surface area to form cell-cell junctions while
still being fully engaged with the nanofiber surface. The formation of cell-cell junctions on
nanofibers would therefore be affected by many factors including, fiber density, fiber
diameter, fiber orientation and cell seeding density.

Fiber alignment is a useful parameter that can be designed into nanofiber scaffolds. When
looking at tissues in the body the ECM is organized differently based on the tissue function
in many cases. One example is the need for neurons to reach long distances, which then
logically results in aligned fibers being more useful to guide directed cell extensions.
Similarly, due to the aligned nature of the ECM in tendon and ligaments, nanofibers
constructed with electrospinning methods designed to create alignment have proven useful
in many studies. Chen et al. blended silk fibroin with PCL to create a scaffold, which they
were able to validate in an in vivo model [61]. The reader is directed to reviews on the
subject of fiber alignment in tissue engineering scaffolds for further consideration of this
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subject [62—64]. Linear but tubular tissues exist in several places in the body and benefit
from an additional level of complexity in the scaffold design.

Vascular Tissue

Small diameter vascular grafts have been studied extensively in part because of the great
need for treatment of coronary artery disease in the United States and other developed
countries. Early tissue engineered substitutes for autografts, have focused on seeding cells to
materials including ePTFE, collagen gels and Dacron [65]. One way to utilize scaffold
design for vessel replacements is to create scaffolds that have two domains. A domain
designed to instruct and perform as the endothelial lining and the other designed to function
as the smooth muscle layer. Ju et al. demonstrate the in vivo function of one such vessel
graft. They show that with a low porosity small fiber tube surrounded by a high porosity
large fiber layer an endothelial monolayer will form on the inside and SMCs will populate
the thickness of the outer layer. This construct remained patent in vivo for 6 months [66].

A major challenge in vascular grafts is getting a graft to grow with a pediatric patient instead
of requiring multiple surgeries to replace the graft with a larger version. Work by Syedain et
al. from Robert Tranquillo’s group demonstrates a graft made of natural materials that was
able to grow in diameter and volume by 56% and 216% respectively over the course of 42
weeks in an ovine model [67], promising to be an important basis for further research. While
blood vessels are present in hard tissues such as bone, they are also present in other tissues
including internal organs, a tissue need that outpaces the suitable donor tissues every year.

Internal Organs

Generation of tissues that could replace internal organs is a strategy to address the rising
need for organ transplants in end stage organ failure patients. Ghaedi et al. have shown
enhanced differentiation of hMSCs into hepatocyte like cells when the cells were cultured on
PLLA/collagen scaffolds during the differentiation process as compared to a flat surface
[68]. A nanofibrillar cellulose hydrogel also supported hepatocyte culture [69]. In an
extension of this work, a comparison of the cellulose hydrogel and a hyaluronic acid
hydrogel showed that the presence of a 3D culture condition was comparably more effective
at encouraging organotypic arrangements of hepatocytes than a 2D culture [70]. To stimulate
hepatocyte culture on chitosan nanofibers galactose was conjugated to the fibers that were
fabricated with an average diameter of 160nm, and supported better aggregate formation
than a flat galactose chitosan control[71].

Using electrospun nanofibers as a basement membrane for epithelial cells can be
challenging. Dankers et al. demonstrated that incorporation of ECM peptides enabled the
maintenance of polarized monolayers that still contained tight junctions even after 19 days
of culture, whereas the nanofibers without ECM peptides lost their polarized monolayer
characteristics [72]. In trying to encourage kidney cell specification, nanotopographies have
been used in combination with surface chemistry modification, where it was shown that
higher spatial frequency of nanotopography along with an amine rich surface chemistry, lead
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to a higher differentiation into podocytes[73]. This experiment is a good example of how
both chemistry and topography can affect cell phenotypes.

