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ABSTRACT: Concentration gradients of guidance molecules
influence cell behavior and growth in biological tissues and are
therefore of interest for the design of biomedical scaffolds for
regenerative medicine. We developed an electrospining
method to generate a dual-gradient of bioactive molecules
and fiber density along electrospun nanofibers without any
post spinning treatment. Functionalization with fluorescent
molecules demonstrated the efficiency of the method to
generate a discontinuous concentration gradient along the
aligned fibers. As a proof of concept for tissue engineering, the
silk nanofibers were functionalized with increasing concen-
trations of nerve growth factor (NGF) and the biological
activity was assessed and quantified with rat dorsal root
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ganglion (DRG) neurons cultures. Protein assays showed the absence of passive release of NGF from the functionalized fibers.
The results demonstrated that the NGF concentration gradient led to an oriented and increased growth of DRG neurons (417.6
+ 55.7 um) compared to a single uniform NGF concentration (264.5 + 37.6 um). The easy-to-use electrospinning technique
combined with the multiple molecules that can be used for fiber functionalization makes this technique versatile for a broad range

of applications from biosensors to regenerative medicine.
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1. INTRODUCTION

Severe peripheral nerve damage affects 200 000 patients in the
United States and 300 000 in Europe each year." Unlike in the
Central Nervous System, axonal regeneration and recovery is
possible after peripheral nerve injury.” Spontaneous nerve
regeneration can occur for short nerve gaps, while repairing
large nerve gaps (>10 mm) remains a major challenge for
surgeons.” Indeed, peripheral nerve regeneration is based on a
highly organized and complex biological system composed of
multiple cells, growth factors and extracellular matrix molecules
(ECM). To date, the most effective way to repair large gaps
remains autologous nerve grafting. Even if this technique is
considered the clinical standard for peripheral nerve gap repair,
there are many limitations due mainly to limited donor site
availability, morbidity and surgical complications due to the
need for two or more operative procedures.* For very short
gaps (<S mm), biological tissues such as arteries, veins or
muscle can also be used, however these allografts have shown
varying success.” In recent years, advances have been made in
the development of new biomaterials as nerve guidance
conduits composed of synthetic, natural or composite polymers
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systems.”™® These nerve guidance conduits should facilitate
directional axonal growth from the regenerating nerve, protect
the regenerating nerve from fibrous tissue barriers and allow
diffusion of growth factors and nutrient exchange. Despite the
fact that the FDA has approved some nerve guidance systems;
the clinical reality is that these biomaterials have been far from
effective for nerve repair after injury or trauma.”

Scaffolds prepared via electrospinning allow aligned fibrous
matrix formation with good porosity and mechanical properties
using native and/or synthetic polymers with nanoscale
structures similar to native extracellular matrices. Recently,
silk electrospun fibers have been applied in the investigation of
tissue engineering for biomedical applications.'”"" Silk fibroin
is a natural protein, well-known for its robust mechanical
properties and excellent biocompatibility.'” The degradation
rate of silk biomaterials can be tailored from months to years
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after implantation in vivo, based on processing procedures
employed during materials formation.'?

Moreover, electrospun silk fibers can also be postmodified via
chemical treatments yielding improved cell proliferation, cell
adherence, and growth.14 Bioactive molecules, such as adhesion
or growth factors added to the spinninsg solution remain active
and available in the electrospun fibers.'> Many different types of
bioactive molecules have been incorporated into silk scaffolds
of electrospun nanofibers, including growth factors, biomimetic
peptides and metals."*"'® Growth factors are endogenous
proteins capable of binding to cell receptors and directing
cellular activities.'” Nerve growth factor (NGF) is a neuro-
trophic factor known for promoting the survival and differ-
entiation of developing neurons (sensory and sympathetic
neurons) in the peripheral nervous system. NGF delivery
enhanced neuronal outgrowth and also can be used as a chemo-
attractant axon guidance cue. %!

