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Abstract

Scaffolds capable of promoting cell migration from the periphery towards the center along the
radial direction hold promises for tissue regeneration. Here we report a simple and general

method based on masked electrospray for the fabrication of such scaffolds by depositing collagen
nanoparticles on radially-aligned nanofibers in a radial density gradient. Placed between the
metallic needle and the collector, an aperture with tunable opening sizes serves as the mask. By
increasing the size of the opening at a fixed speed, the electrosprayed particles take a radial density
gradient that decreases from the center to the periphery. When deposited on a glass slide, the radial
density gradient of collagen nanoparticles promotes the migration of fibroblasts from the periphery
towards the center. By replacing the glass slide with a scaffold comprised of radially-aligned
nanofibers, a synergetic effect arises to further accelerate cell migration along the radial direction.
The synergistic effect can be attributed to a unique combination of the topographic cue arising
from the aligned nanofibers and the haptotactic cue enabled by the graded nanoparticles. This
work demonstrates a method to maximize cell migration from the periphery towards the center
through a combination of topographic and haptotactic cues.
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Two isbetter than one: Collagen nanoparticles are fabricated in a radial density gradient by
masked electrospray with a tunable aperture. When deposited on a scaffold of radially-aligned
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nanofibers, cell migration is accelerated due to the synergy between the topographic cue arising

from the aligned nanofibers and the haptotactic cue enabled by the gradient of nanoparticles.
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Introduction

Cell migration plays an important role in many biological processes such as the regeneration
of injured tissues.[¥-31 Recruiting repairable cells from the surrounding healthy tissues to
the injured site is one of the key requirements for tissue regeneration.[*~7] Specifically, the
migration of cells from the periphery towards the center is required for the regeneration of
many types of tissues.[8:9] For example, skin regeneration can be augmented by directing
the migration of fibroblasts to the wound site for the re-establishment of dermis,[1%] and
the regeneration of dura mater requires the migration of cells from the periphery towards
the center to cover the defected dura.l11] As another example, newborn cortical neurons in
the developing cortex migrate along radial glial fibers towards the cortical plate to form
the layered structure.[8:12] In addition, enhanced recruitment of endogenous neural stem
cells from the central canal region to the lesion site is necessary for the repair of spinal
cord injury to re-establish neural connectivity.[13] As such, it is of great importance to
promote tissue regeneration by developing a scaffold capable of effectively guiding the
radial migration of cells and directing their organization for the formation of functional
tissue.

Cell migration can be directed by different means, such as topographic and haptotactic
cues.[8:14.15] When designing a scaffold, these beneficial cues should be integrated to
maximize their impact on cell migration. Despite major progress, it remains a major
challenge to develop scaffolds that recapitulate the complex structure and microenvironment
of native tissues. Among various types of scaffolding materials, electrospun fibers show
great promises owing to their capability to mimic some structural and compositional
features of the extracellular matrix (ECM) and the feasibility to combine both topographic
and haptotactic cues in the same scaffold.[16-19] As reported in the literature, scaffolds
comprised of radially-aligned nanofibers could provide a topographic cue to guide and
accelerate cell migration along the radial direction, promoting wound closure.[1*] Three-
dimensional (3-D) scaffolds consisting of radially-aligned nanofibers could also promote
diabetic wound healing.[2%] Furthermore, radially-aligned nanofibers could direct the growth
of retinal ganglion cell axons radially, mimicking the radial axon paths in the retina.[20.21]

In addition to the topographic cue, gradients represent another important type of cue in
regulating the migration and assembly of cells.[22] A variety of strategies have been
developed for incorporating radial gradients into the surface of a solid substrate.[23:25] For
example, surface engineering through asymmetric chemical modification or geometrical
patterning has been applied to generate graded features on a solid substrate such as silicon
wafer or glass slide.[26.27] These methods usually require further modification steps with
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the use of specific types of material precursors or the application of an elastomeric stamp.
Selective deposition represents another strategy for generating radial gradients. Specifically,
when integrated with radial gradients of bioactive components, scaffolds made of radially-
aligned nanofibers can further accelerate the migration of cells from the periphery towards
the center. In a previous study, we generated a radial gradient of active protein on a scaffold
made of radially-aligned nanofibers by back-filling the bare regions left behind by a graded
mask of bovine serum albumin with the active protein.[28] The radial gradient of laminin
promoted the migration of fibroblasts while that of the epidermal growth factor worked for
keratinocytes migration. Although this method can minimize the use of expensive growth
factors, only a monolayer of the protein can be absorbed on the surface of the fibers.

