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CONSPECTUS:

Electrospinning is a simple and versatile technique that relies on the electrostatic repulsion
between surface charges to continuously draw nanofibers from a viscoelastic fluid. It has been
applied to successfully produce nanofibers, with diameters down to tens of nanometers, from a
rich variety of materials, including polymers, ceramics, small molecules, and their combinations.
In addition to solid nanofibers with a smooth surface, electrospinning has also been adapted to
generate nanofibers with a number of secondary structures, including those characterized by a
porous, hollow, or core—sheath structure. The surface and/or interior of such nanofibers can be
further functionalized with molecular species or nanoparticles during or after an electrospinning
process. In addition, electrospun nanofibers can be assembled into ordered arrays or hierarchical
structures by manipulation of their alignment, stacking, and/or folding. All of these attributes
make electrospun nanofibers well-suited for a broad spectrum of applications, including those
related to air filtration, water purification, heterogeneous catalysis, environmental protection,
smart textiles, surface coating, energy harvesting/conversion/storage, encapsulation of bioactive
species, drug delivery, tissue engineering, and regenerative medicine.

Over the past 15 years, our group has extensively explored the use of electrospun nanofibers for a
range of applications. Here we mainly focus on two examples: (i) use of ceramic nanofibers as
catalytic supports for noble-metal nanoparticles and (ii) exploration of polymeric nanofibers as
scaffolding materials for tissue regeneration. Because of their high porosity, high surface area to
volume ratio, well-controlled composition, and good thermal stability, nonwoven membranes
made of ceramic nanofibers are terrific supports for catalysts based on noble-metal nanoparticles.
We have investigated the use of ceramic nanofibers made of various oxides, including SiO,, TiO,,
Sn0,, Ce0y, and ZrO,, as supports for heterogeneous catalysts based on noble metals such as Au,
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Pt, Pd, and Rh. On the other hand, the diameter, composition, alignment, porosity, and surface
properties of polymeric nanofibers can be engineered in a controllable fashion to mimic the
hierarchical architecture of an extracellular matrix and help manipulate cell behaviors for tissue
engineering and regenerative medicine. To this end, we can mimic the native structure and
morphology of the extracellular matrix in tendon using uniaxially aligned nanofibers; we can use
radially aligned nanofibers to direct the migration of cells from the periphery to the center in an
effort to speed up wound healing; and we can also use uniaxially aligned nanofibers to guide and
expedite the extension of neurites for peripheral nerve repair. Furthermore, we can replicate the
anatomic structures at the tendon-to-bone insertion using nanofiber scaffolds with graded mineral
coatings. In this Account, we aim to demonstrate the unique capabilities of electrospun nanofibers
as porous supports for heterogeneous catalysis and as functional scaffolds for tissue regeneration
by concentrating on some of the recent results.

Graphical Abstract

1. INTRODUCTION

It was discovered over a century ago that ultrathin fibers could be drawn from a viscoelastic
fluid under the influence of a strong electric field. Known as electrospinning, this technique
has been rediscovered and refined by many researchers,1~8 and now it can be used to
produce continuous fibers with diameters down to tens of nanometers.

The Web of Science first took the term of “electrospinning” into record in 1993 by referring
to a conference paper written by Darrell H. Reneker.® This paper highlighted the unique
features of electrospinning as a fabrication technique and the distinct morphology of
electrospun nanofibers. Since then, there has been a surge of interest in electrospinning,
primarily due to its capability to produce fibers with ultrathin diameters for a wide variety of
applications. In this Account, we focus on the contributions from our own group to this
remarkable technique. We begin by describing the principle of electro-spinning and then
briefly discuss the methods developed for controlling the composition, structure, porosity,
and surface properties of electrospun nanofibers. In the last section, we highlight some
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applications of the electrospun nanofibers in heterogeneous catalysis and biomedical
research.