Gradients of chemicals and/or biological molecules on the
surface of scaffolds influence cell ali§nment of fibroblasts,
neurons, and bone marrow stem cells.”>™>° The guidance of
growth cones, which are the functional unit for axonal growth,
can be mediated by several growth factors. In fact through the
growth cones, axons sense guidance cues offered by the
concentration gradient, allowing for regeneration.26 This
signaling is dependent on gradients of concentration.”” Some
studies have observed the behavior of extending or regenerating
axons in response to gradients of growth factors within
hydrogels and microfluidic chambers.”**” Hydrogels are one of
the most utilized scaffolds for tissue repair; however they do
not preserve the alignment of the axonal growth cones.
Conversely, although microfluidic systems preserve alignment,
the pressure differences created by the devices cause a
biological stress, which can reduce cell survival.*’

In the present study, we describe the development of a
functional NGF gradient on aligned silk fibers and characterize
the electrospun mat using physicochemical techniques as well
as neuronal cultures. To our knowledge, this work is the first
study to demonstrate the production of an aligned electrospun
functionalized scaffold that exhibits coordinated NGF and fiber
density gradients along the longitudinal axis of the fibers,
without any postspinning chemical modification. To stimulate
unidirectional axonal outgrowth is the main challenge for
peripheral nerve regenerative reconstruction. The effects of this
new nanofibrous gradient on the orientation and rate of neuron
growth were examined on primary sensory neurons from rats
DRGs. The production of this “dual gradient” (growth factor
and fibers) into aligned silk nanofibers focused the axonal
guidance cue in only one direction and stimulated axonal
outgrowth.

2. MATERIALS AND METHODS

2.1. Materials. Silkworm cocoons from Bombyx mori were
purchased from Tajima Shoji Co. (Yojohama, Japan). All Chemicals
products were purchased from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Slide-a-Lyzer dialysis cassettes were purchased from Pierce, Inc.
(Rockford, IL, USA). All media cell products were purchased from
Gibco, life technologies SAS (France). NGF was purchased from R&D
Systems, Inc. (Minneapolis, MN, USA)

2.2, Silk Fibroin Solution Preparation. Silk fibroin was extracted
from B. mori silkworm cocoons and solutions were prepared following
previously published procedures.®® Briefly, cocoons were cut into small
pieces (~S g) and immersed into boiling for 30 min in 2 L of an
aqueous solution of 0.02 M Na,COj;. The degummed fibers were
rinsed for 20 min, three times with cold deionized (DI) water, then

allowed to dry for 48 h at room temperature. Dried silk fibroin fibers
were solubilized in 9.3 M LiBr solution (1 g of dried fibers:4 mL of
LiBr solution) at 60 °C for 4 h. Silk solutions were dialyzed against DI
water using Slide-a-Lyzer dialysis cassettes (membrane MWCO 3500)
for 72 h to remove salts. Silk fibroin solution was centrifuged twice to
remove insoluble particulates. The final concentration of aqueous silk
fibroin solution was 6—7 wt %, which was calculated by weighing the
remaining solid after drying. Solution was then concentrated by
dialyzing against 15% (w/v) PEG (6000 g/mol) for 4 h to produce
~10 wt % silk fibroin. Silk solutions were stored at 4 °C.

2.3. Preparation of Spinning Fluorescent or Functionalized
Solution. Silk fibroin concentrated at 10 wt % solutions were mixed
with S wt % poly(ethylene oxide) (PEO, M,, = 900 000) in a 4:1 (v/v)
silk/PEO ratio to produce an 8 wt % silk fibroin solution in order to
improve the solution viscosity before spinning.*’ To generate
fluorescently labeled electrospun fibers, Rhodamine-B (Merck
Chemicals, Germany) (0.1 g) was added to the silk solution to
produce a 100% solution and diluted to 10% and 1%.The three
different concentration solutions of silk/rhodamine-B at 100, 10, and
1% were electrospun successively to demonstrate the presence of the
gradient. 70 kDa fluorescein isothiocyanate-dextran (Sigma-Aldrich,
Inc. St. Louis, MO, USA) at 10% was added into the silk solution prior
spinning. To functionalize the spinning solution, NGF reconstituted in
PBS containing 0.1% bovine serum albumin solution, was added to the
silk solution at 500, 50, and 5 ng/mL.