As an electrohydrodynamic process, electrospray has been extensively explored to deposit
particles on a solid substrate, during which the density of the deposited particles is directly
proportional to the duration of collection. In a previous study, we combined electrospray
with masking to deposit biomacromolecular nanoparticles on uniaxially-aligned electrospun
nanofibers in a linear density gradient.[29] It was shown that collagen nanoparticles in a
unidirectional gradient on the uniaxially-aligned nanofibers promoted the migration of bone
marrow stem cells in the direction of increasing particle density. On the uniaxially-aligned
nanofibers functionalized with collagen nanoparticles in a bidirectional gradient, fibroblasts
migrated from two opposite sides towards the center of the scaffold in the direction of
increasing particle density. The migration speed of fibroblasts on the uniaxially-aligned
nanofibers was higher in the presence of bidirectional gradient than the case involving
uniform distribution of the same nanoparticles. Gradients can be readily produced in a
controllable and reproducible fashion by adjusting the parameters for electrospray. This
class of scaffolds shows great potential as biomedical patches for a variety of biomedical
applications such as bone regeneration, wound healing, and nerve repair.

Here we demonstrate that the capability of this strategy can be extended to generate a radial
density gradient of nanoparticles on a scaffold comprised of radially-aligned nanofibers.
Such scaffolds could be further empowered to accelerate cell migration from the periphery
towards the center for the speedy closure of a wound. As a major component of ECM,
collagen is widely considered as one of the most prominent biomolecules to affect cellular
behaviors. Accordingly, collagen nanoparticles can be applied as a biological effector to
regulate cell adhesion, proliferation, and migration. Specifically, as shown in Figure 1, we
can apply a scaffold made of radially-aligned nanofibers as the collector for electrospray
while an aperture with tunable opening size is placed between the metallic needle and the
collector during electrospray. The opening of the aperture can be tuned to vary the duration
of collection for the nanoparticles, resulting in a decrease in particle density from the center
to the periphery of the collector. As a major advantage, this simple and general method

can be adapted for various types of solid substrates and electrosprayed particles. We firstly
investigate the effects of a radial density gradient of collagen nanoparticles fabricated on a
circular glass slide on the migration of fibroblasts from the periphery towards the center. To
understand the corresponding effects of the gradient and the radially-aligned nanofibers, we
further investigate the synergetic effect arising from the radial density gradient of collagen
nanoparticles and the radially-aligned nanofibers on the migration of fibroblasts for the
potential application in wound closure.
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Results and Discussion

2.1. Glass slide covered by collagen nanoparticles in a radial density gradient

In our initial demonstration, we used electrospray to fabricate collagen nanoparticles in

a radial density gradient on a solid substrate such as a circular glass slide. Prior to
electrospray, a tunable aperture with a full opening of 36 mm in diameter was imposed
between the metallic needle and the collector (Figure 1). The aperture was closed at the
beginning so that the electrosprayed nanoparticles were completely blocked by the closed
aperture. As the aperture was opened at a fixed speed, the size of the opening was gradually
increased, through which the electrosprayed nanoparticles were deposited onto the surface
of the collector. In this setting, the center of the collector should experience the longest
duration of exposure to the electrosprayed nanoparticles, resulting in a gradual decrease in
particle density from the center to the periphery.

In a typical procedure, we opened the aperture at a fixed speed to increase the opening

size by 1.0 mm in diameter per minute and collected the nanoparticles for 15 min to
generate a radial density gradient of collagen nanoparticles on the surface of a circular glass
slide. Figure S1 shows scanning electron microscopy (SEM) images of the nanoparticles
electrosprayed onto different regions on the glass slide, corresponding to different durations
of collection. From the center to the periphery region, the area densities of the nanoparticles
on the glass slide gradually decreased as the duration of collection decreased from 15 to 10
and 5 minutes. The collagen nanoparticles had a more or less hemispherical shape, together
with an average diameter of 370 + 125 nm at their base in contact with the substrate (Figure
S2).

In order to visualize and quantify the radial gradient by fluorescence microscopy imaging,
we encapsulated rhodamine-B in the collagen nanoparticles during electrospray. Figure 2,
A-D, shows fluorescence micrographs of the nanoparticles deposited at different positions
on the glass slide. Along the radial direction from the center to the periphery, the
nanoparticles were gradually reduced in density, indicating the successful generation of a
radial density gradient. In Figure 2E, we plotted the relative fluorescence intensities as a
function of distance from the center to the periphery of the glass slide along the radial
direction. Away from the center, the relative fluorescence intensity decreased as a function
of the distance, with a difference of almost seven times. In principle, rhodamine-B can
also be replaced by other types of bioactive proteins or growth factors as long as their
bioactivities can be preserved during the electrospray process to endow the nanoparticles
with additional bioactivity. In addition, other types of ECM components, such as laminin
and fibronectin, can be mixed with collagen prior to electrospray to further enhance the
functionality of the nanoparticles.