Bladder smooth muscle cells have also been tissue engineered using random and aligned
PLLA nanofibers, where over time the effect of alignment was overcome by the cultured
cells, suggesting that fiber alignment may most affect cells at earlier time points [74].
Despite positive in vitro results in another complementary study using Poly (L- Lactide- Co
— Caprolactone) nanofibers for bladder regeneration, in vivo results proved more difficult to
achieve [75]. Transitions from in vitro to in vivo to human trials are an area of great need in
the biomedical research enterprise that better in vitro substrates may greatly improve.

Immune Organs / Cells

There are many internal organs that have not received much attention from a tissue
engineering perspective, highlighting areas that may prove to be useful avenues of new
research. Immune system organs, such as the thymus and lymph nodes, have not been the
focus of broad tissue engineering efforts, however there are important medical needs that
could be addressed by tissue engineered versions of these organs, either to directly treat a
disease or as an in vitro model to study new therapies. Tuckett et al. used electrospun PCL
nanofibers alternating with salt leached macrofibers to create a multi-zone model of the
thymus. Using the construct that also contained specific factors in the individual layers, the
authors were able to show that donor cells were at the thymus site and also populated the
recipient animal with a full set of CD4+, CD8+, CD4+CD8+ Tcells and NKT cells [76]. Due
to the large number of diseases that have an underlying incorrectly activated or insufficient
immune response, it seems clear that this should be an area of intensified research focus
[77,78]. Lymphoid organs, like most organs, are not fully functional without central nervous
system intervention.

Nervous System

The nervous system, which reaches and controls almost all parts of the body, can benefit
from tissue engineering techniques including nanofibers. Presentation of peptides that mimic
the laminin rich environment of the nervous system is one approach likely to be useful.
IKVAV presented by peptide amphiphile nanofibers was much more effective at inducing the
differentiation of cells into neurons when compared to soluble IKVAV or laminin itself [79].
Mahairaki et al. differentiated neurons from human embryonic stem cells on nanofibers to
show that the smaller aligned fibers, followed by larger aligned fibers and then the small and
large random fibers, induced the most efficient production of neurons as measured by the
early neuronal marker TUJ1 [80]. In a very interesting study, Lim et al. examined the
differentiation of adult neural stem cells on nanofibrous substrates of 3 diameters in aligned
and random orientations. The results showed that aligned fibers of about 480 nm in diameter
promoted differentiation by decreasing stemness and increasing Wnt signaling [81].
Connections of substrate properties to phenotypic outcomes are of greater interest when
biochemical signals connect the input to the observed output.
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Conclusion

Regenerative tissue engineers continue to parse out effects of material properties across the
relevant parameter ranges, driving more effective implant designs, as the field matures.
Physical as well as biochemical aspects of nanofiber scaffolds play roles in providing
information to attached cells. This is true for the nervous, vascular, musculoskeletal, and soft
tissues described in this review, but is also true for many other cell types. Basic science
studies are essential to uncover “rules” for how cells interpret and respond to changes in
scaffold environments. As a field, mechanobiologists have established stiffness as a major
material property that drives cellular responses including migration and differentiation.
However, there are many more mechanical properties that have not received such
widespread attention, and may be just as crucial to understanding how to design a
biomaterial. Professor David Tirrell issued a grand challenge in 2010 to “harness the
principles of developmental biology to control collective cell movement and differentiation
in vivo and in vitro.” [75] While this goal has not yet been achieved, it is clear through the
studies reviewed here and those that are forthcoming that regenerative engineering is moving
ever closer to a day when scaffolds can be effectively designed to instruct cell behavior.
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Fig 1. Cell-Céll Interactionsin Nanofiber Attached Cells.
Fiber alignment and diameter present differential attachment patterns to cells that may cause

differential focal adhesion, cytoskeletal, and adherens junction arrangements. The fiber
alignment may dictate the shape and availability of area for adherens junctions to form,
where larger fibers (A,C) encourage fewer than smaller fibers (B,D). Vesicle stabilizing
proteins form on smaller fibers (B,D), while larger fibers favor larger focal adhesions.
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