2. SETUP AND PRINCIPLE OF ELECTROSPINNING

The setup for electrospinning is simple and easily accessible. It typically consists of four
major components: a high-voltage power supply, a syringe pump, a spinneret, and a collector
(Figure 1A).10.11 \When a small amount of a viscoelastic fluid is pumped out through the
spinneret, it tends to form a spherical droplet as a result of the confinement of surface
tension. Because the droplet is connected to a high-voltage power supply, its surface will be
quickly covered by charges of the same sign. The repulsion among these charges will
counteract the surface tension and destabilize the spherical shape. If the repulsion is strong
enough to overcome the surface tension, the droplet will be deformed into a conical shape,
and a jet will emanate from the apex of the cone. At the onset of jetting, the droplet
immediately enters a process commonly known as the “cone-jet” regime. As a result of the
joint effect of the electric field and the repulsion among surface charges, the jet continues to
decrease in diameter until it starts to bend. The jet then enters the “whipping instability”
regime, in which it accelerates and fluctuates rapidly in a “whipping” motion. As a result,
the diameter of the jet drastically decreases over time while the solvent evaporates. Finally,
the jet solidifies to generate fibers with ultrafine diameters. The electrospinning jet has been
captured with the assistance of cameras, as shown in Figure 1B-D.1112 The image in Figure
1D clearly shows the bending instability of the jet during an electrospinning process.

3. FROM POLYMERIC TO COMPOSITE AND CERAMIC NANOFIBERS

Electrospinning was originally developed as a technique for drawing nanofibers from a
polymer solution.13 When combined with sol-gel chemistry, its capability can be extended
to obtain composite and ceramic nanofibers.14 A typical process involves three major steps:
(i) preparation of a stable colloidal suspension (the sol) from a sol-gel precursor, a polymer,
and a solvent; (ii) fabrication of composite nanofibers by electro-spinning; and (iii)
generation of ceramic nanofibers through selective removal of the organic component by
calcination or solvent extraction. In an early study, it was demonstrated that composite
nanofibers comprising poly(vinylpyrrolidone) (PVVP) and amorphous TiO, could be readily
obtained by electrospinning an alcoholic solution containing PVP and titanium
tetraisopropoxide.1® Figure 2A shows a typical scanning electron microscopy (SEM) image
of the composite nanofibers. When calcined in air, the organic component could be removed
without compromising the fibrous morphology. As shown in Figure 2B-E, the amorphous
TiO, was further transformed into anatase and rutile upon calcination in air at 500 and
1000 °C, respectively. The sintering at elevated temperatures substantially increases the
particle size, leading to different surface textures. By a similar approach, many other
inorganic materials, including SnO,, SiO5, Al,O3, ZrO,, CeO,, Fe304, NiFes0y, and
BaTiO3, have been processed as nanofibers,16-19
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4. FROM SOLID TO POROUS NANOFIBERS

Typically, the nanofibers produced using electrospinning have a solid structure. In many
cases, it is desirable to have pores introduced into the nanofibers, as they can drastically
increase the specific surface area of a sample. Two strategies have been explored for
generating porous nanofibers: (i) selectively removing one of the components from the fibers
and (ii) inducing polymer—solvent phase separation by rapidly cooling the fibers prior to
complete solidification.29-24 We have demonstrated the fabrication of porous nanofibers
using both strategies. For example, porous ceramic nanofibers were fabricated by
electrospinning with a composite solution followed by selective removal of the polymer
through calcination.1® Nanofibers with pores on the surface and in the bulk were also
fabricated by electrospinning a polymer solution with a highly volatile solvent such as
dichloromethane (DCM).22:23 Figure 3A shows a typical SEM image of highly porous
poly(L-lactic acid) (PLLA) nanofibers, which were generated by electrospinning a solution
of PLLA in DCM. In parallel, our group demonstrated a simple method for inducing
polymer—solvent phase separation by electrospinning the nanofibers directly into a cryogenic
liquid.24 Figure 3B-D shows SEM images of porous nanofibers made of poly(e-
caprolactone) (PCL), poly(acrylonitrile) (PAN), and poly(vinylidene fluoride) (PVDF),
respectively. The insets show enlarged views of the fiber interiors, highlighting a highly
porous structure throughout the cross-section of the fiber. Unlike the samples prepared via
solvent extraction, the morphology of individual fibers collected using the cryogenic liquid
was well preserved during the fabrication.2> This approach can be extended to obtain porous
nanofibers from a variety of polymers.