The profile of the radial density gradient can be readily maneuvered by adjusting the size of
the substrate, the deposition rate of the particles, the total duration of collection, and/or the
opening speed of the aperture. To demonstrate the versatility of this method, we fabricated
another radial density gradient of collagen nanoparticles on a circular glass slide of 25 mm
in diameter. In this case, the aperture was opened at a fixed speed to increase the opening
size by 1.0 mm in diameter per minute, and the nanoparticles were collected on the glass
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slide for a total duration of 30 minutes. Figure S3 shows the relative fluorescence intensity
of rhodamine B-loaded collagen nanoparticles as a function of distance from the center to
the periphery of the glass slide, indicating the creation of a radial gradient in particle density
(n=3).

2.2. Cell migration on glass slide covered by radially-graded collagen nanoparticles

Centripetal migration of cells from the surroundings towards the center is beneficial to a
variety of applications, such as to speed up wound closure and promote the regeneration

of dura mater, as well as to the repair of retinal nerve. The migration speed of the cells

can be accelerated because of their haptotaxis through the attractive cues immobilized on
the surface of a substrate. Here we examined the influence of the radial density gradient

of collagen nanoparticles on the centripetal migration of cells using NIH 3T3 fibroblasts

as a model. In a typical experiment, a piece of circular glass slide functionalized with
radially-graded collagen nanoparticles was fixed to the bottom of a well in a 24-well

plate. We also included glass slides without collagen nanoparticles and covered by a
uniform distribution of collagen nanoparticles as the control groups. A polydimethylsiloxane
(PDMS) cylinder with a diameter of 6.0 mm was placed in the center of the sample as

a physical barrier to create a “wound”. Then, NIH-3T3 fibroblasts were seeded around

the periphery of the cylinder. After 4 h, the cylinder was removed to create a migration
zone. Figure 3A shows fluorescence micrographs of NIH-3T3 fibroblasts after migration for
three days on different types of substrates, respectively. On the substrate functionalized with
radially-graded collagen nanoparticles (graded), the cells reached the center of the substrate,
and a large number of cells were observed in the central region. By contrast, fewer cells
were found in the migration zone of the glass slide functionalized with uniformly-distributed
collagen nanoparticles (uniform). In particular, very few cells appeared in the central region
of the bare glass slide (blank). From the fluorescence micrographs of cells in the leading
regions of the migration zones, the cells on the different types of substrates all showed
healthy states with random extension of their cytoskeleton. In the frontiers of the migration
zone on the graded substrate, a substantially larger number of cells were found. The radial
density gradient of the collagen nanoparticles significantly promoted cell migration towards
the region with an increased content of collagen along the radial direction.

We then counted the average number of cells in different regions of the migration zones on
the different types of substrates from the fluorescence micrographs. As illustrated in Figure
S4 and in the inset of Figure 3B, the radial migration zone with a radius of 3 mm was
equally divided into eight equally-sized slices, and each slice was further divided into six
concentric regions (I to V1) of equal width from the periphery to the center at an incremental
distance of 0.5 mm. Figure 3B shows the average numbers of cells in the different regions of
the migration zone on the different types of substrates. In the outer region of the migration
zone (region 1), the cell number was too high to be precisely counted, so we only showed
the average numbers of cells in the other five regions (11-V1). On the graded substrate, the
cells in the leading region could migrate to the central region V1 and distributed throughout
the six regions of the whole migration zone, whereas much fewer cells could migrate

to the central region VI on the uniform substrate. In each region of the migration zone,
significantly more cells were presented on the graded substrate in comparison to that on the
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uniform substrate (P < 0.01). On the bare glass slide, the cells were only able to migrate

to region I1. Taken together, it can be concluded that considerably more cells were able to
migrate to the central region on the graded substrate, relative to both the glass slide covered
with a uniform coating of collagen nanoparticles (P < 0.01) and the bare glass slide (P<
0.01).

The farthest migration distances of collective cells on the different types of substrates

are shown in Figure 3C. On the glass slide functionalized with radially-graded collagen
nanoparticles, the migration distance of the collective cells was increased by 3.2- and
2.1-fold, respectively, relative to those on the glass slides without collagen nanoparticles
and functionalized with uniformly-distributed collagen nanoparticles. Cells tend to migrate
faster on the substrates functionalized with graded collagen nanoparticles than those with
a uniform distribution of the nanoparticles, mainly because of the haptotactic cue provided
by the collagen gradient, which could promote cells to migrate towards a higher particle
density and thus a higher collagen content. Taken together, these results indicate that
masked electrospray technique can be used to fabricate a radial density gradient of collagen
nanoparticles on a solid substrate to promote cell migration towards the region with the
greatest particle density.