2.4. Aligned Silk Electrospun Scaffolds. Spinning solution was
delivered through a 16G stainless-steel capillary, at a flow rate of S L
min~" using a Sage syringe pump (Thermo Scientific, Waltham, MA).
The capillary was maintained at a voltage of 12 kV using a high voltage
power supply (Gamma High Voltage Research ES-30P, Ormond
Beach, FL, USA) and was mounted at the center of a 10 cm-diameter
aluminum plate. To fabricate axial fiber alignment, two electrically
independent, 8 cm width X 0.3 cm thick, flat, zinc-plated steel plates
served as collectors. The plates were mounted on 25 cm high ceramic
stands fastened to adjustable PVC legs that allowed angle and spacing
adjustments. The plates were positioned 16 cm below the droplet and
10 cm from each other in different trials covered by electrical tape
(3M, St. Paul, MN) in order to support glass coverslips. Electrospun
silk-fibroin fibers were collected on the glass coverslips for 3 min total
deposition time. Fiber alignment was controlled by connecting each
collector to a separate electrically independent output of a switch.
During electrospinning, first one collector was provided with electrical
ground for a half period, normally 1.5 s, whereas the second collector
was disconnected. Then for the next half period, the ground was
switched to the second collector while the first collector was
disconnected. After a full period, it was switched back to the first
collector. This oscillation of ground was maintained continuously until
the electrospinning process was completed. Fibers deposited between
the collectors. The cover-glasses coated with silk fibers were then
stored in dry atmosphere until needed.

2.5. Scaffold Characterization. To demonstrate the discontin-
uous gradient, fluorochrome fibers along the y-axis without chemical
modification post spinning fibers were imaged on a Zeiss Axiovert 40
CFL (Thornwood, NY) microscope equipped with three filter (470/
500, 350/460, 560/630 Exc/Emi) and QCapture (Surrey, BC) image
capture software. Pixel intensity of the fluorescence images was
measured with “Scion Imaging” software (NIH). Electrospun NGF-
silk gradients on glass coverslips were sputter-coated with gold/
palladium and then evaluated using a field-emission Scanning Electron
Microscope (SEM, Supra S5, Zeiss, NY) at § kV. To determine fiber
diameters and alignment all SEM images were analyzed by Image] and
Matlab software packages.

Fourier Transform infrared spectroscopy (FTIR) analysis of the
gradient electrospun mats was performed with a Jasco FT/IR-6200
spectrometer (Easton, MD), equipped with a multiple reflection,
horizontal Miracle attenuated total reflectance (ATR) attachment
(ZnSe crystal, from Pike Tech.,, Madison, WI). Each measurement
incorporated 64 scans with nominal resolution of 4 cm™ (wave-
number from 600 to 4000 cm™") that were Fourier transformed using
a Genzel-Happapodization. To identify secondary structures in the
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Figure 1. Schematic of NGF-silk gradient aligned nanofibers via electrospun fabrication. (A) Silk aligned nanofibers were collected via to an
oscillating ground deposition system, consisting of two zinc-coated steel plates bridged with nonconductive electrical tape which hold the glass
coverslips support. Four spinning solutions with NGF at different concentrations were used to form the aligned electrospun fibers with NGF
gradients. (B) High concentration of NGF-Silk solution was spun on the glass coverslips for 3 min and all but 4 mm of fibers were cut away. (C)
Glass coverslips from B were spun with medium concentration of NGF-Silk solution, and all but 7 mm of fibers were left on the glass slide. (D) Glass
coverslips from C were spun with the lower concentration of NGF-Silk solution, and all but 10 mm of the fibers were left on the slides. (E) Silk
solution was spun for 10 min on the top of D coverslips. After each deposition the fibers were annealed for 30 min, with the final deposition receiving
overnight annealing, all to induce f sheet crystallization of the silk to prevent aqueous solubility.