5. FROM SOLID TO HOLLOW NANOFIBERS

The electrospinning setup can be modified to enable the fabrication of nanofibers with a
tubular structure. We and other groups have demonstrated that core—sheath and hollow
nanofibers with controllable dimensions can be fabricated by electrospinning two
immiscible solutions through a coaxial spinneret.21.26 Figure 4A shows a schematic of the
setup used for direct generation of nanofibers with a core—sheath structure. The spinneret
was fabricated by aligning two capillaries into a concentric configuration, through which an
inner flow of heavy mineral oil and an outer flow of PVVP solution containing Ti(QiPr), were
simultaneously ejected to form a coaxial jet. Hollow nanofibers were obtained through
selective removal of the liquid core by calcination or solvent extraction. The inner diameter
and wall thickness of the hollow nanofibers could be tuned from tens of nanometers to
several hundred nanometers by adjusting the experimental parameters. Figure 4B shows a
typical SEM image of TiO, hollow nanofibers. Colloidal particles could also be introduced
into the oil phase to generate hollow nanofibers with functionalized interiors.2? Furthermore,
the inner and outer surfaces of the hollow nanofibers could be separately functionalized by
introducing a proper silane into the oil phase during coaxial electrospinning, followed by the
formation of self-assembled monolayers on the outer surface with another type of silane.
This approach was further extended by Jiang and co-workers to the fabrication of wire-in-
tube structures using a coaxial electrospinning setup based on a multifluidic system.2’
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6. FROM RANDOM TO UNIAXIALLY ALIGNED NANOFIBERS

When a conductive substrate is used as the collector, the electrospun nanofibers are collected
as a nonwoven mat with no directional order. In many applications, however, nanofibers
with a well-defined alignment are desired. The necessary alignment can be attained by
mechanical, magnetic, or electrostatic means.28-31 The mechanical approach usually
involves the use of a rotating mandrel, which aligns the fibers along the direction of rotation.
The electrospun nanofibers can also be aligned by magnetic forces. The polymer solution is
magnetized by adding a small amount of magnetic nanoparticles and then electrospun into
nanofibers in the presence of a magnetic field. The magnetic field stretches the fibers across
a gap to generate a uniaxially aligned array.3!

Our group developed the alignment of nanofibers using specially designed collectors to
exploit the electrostatic forces associated with the electric field. The collector typically
consists of a pair of electrodes with an insulating gap between them. The nanofibers are
aligned spanning across the gap.2%39 As shown in Figure 5A, two sets of electrostatic forces
act in opposite directions and stretch the charged fiber to force it to align across the gap. The
electrostatic repulsion among the deposited fibers due to the delay in discharging further
enhances the degree of alignment. Figure 5B shows a representative SEM image of PCL
nanofibers in a uniaxially aligned array fabricated using this approach. On the basis of this
concept, patterned electrodes were designed by patterning gold films on insulating substrates
(e.g., quartz and polystyrene). The deposited patterns included shapes such as circles,
triangles, squares, and rectangles. Figure 5C shows an optical micrograph of PVP nanofibers
deposited on the triangular insulating region of a collector. The majority of the fibers were
accumulated at the corners and appeared to align with their long axes perpendicular to the
bisector of the vertex. Figure 5D shows an optical micrograph of another sample with a ring-
type electrode as the collector. The fibers in the insulating region were oriented with their
long axes along the radial direction. These results indicated that nanofibers could be
obtained in very complex patterns through rational design of the collectors. Additionally, by
sequential grounding of different pairs of patterned electrodes, double-or multilayered
meshes of nanofibers could be readily obtained through layer-by-layer stacking.32