Radially-aligned nanofibers functionalized with collagen nanoparticles in a radial

density gradient

In addition to the use of flat substrates such as glass slides, this masked electrospray
technique has also been successfully applied to generate radial density gradients of collagen
nanoparticles on other types of substrates. In one demonstration, the collagen nanoparticles
were directly electrosprayed on a scaffold of radially-aligned nanofibers because the
nanofibers can provide the topographic cue to guide cell migration along the radial direction.
We firstly fabricated the scaffold composed of radially-aligned electrospun polycaprolactone
(PCL) nanofibers using a collector consisting of a metallic ring and a metallic needle in

the center. The electrospun nanofibers were stretched across the gap between the needle

and the ring in a radially-aligned fashion. As shown by the SEM images in Figure S5, the
PCL nanofibers were radially aligned from the center towards the periphery of the scaffold,
together with an average fiber diameter of 608 + 132 nm.

Figure 4 shows SEM images of the radially-aligned PCL nanofibers at different distances
from the center, after functionalization with electrosprayed collagen nanoparticles marked
by a false color. The original SEM images can be found in Figure S6. The as-deposited
nanoparticles were more or less fused together with the surfaces of the nanofibers without
involving additional treatment because of electrostatic attraction and the presence of some
residual solvent in the particles during electrospray. After solidification, the particles would
not move and aggregate because they stuck to the surfaces of the nanofibers. In addition,
the collagen nanoparticles were insoluble in water or cell culture medium. Taken together,
the nanoparticles were largely retained during the seeding of cells and even after three days
of cell migration study. In the central region (Figure 4A), the surface of the nanofibers

was covered by a high density of collagen nanoparticles, as marked by the color dots. As
the collection time decreased from the center to the periphery, fewer collagen nanoparticles
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would be deposited on the surface of the nanofibers. In the peripheral region corresponding
to 6-mm away from the center, the surface of the nanofibers had a very low density of
collagen nanoparticles (Figure 4D). Taken together, we can directly electrospray collagen
nanoparticles onto a scaffold of radially-aligned nanofibers to create a radial density
gradient, with the density decreasing from the center to the periphery along the radial
direction of the scaffold.

2.4. Cell migration on the radially-aligned nanofibers functionalized with radially-graded
collagen nanoparticles

Scaffolds comprised of radially-aligned nanofibers can promote wound closure by
promoting cell migration along the radial direction. To investigate the combined effect

of radial alignment and particle density gradient on the migration of NIH-3T3 fibroblasts,
we fabricated a scaffold (diameter: 12 mm) of radially-aligned nanofibers functionalized
with collagen nanoparticles in a radial density gradient decreasing from the center to

the periphery. For comparison, we also fabricated scaffolds of radially-aligned nanofibers
without collagen nanoparticles and functionalized with uniformly-distributed collagen
nanoparticles. A similar protocol involving the use of a PDMS cylinder was applied to
study cell migration on the different types of scaffolds from the periphery towards the
center. We fixed and stained the cells to reveal their positions on the different types of
scaffolds, as shown by the fluorescence micrographs in Figure 5A. On the fiber-based
scaffolds, all the cells were stretched and migrated along the direction of fiber alignment,
indicating the contact guidance from the underneath nanofibers to the cells. Compared
with the bare nanofibers, the presence of the collagen nanoparticles, regardless of the
distribution pattern, significantly increased the number of cells in the migration zone
because of the bioactivity of the collagen component. Furthermore, the cells migrated faster
on the scaffold functionalized with radially-graded collagen nanoparticles than that with a
uniform distribution of collagen nanoparticles because of the haptotactic cue provided by
the collagen gradient, which tended to promote cells to migrate towards a higher content of
collagen. On the graded scaffold, the cells almost covered the entire area of the migration
zone, and a large number of cells were observed in the center. In comparison, fewer cells
were observed in the migration zone of the uniform scaffold.