protein samples from the absorption spectra, peak positions of the
amide 1 region (1595—1705 cm™) absorption from Fourier self-
deconvolution were analyzed. Curve fitting was performed using Jasco
Spectra-Manager Analysis Software (Jasco, Easton MD), as previously
described.' 3"

2.6. In Vitro NGF Release and Bioavailability. NGF gradient
electrospun nanofibers on glass coverslips (n=3) were incubated in 2
mL of PBS containing 0.1% BSA with 0,02% Tween20 at 37 °C and
150 uL of the solution was collected after 1, 6, 24, 72, and 168 h and
stored at —80 °C. To estimate recovery percentage of NGF on fibers,
coverslips gradient fibers were dissolved in 10 uL of 9.3 M LiBr for 30
min at room temperature and dialyzed again 1 L of deionized (DI)
water for 6 h. NGF concentration was quantified with the ChemiKine
Growth Factor Sandwich ELISA Kit (Millipore, France) according to
the manufacturer’s instructions.

2.7. Cell Cultures. DRG cells were isolated from male Sprague—
Dawley rats (1—2 months old) using a modified protocol adapted
from a previously published procedure®® for rats. All procedures were
performed in accordance with the European Directive 2010/63/EU.
DRGS were extracted from rat spinal cord and incubated in 2.5%
collagenase (Sigma) for 15 min at 37 °C. Then, DRGs were
centrifuged at 500g for 1 min, the supernatant was removed and the
pellet was resuspended and incubated in trypsin (Sigma) 0.5% and
DNase I (Sigma) at 1 mg/mL™" for 1S min at 37 °C. After another
centrifugation, 500g for 1 min, the DRGs were washed with F-12
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medium and dissociated with a fire-polished Pasteur pipet. The mean
yield of cells obtained per rat was 100,000 with 90% viability. Glass
slides were coated with poly lysine/laminin before seeding, as
described in Malin et al.**> Moreover glass slides were treated in
water 24 h before culture in order to extract PEO from electrospun silk
fibroin fibers mat.** Culture medium consisted of 37 °C prewarmed F-
12 medium, 10% horse serum, and 100 U/mL™" and was changed
every 3 days.

2.8. Immunostaining. Cells were fixed after 72h postseeding in a
polyoxymethylene (paraformaldehyde) solution at 4% in PBS for 15
min, at room temperature and rinsed three times with PBS. Membrane
permeabilization was performed with 0.5% Triton X-100 in PBS for S
min at room temperature and rinsed twice with PBS. Samples were
incubated overnight at 4 °C in 1% bovine serum albumin (BSA) in
PBS solution to minimize nonspecific staining. Primary antibodies
against SIII tubulin (Sigma-Aldrich, France) were diluted (1:150) in
PBS/BSA 0.1% (w/v) and incubated at room temperature in the dark
for 1 h. Samples were washed twice with 0.1% BSA in PBS. Cy3-
conjugated secondary antibody (cy3 goat antirabbit IgG, Jackson
Immunoresearch), 40,6-diamidino-2-phenylindole (DAPI; 1 pg.mL-1,
Sigma) and Phalloidin-XS- 505 (0.16 nmol ml-1, Fluoroprobes,
France) were added and incubated at room temperature in the dark for
1 h. The samples were then rinsed three times with PBS, mounted in
Mowiol and observed using a LEICA DMI 6000 microscope.
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Figure 2. Fluorescence imaging to show the efficiency of the gradient. (A) Unmodified silk fibroin, (B) silk-rhodamine-B, or (C) silk-FITC-dextran
functionalized fibroin were observed by fluorescent microscopy in bright field and via (D—F) fluorescent filter, respectively. Rhodamine fluorescence
of aligned fibers (G) on a 22 mm glass slide coupling different rhodamine concentrations (100, 10, 1, and 0%). (H) Fluorescence intensities
measured along the rhodamine gradient from the aligned slide fibers in G. Scale bars: 20 ym.