7. NANOFIBERS AS SUPPORTS FOR CATALYSTS

The use of noble-metal nanoparticles as heterogeneous catalysts has been extensively
explored for various types of oxidation, reduction, and coupling reactions. Recently there
has been strong interest in applying nonwoven membranes composed of ceramic nanofibers
as catalytic supports because of their high porosity, superb thermal stability, and variable
electronic properties. Nanofibers composed of various types of oxides, including SiO», TiO»,
Sn0,, CeOy, ZrO,, and CoO, have been examined as supports for catalysts based on noble
metals such as Au, Pt, Pd, and Rh.18:19.33-38 By control of the experimental conditions,
different types of metal nanostructures could be readily obtained. For example, by fine-
tuning of the parameters of a polyol reduction process, both Pt nanoparticles and nanorods
could be grown on the surface of anatase nanofibers.3°:36
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One of the major issues for catalysts used at elevated temperatures is coagulation or
sintering of the catalytic nanoparticles. To address this problem, our group developed a new
system based on anatase nanofibers coated with Pt nanoparticles and then a porous SiO,
sheath.3° The porous SiO, sheath could serve as an effective physical barrier to slow the
migration of Pt atoms and/or nanoparticles during operation, making the Pt nanoparticles
sinter-resistant. Figure 6A,B shows transmission electron microscopy (TEM) and high-
resolution TEM images of Pt/TiO, nanofibers with a 4-6 nm thick SiO, sheath. The
hydrogenation of azo bonds was chosen as a model catalytic reaction to test the catalytic
activity (Figure 6C). Significantly, the porous-SiO,/Pt/TiO, nanofibers showed appreciable
catalytic activity toward hydrogenation of methyl red even after calcination at temperatures
as high as 750 °C (Figure 6D). In a related study, we also demonstrated the fabrication of
CeO, hollow fibers with Pt nanoparticles embedded in their inner surfaces by sequential
deposition of Pt nanoparticles and CeO, sheaths on electrospun fibers of polystyrene
followed by calcination in air at 400 °C.40 Despite a relatively low Pt loading in this new
system, its turnover frequency for CO oxidation was 2—3 orders of magnitude greater than
those of other systems, and more significantly, the reactivity was shown to be stable up to
700 °C.

8. NANOFIBERS AS FUNCTIONAL SCAFFOLDS FOR TISSUE
ENGINEERING

8.1.

Electrospun nanofibers have been extensively explored as scaffolds for tissue engineering
because of their ability to mimic the hierarchical architecture of an extracellular matrix
(ECM).*L Our group has developed a variety of scaffolds based on electrospun nanofibers
for the regulation of cell behaviors and tissue regeneration. Several notable examples are
highlighted as follows.

Mimicking the Alignment of the ECM To Manipulate Cell Morphology

In the human body, some tissues, including tendon, muscle, nerve, and heart, are
characterized by a highly ordered structure. For example, tendon is a highly anisotropic
tissue in which the collagen fibrils are uniaxially aligned and packed parallel to each other.#2
When collected as uniaxially aligned arrays, electrospun nanofibers can be adopted for
tendon regeneration.*3 As demonstrated by the fluorescence micrographs in Figure 7A,B,
uniaxially aligned nanofibers can provide contact guidance for tendon fibroblasts, align the
cells, and organize their ECM into a highly ordered structure. In addition, we have fabricated
uniaxially aligned nanofibers with crimped morphology to better mimic the anatomical
structure of the collagen fibrils in tendon tissues.*