Figure 5, B and C, shows the areas of the voids left behind by the cells and the farthest
migration distance of the collective cells on the different types of scaffolds, respectively. The
percentage of void left by the cells in the central region of the graded scaffold was less than
2%, while that number on the uniform scaffold and the bare nanofibers increased to about
7% and 25%, respectively, indicating that the “wound” closure was significantly promoted
by combining the radially-aligned nanofibers and the radial density gradient. The migration
distance of the collective cells on the graded scaffold was increased by 1.6- and 1.3-fold,
respectively, relative to those on the scaffolds functionalized with uniformly-distributed
collagen nanoparticles and involving no collagen nanoparticles (P < 0.01). In addition, the
migration of cells on the substrates involving radially-aligned nanofibers was significantly
promoted relative to the case of glass slides.
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The morphologies of the cells in the central and peripheral regions of the different types of
scaffolds can be seen from the fluorescence micrographs in Figure 6. The cytoskeleton took
an elongated morphology and large extension on the radially-aligned nanofibers. In addition,
more cells were presented in the central region of the graded scaffold in comparison with
that on the uniform scaffold. Almost no cells were able to migrate to the central region of the
scaffold comprised of bare nanofibers. From these results, we can conclude that the particle
density gradient and the fiber alignment had a synergetic effect in promoting the centripetal
migration of cells towards the region with the greatest particle density. Both the topographic
cue of the scaffold arising from the radially-aligned nanofibers and the haptotactic cue
enabled by the graded nanoparticles contribute to the acceleration of cell migration from

the periphery towards the center, showing great promise for future application in tissue
regeneration.

2.6. Discussion

A radial density gradient of collagen nanoparticles can be created on a scaffold of radially-
aligned nanofibers by masked electrospray with a tunable aperture mask. As a result, cell
migration can be maximized by a unique combination of the topographic cue arising from
the radially-aligned nanofibers and a haptotactic cue enabled by the graded nanoparticles.
Under the guidance of the radially-aligned nanofibers, the cells polarize and move forward
along the fiber alignment. In response to the gradient of collagen nanoparticles that

can serve as an adhesive cue, the cells are further guided to migrate according to the
direction of pre-established polarity. The response of cells to the scaffold may depend on
cell-cell adhesions and microtubules,[30:31] and cadherin mechanotransduction can also play
a potential role.[32] In order to provide a haptotactic cue capable of guiding the directional
migration of cells, the slope of the gradient should be greater than a certain value. As such,
the diameter of the scaffold cannot be increased indefinitely. However, at a fixed slope, the
area to be covered by the gradient of particles can be enlarged by increasing the number
of particles deposited at the center. To this end, a new aperture will be necessary, and the
collection time will also need to be optimized.

The variation in particle density gradient can also affect the migration of cells. In general,
haptotaxis directs cells to move along a gradient of increasing density in the immobilized
ligand. However, the cell movement distance and speed may vary when the slope of the
particle density gradient is changed. At the same time, the surface roughness of the as-
obtained fibers will be changed with the deposition of nanoparticles, and this will introduce
another factor that can influence the cell behavior. Therefore, the mechanism responsible
for the migration of cells on the particle-coated nanofibers can be a complicated one,
which deserves a systematic study in the future. The slope of the gradient also needs to

be optimized in the future to maximize the efficacy of such a scaffold in promoting cell
migration.

As a major advantage, this method can be readily applied to many other types of fiber
scaffolds, including those consisting of aligned or random fibers made of different types of
polymers because the deposition method depends on neither the orientation of the fibers nor
the type of the polymer. In addition to collagen, this method can be applied to other types of
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biomacromolecules in ECM, such as laminin and fibronectin, to target different applications.
If necessary, the collagen nanoparticles can also be loaded with drugs or growth factors

via co-axial electrospray to endow the scaffolds with a variety of biochemical cues to
improve the functionality. To maximize the efficacy of such a scaffold in accelerating cell
migration for promoting the reconstruction of new tissue and improving the wound healing,
the size and shape of the nanoparticles, as well as the profile of the gradient will need to

be optimized systematically. In the future, we plan to demonstrate the capability of this new
class of scaffolds for promoting /n7 vivo skin wound healing by inducing the migration of
repairable cells from the periphery towards the center of the defect site.

This new class of scaffolds can also be applied to treat glaucoma and other retinal
degenerative diseases by mimicking the radial orientation of the axons in the retina. In

a prior study, radially-aligned electrospun fibers were used to direct the radial growth of
retinal ganglion cell axons and enhanced the retinal ganglion cell survival.[33] When the
fibers loaded with the cells were transplanted onto retinal explants, the cells on the scaffold
followed the radial pattern of the host retinal nerve fibers. To this end, the scaffold of
radially-aligned nanofibers can serve as a cell delivery device, representing a significant step
forward towards the use of cell transplant therapies for the treatment of glaucoma and other
retinal degenerative diseases. When further integrated with the radial density gradient of
biomacromolecular nanoparticles, the neurite extension should be further promoted.

Radial alignment, together with a radial gradient, is important for a variety of biological
processes and technical applications. In addition to tissue regeneration, the surface
comprised of radial alignment and radial gradient may also show promise in other
applications, such as directional liquid transportation[26] and directional guidance of
DNAD4 because of the accompanied wettability gradient along the particle density gradient.
Many natural surfaces have directional liquid wetting and transportation properties to allow
cactuses and spider silk to collect fresh water from fog by transporting droplets from

the periphery to the center.[35] Different from surface engineering based on asymmetric
chemical modification or geometrical patterning, the masked electrospray technique, in
combination with electrospun fibers, does not require complex procedures while allowing
for facial tuning of the gradient in terms of slope, as well as size and composition of the
particles.