2.9. Morphometric Analysis. Images were analyzed using Image]
software. Low signal was filtered out using a threshold based on
intensity (the silk fibers and background noise present lower pixel
intensities than the cell bodies and neurites). In each image, the
number of cells was determined using the signal from DAPI staining.
Then each neurite was isolated using the tubulin staining and its length
was measured using a macro created on Image]. Multiple points were
drawn along the length of the primary and longest axon, in order to
follow the curves and determine the length. The coordinates were then
used to calculate distances between two points. In a final step, all
distances were added to obtain the axon length. More than 100 axons
were measured per concentration.

2.10. Statistical Analysis. Statistical analysis was performed using
InStat software. Values were expressed as mean + standard deviation
(mean + SD). Neurit length and neurite per cell were compared using
one way analysis of variance (ANOVA). A p-value less than 0.0S was
considered to be significant.

3. RESULTS

3.1. Fabrication of Gradient Nanofibrous Scaffolds.
Silk fibroin solution at 8 wt % was prepared for spinning.
Protein was added to the spinning solution to get one stock
standard solution taken to be 100%. Stock solution was diluted
to obtain solutions at 10% and 1%. Electrical tape was
connected between two pieces of conductive substrates, which
allowed the alignment of fibers using oscillation of the ground
(Figure 1A). The stock standard solution (100%) was first
electrospun onto glass coverslips. After spinning, samples were
annealed and electrospun fibers were located on the first 4 mm
on one side of the coverslip were retained, while, the rest of the
fibers were cut and discarded (Figure 1B). The same process
was repeated twice more on the same glass cover with diluted

concentrations of protein solution at 10 and 1% successively.
Seven millimeters from the top side of the coverslip were kept
for the 10% solution and then 10 mm of fibers for the 1%
concentration solution. Finally, the glass slides were electro-
spun with silk solution to cover the 22 mm of the coverslips
with silk nanofibers (Figure 1C—E).

Using this method, a discontinuous gradient of two
parameters (i) protein concentration and (ii) density of silk
fibers was produced along the aligned nanofibers. One side of
the slides presents highly functionalized fibers whereas the
opposite side only consisted of silk nanofibers without a
functional component. By producing nanofibers by four
successive electrospinning processes, the density of silk aligned
nanofibers increased along the slide. At the end of the process,
slides presented a “dual-gradient” characterized by increasing
concentrations of protein and the density of aligned silk
nanofibers.

3.2. Gradient Assessment by Fluorescence. Fluoro-
chromes, rhodamine (479 Da) and dextran FITC (70 kDa)
were added to the silk solution before spinning. Electrospun
fibers were first observed in bright field (Figure 2A—C) and
then under fluorescence. As expected, no fluorescence was
detected in the absence of the fluorochrome (Figure 2D),
whereas a fluorescence signal was observed on the surface of
fibers after spinning fluorochrome solutions (Figure 2E, F).
Using molecules with a higher molecular weight such as dextran
FITC, fluorescence intensity was detected in the mat,
demonstrating that molecules with an average molecular weight
can also be incorporated inside the silk fibers. A gradient
consisting of aligned fibers functionalized with rhodamine along
the y-axis were observed using this approach (Figure 2G).

dx.doi.org/10.1021/am504159j | ACS Appl. Mater. Interfaces 2014, 6, 16817—16826
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Figure 3. Characterization of the gradient of aligned electrospun fibers. (A) SEM image of aligned gradient NGF-silk nanofibers on glass slides; (B)
Distribution of fiber alignment from glass slides, with 85% of fibers present at an angle of deviation less than 2°. (C) Distribution of fiber diameter
from glass slides. Bars represent measured data, and the associated curves are the best fit Gaussian form. Alignment and mean diameter of
electrospun fibers were determined as described in the Material and Methods. Scale bars: $ pm.
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Figure 4. FTIR spectra of electrospun materials prepared by water annealing. FTIR spectra of (a) silk fibroin electrospun mats; (b) silk fibroin
functionalized with NGF and (c) NGF-silk gradient electrospun mats. (d) Table of the secondary structure of the silk fibroin. All samples were

treated by water-annealing overnight.