The change in the cell morphology induced by the nanofiber alignment could also be
effectively translated into cytoskeletal remodeling. For example, Schwann cells seeded on
random nanofibers showed a disorganized actin network (Figure 7C), while those seeded on
uniaxially aligned nanofibers displayed an actin network aligned along the long axes of the
underlying nanofibers (Figure 7D).%° It has also been shown that human pluripotent stem
cell-derived cardiomyocytes exhibit anisotropic and isotropic orientations when cultured on
scaffolds consisting of uniaxially aligned and random PCL nanofibers, respectively.46
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8.2. Directing Cell Migration for Dural Tissue Regeneration

A suitable scaffold for dural tissue regeneration must promote the migration of dural
fibroblasts from the periphery toward the center of the wound. To this end, our group
developed a new class of scaffolds based on radially aligned nanofibers.#” Figure 8A shows
a photograph of the radially aligned nanofiber scaffold. This type of scaffold was able to
present nanoscale topographic cues to the seeded dural fibroblasts, directing and enhancing
their migration from the periphery toward the center (Figure 8B). Such a scaffold can serve
as a patch for the defect in dural matter created during brain surgery and speed up the wound
healing process.

8.3. Guiding and Promoting the Outgrowth of Neurites

Scaffolds based on uniaxially aligned nanofibers have enabled the design of nerve guidance
conduits to better recapitulate the anisotropic structure of nerves.*>48 |t is well-established
that the physical cue offered by the aligned nanofibers can direct the extension of neurites
derived from various cell phenotypes, including dorsal root ganglia (DRG) and embryonic
bodies (EBs).#90 Figure 9A,B shows fluorescence micrographs of the neurites projected
from DRG cultured on random and uniaxially aligned nanofibers, respectively. While the
neurites grew outward without any preferential orientation on random nanofibers, those in
contact with aligned nanofibers preferred to be extended along the direction of alignment. In
addition to the topographical guidance, electrospun nanofibers can also be functionalized to
present other types of cues, such as bioadhesive molecules, bioelectric cues,>! and preseeded
supporting glial cells,*® to further increase the length of neurites. Furthermore, electrospun
nanofibers can be collected and/or stacked to form complex architectures for building
sophisticated neuronal networks (Figure 9C,D).49:52

To better understand the interaction between neurites and nanofibers, our group designed a
series of fundamental studies to investigate how the DRG neurites behave under different
conditions. Prior studies with DRG were mainly limited to the observation of parallel growth
of neurites on a uniaxially aligned array of nanofibers.9:53-55 We observed that DRG
neurites could also be guided to grow along a direction perpendicular to the aligned
nanofibers.56 We found that the direction of neurite outgrowth on aligned nanofibers is
determined by the strength of interaction between the neurites and nanofibers. We
specifically investigated three factors: fiber density, surface coating, and supporting substrate
of the nanofibers. When the interaction was strong (e.g., because the fibers were coated with
laminin), the neurites tended to grow along the nanofibers (Figure 10A). When the
interaction was weak, as in the case of a supporting substrate coated with cell-repellent
poly(ethylene glycol)(PEG), the neurites were found to grow perpendicular to the alignment
with multiple branching (Figure 10B). These results are consistent with the SEM images in
Figure 10C,D, respectively. Furthermore, we engineered electrospun aligned nanofibers to
induce the transdifferentiation of bone marrow stem cells into Schwann cells. The as-derived
Schwann cells guided and improved the extension of neurites from both PC12 cells and
DRG.57 These studies have shed light on the rational design of nanofiber-based scaffolds for
nerve regeneration while providing insights into developmental neurobiology.
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8.4. Mimicking the Tendon-to-Bone Insertion Site