3. Conclusion

In summary, using masked electrospray with a tunable aperture, we have demonstrated

the generation of a radial density gradient of collagen nanoparticles on both a flat

substrate and a scaffold comprised of radially-aligned nanofibers, respectively, with the
particle density decreasing from the center to the periphery. The radial density gradient of
collagen nanoparticles on the glass slide promoted the centripetal migration of NIH-3T3
cells from the periphery along the direction of increasing particle density. When the

collagen nanoparticles were deposited on a scaffold made of radially-aligned nanofibers

in a radially-graded fashion, the cell migration on the scaffold was significantly accelerated
in comparison with the case of a uniform distribution. The acceleration could be attributed to
the unique combination of the topographic cue arising from the radially-aligned nanofibers

Part Part Syst Charact. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xue et al.

Page 10

and the haptotactic cue enabled by the graded collagen nanoparticles. This study provides
valuable information for designing graded scaffolds integrated with a radially-aligned
topographic cue for potential use in wound closure and related applications that require
cell migration in a radial pattern.

4. Experimental Section

Chemicals and materials:

PCL (M,~80,000), N, N-dimethylformamide, dichloromethane, and Type IV collagen were
purchased from Sigma-Aldrich. All other chemicals were obtained from Thermo Fisher
Scientific. The water used in all experiments was obtained by filtering through a set of
Millipore cartridges (Epure, Dubuque, 1A). An aperture with a diameter of 36 mm was
purchased from Thorlabs™.

Generation and characterization of a radial density gradient of collagen nanoparticles on a

glass slide:

We masked electrospray with a tunable aperture to generate a radial density gradient of
collagen nanoparticles on a glass slide. In a typical process, collagen was dissolved in 70%
aqueous acetic acid (v/v) to prepare a collagen solution at a concentration of 20 mg/mL. A
circular glass slide (ca. 12 mm in diameter) was cleaned with ethanol, treated with plasma,
and then placed on top of an aluminum foil to serve as the collector. A tunable aperture was
placed between the needle and the collector. The collagen solution was then pumped out
through a blunt needle at a feeding rate of 0.5 mL/h while a high voltage (DC) of 20 kV was
applied between the tip of the needle and the collector. During the electrospray process, the
aperture was opened at a fixed speed to generate openings with gradually increased sizes,
allowing more nanoparticles electrosprayed onto the glass slide. In a typical experiment, the
aperture was opened at a fixed speed to increase the opening size by 1.0 mm in diameter per
minute, and the nanoparticles were deposited on the glass slide over a duration of 15 min.

The morphologies of the nanoparticles deposited at different positions on the glass slide
were characterized using a scanning electron microscope (Hitachi SU8230). The average
diameter of the nanoparticles was measured from 100 nanoparticles in the SEM images
using ImageJ software (NIH, Bethesda, MD, USA).

Visualization of the radial density gradient of collagen nanoparticles on a glass slide:

A collagen solution containing 5 mg/mL of rhodamine-B was electrosprayed through

the aperture mask to fabricate a radial density gradient of collagen nanoparticles loaded

with rhodamine-B. The as-obtained samples were analyzed using an inverted fluorescence
microscope (Leica DMI 6000 B). From the center to the periphery, four images were
recorded from different positions with the same incremental distance along the radial axis.
The average fluorescence intensity at each position was measured using ImageJ software,
and the relative fluorescence intensities were plotted as a function of distance away from the
center of the circular glass slide. In another set of experiment, circular glass slides with a
diameter of 25 mm were used as the collectors. During the electrospray process, the aperture
was opened at a fixed speed to increase the opening size by 1.0 mm in diameter per minute,
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and the nanoparticles were deposited on the glass slides over a duration of 30 min. The
as-obtained samples were also analyzed using the fluorescence microscope, and the relative
fluorescence intensities were measured at different positions.

Migration of NIH-3T3 fibroblasts on the glass slides:

We investigated the migration of NIH-3T3 fibroblasts on the glass slides with a diameter

of 12 mm after functionalization with radially-graded collagen nanoparticles, together with
bare glass slides and slides covered with uniformly-distributed collagen nanoparticles as
control groups. The glass slide covered by collagen nanoparticles in a uniform distribution
was fabricated by directly electrospraying the particles onto the glass slide. The total number
of collagen nanoparticles deposited on the surface was almost the same when comparing
masked electrospray for 15 min with the case of direct electrospray for 7 min. In a typical
masked electrospray process, the aperture was opened at a speed to increase the opening size
by 1.0 mm in diameter per minute, and the nanoparticles were deposited on the glass slide
(diameter =12 mm) over a duration of 15 min. In this case, assuming that the number of
nanoparticles deposited on per unit area of the glass slide per unit time during electrospray
was n7and the electrospray time was £ the total number of deposited collagen nanoparticles

2
was: N = /Olzn(%) ndt + (15 — 12)mr?n = 252zn. When the electrospray process was performed

without the use of the mask, the nanoparticles were directly deposited onto the whole
surface of the glass slide with a diameter of 12 mm. After deposition for 7 min, the total
number of deposited collagen nanoparticles could be calculated as: N = 7rtr?n = 7r62n

= 252men. Since the flow rate of the electrospray solution was set as the same, the total
number of collagen nanoparticles deposited on the surface should be more or less the
same when comparing masked electrospray for 15 min with the case of direct electrospray
for 7 min. To demonstrate the advantage of the graded pattern, we slightly prolonged

the duration of collection to 7.5 min for direct electrospray to cover the glass slide with
uniformly-distributed collagen nanoparticles.

The samples were affixed to the bottom of the wells in a 24-well plate. Triplicate samples
in each group were used for the study. In each well, a PDMS cylinder with a diameter of

6 mm was placed in the center of the sample as a physical block to generate a wound,

and NIH-3T3 fibroblasts cultured in Dulbecco’s modified eagle medium supplemented with
10% fetal bovine serum and 1% antibiotic-antimycotic were seeded at a concentration

of 1 x 10° cells/mL around the periphery of the cylinder. After 4 h, the cylinders were
removed to allow the cells to migrate inward. After incubation for another three days,

the cells were fixed in 3% glutaraldehyde solution at room temperature for 10 min and
permeabilized with 0.1% Triton X-100 for 5 min. Afterwards, the cells were stained

with Alexa Fluor 555 phalloidin and 4”,6-diamidino-2-phenylindole (DAPI), respectively.
Between each procedure, the samples were washed three times with phosphate buffered
saline (PBS) solution. After staining, the cells were imaged under a laser confocal scanning
microscope (Zeiss 700) using a tile mode. Micrographs were taken at both low and high
magnifications to analyze the distribution and morphologies of cells, respectively, on the
different types of samples. From the fluorescence micrographs, the migration distances of
cells on the different samples were measured. The migration zone on each sample was
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divided into six regions with the same incremental distance along the radial axis from the
center to the periphery. The numbers of cells within different regions in the migration zone
were counted from the fluorescence micrographs of DAPI staining using ImageJ software.
Triplicate samples in each group were used for the study.

Fabrication and characterization of radially-aligned PCL nanofibers:

A scaffold made of radially-aligned electrospun PCL nanofibers was fabricated using a
metallic ring (ca. 15 mm in diameter) as the collector, together with a sharp needle in

the center. Briefly, PCL pellets were dissolved in a mixture of dichloromethane and N, \-
dimethylformamide at a volume ratio of 80:20 to prepare a PCL solution at a concentration
of 10 wt.%. Afterwards, the solution was fed through a blunt needle at a rate of 1.0 mL/h,
and a high voltage (DC) of 15 kV was applied between the tip of the needle and the
grounded collector. After electrospinning for 30 min, the high voltage was terminated. The
radially-aligned nanofibers were transferred onto a circular glass slide of 12 mm in diameter
and affixed with a medical silicone adhesive. The fibers deposited on the glass slide were
characterized using a scanning electron microscope (SU8230). The average diameter of the
fibers was measured from 100 fibers in the SEM images using ImageJ software.

Generation and characterization of a radial density gradient of collagen nanoparticles on a
scaffold of radially-aligned PCL nanofibers:

We utilized the same method discussed above to generate a radial density gradient of
collagen nanoparticles on a scaffold of radially-aligned PCL nanofibers. The scaffold was
affixed to a circular glass slide of 12 mm in diameter and used as the collector. During the
electrospray process, the aperture was opened at a fixed speed to increase the opening

size by 1.0 mm in diameter per minute, and the nanoparticles were deposited on the
nanofibers over a duration of 15 min. Scaffolds consisting of radially-aligned nanofibers
covered by collagen nanoparticles in a uniform distribution were fabricated by directly
electrospraying the nanoparticles onto the nanofibers over a duration of 7.5 min. SEM was
used to characterize the morphology of the radially-aligned nanofibers functionalized with
the nanoparticles in a radial density gradient.