Repairing the interface between soft and hard tissues has been one of the major clinical
challenges. For the repair of tendon-to-bone insertion, we developed “aligned-to-random”
nanofiber scaffolds to mimic the orientational changes of the collagen fibers in enthesis.*3
Cells cultured on different portions of the scaffolds presented different structures of the
cytoskeleton. We also fabricated a nonwoven mat of electrospun nanofibers with a
continuously graded coating of calcium phosphate.?8? Figure 11A-D indicates the
presence of a mineral gradient on the surface of a nonwoven mat made of poly(lactic acid-
co-glycolic acid) (PLGA) nanofibers. Furthermore, the gradient in mineral content
significantly affected the mechanical properties of the scaffold (Figure 11E-G). Most
recently, we found that the gradient in mineral content on the surface of a nanofiber scaffold
was sufficient to induce spatially graded osteogenesis for adipose-derived stem cells.®0
Additionally, our group has developed several methods for further improving the design of
this type of scaffold.1 Our goal is to generate functional tissue constructs that can be used to
guide tissue regeneration at the tendon-to-bone insertion.

9. CONCLUDING REMARKS

As a simple and widely accessible technique, electrospinning can be used to quickly produce
fibrous nanomaterials from a broad spectrum of materials. A number of strategies have been
further demonstrated for engineering of the composition, structure, porosity, surface, and
alignment of the nanofibers. These capabilities make it possible to tailor the properties of
nanofibers for an array of applications. Although electrospun nanofibers have shown great
potential in applications ranging from heterogeneous catalysis to biomedical research, they
still face a set of challenges. For ceramic nanofibers, it is still necessary to improve their
mechanical strength and flexibility so they can be used as free-standing structures over large
areas. Along with the precise control over the microstructures of ceramic nanofibers,
fabrication of surface-functionalized nanofiber sponges will provide an effective route to the
development of flexible and recyclable catalytic systems. For polymeric nanofibers used as
scaffolds for tissue regeneration, their designs, including both the composition and
architecture, still need to be further optimized for in vivo applications. Future work should
be directed toward the fabrication of three-dimensional scaffolds integrated with cells and
growth factors to improve the infiltration and viability of cells. By closely mimicking the
complex spatial distributions of native tissues, three-dimensional scaffolds functionally
graded in terms of composition, alignment, porosity, and pore size will lead to major
improvements in tissue regeneration. The ultimate goal is to push electrospun nanofibers
from the laboratory to industry and from the bench to the bedside
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Figurel.
(A) Schematic illustration of a typical setup for electrospinning. Photographs of the jet

obtained with (B) a digital video camera using the interference color technique, (C) a
standard camera at an exposure time of 33 ms, and (D) a high-speed camera at an exposure
time of 0.1 ms. Adapted with permission from (B) ref 11 and (C, D) ref 12. Copyright 2008
Elsevier and 2005 De Gruyter, respectively.
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Figure 2.
(A) SEM image of composite nanofibers comprising PVP and amorphous TiO,. (B, C) SEM

images of ceramic nanofibers made of anatase and rutile, respectively. (D, E) High-
magnification views of the nanofibers in (B) and (C), respectively.
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Figure 3.
(A) SEM image of porous PLLA fibers. (B-D) SEM images of porous nanofibers composed

of PCL, PAN, and PVDF, respectively, obtained by electrospinning into liquid nitrogen and
then drying under vacuum. The insets in (C) and (D) show the ends of broken fibers,
revealing the highly porous structure. Adapted with permission from (A) ref 22 and (B-D)
ref 24. Copyright 2008 Wiley-VCH and 2006 American Chemical Society, respectively.
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Figure 4.

(A) Schematic illustration of the spinneret for coaxial electrospinning. (B) SEM image of
TiO, hollow nanofibers. The inset shows an SEM image of the hollow nanofiber at a higher
magnification. Adapted from ref 26. Copyright 2004 American Chemical Society.

Acc Chem Res. Author manuscript; available in PMC 2019 June 22.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xue et al.

Page 17

[>]

Figureb.
(A) Schematic illustration of the electrostatic forces applied to a charged nanofiber spanning

across an insulating gap. The electrostatic force (F1) originates from the electric field while
the Coulomb interactions (F,) arise from the positive charges on the nanofibers and the
negative charges on the two grounded electrodes. (B) SEM image of the uniaxially aligned
PCL nanofibers. (C, D) Optical micrographs showing gold electrodes (dark area) of different
shapes patterned on insulating, quartz substrates. Only those fibers deposited on insulating
regions (bright areas) are visible. Adapted from (A, B) ref 29 and (C, D) ref 30. Copyright
2003 and 2005, respectively, American Chemical Society.
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Figure6.
(A) TEM and (B) high-resolution TEM images of a Pt/TiO, (anatase) nanofiber whose

surface was coated with a 4-6 nm thick sheath of amorphous SiO5. (C) Hydrogenation of
methyl red.(D) UV-vis spectra of a methyl red solution before and after hydrogenation in
the presence of the porous-SiO,/Pt/TiO, nanofibers. The conversions were 87%, 81%, and
61% for the nanofibers obtained by calcination in air for 2 h at 350, 550, and 750 °C,
respectively. Adapted with permission from ref 39. Copyright 2010 Wiley-VCH.
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Figure7.
Fluorescence micrographs showing (A, B) tendon fibroblasts seeded on random and

uniaxially aligned PCL nanofibers and stained with fluorescein diacetate and (C, D)
Schwann cells seeded on random and uniaxially aligned PCL nanofibers, with the actin
cytoskeleton and nuclei stained with rhodamine phalloidin (red) and 4”,6-diamidino-2-
phenylindole (blue), respectively. Adapted with permission from (A, B) ref 43 and (C, D) ref
45. Copyright 2010 Royal Society of Chemistry and 2014 American Chemical Society,
respectively.
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Figure 8.
(A) Photograph of radially aligned nanofibers on a ring collector and (B) fluorescence

micrograph of dural fibroblasts on a scaffold of radially aligned nanofibers. Adapted from
ref 47. Copyright 2010 American Chemical Society.
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Figure9.
Fluorescence micrographs showing the neurite fields extending from DRG cultured on (A)

random, (B) uniaxially aligned, (C) microwell-arrayed, and (D) double-layered PCL
nanofiber scaffolds. The insets in (B) and (D) show enlarged views of the neurites. The DRG
were stained with antineurofilament 200 (green). Adapted with permission from (A, B) ref
45, (C) ref 52, and (D) ref 49. Copyright 2014 American Chemical Society, 2011 Wiley-
VCH, and 2009 American Chemical Society, respectively.
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Figure 10.
Fluorescence micrographs showing the neurite fields extending from DRG cultured on (A)

laminin-coated nanofibers and (B) nanofibers deposited on PEG-coated coverslips.58 The
arrow in (A) indicates the direction of alignment for the underlying nanofibers in (A) and
(B). The DRG were stained with antineurofilament 200 (green). (C, D) SEM images
showing both the nanofibers and neurites for the samples displayed in (A) and (B),
respectively. Adapted from ref 56. Copyright 2014 American Chemical Society.
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Figure 11.

SEM images of calcium phosphate coatings on a plasma-treated nonwoven mat of PLGA

nanofibers and mechanical testing of the graded scaffolds.

The images were taken from

different regions, with d corresponding to (A) 0, (B) 6, (C) 9, and (D) 11 mm. The scale bars
in the insets are 2 um. (E) Strain in the x4 direction for specific values of stress. The strain
increases with increasing stress and is the highest on the nonmineralized side of the scaffold.
(F) Energy-dispersive X-ray analysis of the graded scaffold. There is a linear decrease in
calcium phosphate along the length of the scaffold. (G) Young’s modulus of different spots
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along the gradient. The modulus decreases with decreasing calcium phosphate content.
Adapted from ref 58. Copyright 2009 American Chemical Society.
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