Migration of NIH-3T3 fibroblasts on the scaffolds of radially-aligned nanofibers:

We investigated the migration of NIH-3T3 fibroblasts on the radially-aligned nanofibers
functionalized with collagen nanoparticles in a radial density gradient using the same
method as described above. Bare nanofibers and nanofibers covered with collagen
nanoparticles in a uniform distribution served as the control groups. The samples were
affixed to the bottom of the wells in a 24-well plate. Triplicate samples in each group were
used for the study. After incubation for another three days, the cells were fixed and stained
with Alexa Fluor 555 phalloidin and DAPI, respectively, and then imaged under the laser
confocal scanning microscope using a tile mode. From the fluorescence micrographs, the
percentages of the voids left behind by the NIH-3T3 cells and the farthest migration distance
of collective cells on the different types of scaffolds were analyzed from the fluorescence
micrographs using ImageJ software.
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Statistical Analysis:

All the values were averaged at least in triplicate and presented in the form of mean

+ standard deviation, with “n” indicating the number of samples per group. Comparison
between groups was performed using one-way ANOVA, followed by Student’s t-tests for all
pairwise comparisons. Differences were considered statistically significant when £< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A schematic of how to fabricate collagen nanoparticles in a radial density gradient on the

surface of radially-aligned nanofibers. A size-tunable aperture is imposed as a mask between
the needle and the grounded collector. During the electrospray process, the aperture is
gradually opened to shorten the duration of nanoparticle collection from the center to the
periphery.
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Figure 2.
(A-D) Representative fluorescence micrographs and (E) the relative fluorescence intensity

of rhodamine B-loaded collagen nanoparticles as a function of distance from the center to
the periphery of a circular glass slide with a diameter of 12 mm, indicating the formation of
a radial gradient in particle density that decreases from the center to the periphery (n = 3).
The aperture was opened at a fixed speed to increase the opening size by 1.0 mm in diameter
per minute. The nanoparticles were deposited on the glass slide at a total collection duration
of 15 min. The difference of the gradient from the central to the peripheral region can be
controlled by adjusting the size of the substrate, the deposition rate of the electrosprayed
particles, the duration of electrospray, and/or the opening speed of the aperture.
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Figure 3.

(A) Fluorescence micrographs showing the migration of NIH-3T3 cells from the periphery
to the center and the morphology of cells in the leading region of the migration

zone on glass slides without collagen nanoparticles (blank), with uniformly-distributed
collagen nanoparticles (uniform), and with radially-graded collagen nanoparticles (graded),
respectively. F-actin and nuclei of the cells were stained with Alexa Fluor 555-phollodin
(red) and DAPI (blue), respectively, to help visualize the migration behavior of cells on the
different types of substrates. (B) The number of NIH-3T3 cells in different regions (regions
I1-VI1, as indicated by the schematic in the inset) of the migration zones on the different
types of substrates, respectively. **P< 0.01 when comparing the graded group with the
blank group (n = 3). #P< 0.01 when comparing the graded group with the uniform group
(n =3). (C) The migration distance of cells on the different types of substrates. **P <
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0.01 when comparing the uniform group with the blank group (n = 3). #P< 0.01 when
comparing the graded group with the blank group (n = 3).
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—_— 2 um

Figure 4.
SEM images of radially-aligned PCL nanofibers functionalized with electrosprayed collagen

nanoparticles at different distances from the center: (A) 0, (B) 2, (C) 4, (D) 6 mm,
respectively. The density of the electrosprayed nanoparticles decreased from the center to
the periphery along the radially-aligned nanofibers, indicating a radial gradient in terms of
particle density. The color dots correspond to the collagen nanoparticles.
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Figure5.

Fluorescence micrographs showing the migration of NIH-3T3 cells from the periphery to
the center on the surface of radially-aligned nanofibers before (bare) and after functionalized
with uniformly-distributed (uniform) or radially-graded collagen nanoparticles (graded). The
void was defined as the region not covered by cells in the central region. F-actin and nuclei
of the cells were stained with Alexa Fluor 555-phollodin (red) and DAPI (blue), respectively,
to help analyze the migration behavior of cells on the different types of substrates. (B)
Percentage of the void left behind by the NIH-3T3 cells on the different types of substrates.
**P< 0.01 (n = 3). (C) The farthest migration distance of cells on the different types of
substrates. **P<0.01 (n = 3).
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Figure 6.
Fluorescence micrographs showing the morphology of NIH-3T3 cells at the central and

peripheral regions after migration for three days on the surface of radially-aligned nanofibers
before (bare) and after functionalized with uniformly-distributed collagen nanoparticles
(uniform) and radially-graded collagen nanoparticles (graded), respectively. F-actin and
nuclei of the cells were stained with Alexa Fluor 555-phollodin (red) and DAPI (blue),
respectively.
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