Fluorescence intensities were analyzed on the slide part which
fibers retained consist on the standard solution (100%), and
then fibers from diluted solutions (10%, 1%) and 0%. Four
different intensity values characterized the different steepness of
the gradient formed. The results were 53.1 for the higher, 28.4
for medium, and 10.5 for low concentration. As a control, when
no rhodamine was added, only a weak autofluorescence of the
fibers was detected with a value of 2.84.

3.3. Characterization of NGF Nanofibrous Gradient
Scaffolds. To determine the secondary structure of electro-
spun fibers and the potential influence of the incorporated
molecules, FTIR was used and structure was correlated to

16821

absorption peaks for silk. Peak assignments were as described in
literature®>* with absorption bands in the frequency range of
1610—162S cm™" representing f-sheet structure; 1650, 1640,
and 1630 cm™' for coiled-coil fingerprints, and peaks above
1660 cm™' ascribed to S-turns (Figure 4). There was no
significant difference in the secondary structure between the
treatment conditions for the mats, as electrospun fibers
displayed 52—56% f sheet content, 20—30% turn structures,
and 15—23% random coil/« helix structures (Figure 4D). Thus,
the additives did not alter secondary structure of the silk figures.

Electrospinning allowed silk fibers to be obtained with an
average diameter of 672 + 82 nm. The oscillating ground

dx.doi.org/10.1021/am504159j | ACS Appl. Mater. Interfaces 2014, 6, 16817—16826
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system controlled fiber orientation with 99,99% at an angle of
deviation less than 5° and 85% less than 2°. This electro-
spinning approach provided regular fiber diameter with good
alignment (Figure 3). No changes in average diameter or in
alignment were observed between the silk fibers, the function-
alized silk fibers or the gradient silk systems. The fiber density
along the gradient was also measured for the four different
areas. Area 0 (without NGF), 144.1 + 21.1 fibers/mm?; Area §
pg/mL, 378.3 + 43.6 fibers/mm?; Area S0 pg/mL, 572.5 +
46.2 fibers/mm?; Area 500 pg/mL, 832.5 + 75.7 fibers/mm?.
Moreover, the surface roughness of the silk fibers was about 1
nm* with no significant difference along the fibers and
between functionalized and nonfunctionalized fibers.

3.4. NGF Functionalization and Release from Electro-
spun Fibers. NGF release from the electrospun silk fibers was
not detected over S days (Figure SA). Suggesting that the
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Figure 5. NGF release from electrospun functionalized silk. (A) No
NGEF release was detected from the silk electrospun after S days in PBS
with 0.02% Tween20, whereas 27,5 pg mL™" of NGF was detected in
the electrospun mat dissolved by LiBr after S days. (B) Degradation of
NGF was observed in PBS with 0.02% Tween20. After 3 days, more
than 80% of NGF could be detected and 15% after S days.

growth factors were strongly adsorbed to the nanofibers. To
confirm this supposition, the functionalized fibers were
dissolved in lithium bromide and after S days of soaking in
PBS residual NGF was determined by ELISA (Figure SA). A
total of 27.5 pg/mL of NGF was detected from this dissolution
process, to confirm that the NGF was still present in the fibers.

The stability of NFG was observed in a PBS — Tween20
containing 120 pg/mL of NGF during 5 days. The initial

concentration was stable for the first 3 days and after S days
12.5% of the NGF was detected by ELISA in the solution
(Figure SB). These results suggest a protein degradation
happening only after the initial 3 days that could not explain
why NGF remained undetectable in our release experiments
(Figure SA).

These results show that the NGF was stably entrapped into
the electrospun silk fibers and protected from degradation over
S days, thus the silk fibers can be functionalized as an NGF sink
to control neuronal outgrowth at the surface over extended
time frames.

3.5. Neuron Growth Rate and Orientation on
Constant and Gradient Concentrations of NGF-Func-
tionalized Fibers. We have shown previously that function-
alized aligned silk nanofibers allowed adheswn and guided
neurons for peripheral nerve regeneration.’® In the case of a
peripheral nerve trauma, axonal outgrowth is essential for
completely recovery; Therefore, a gradient of growth factors
could improve alignment of axonal outgrowth, stimulate this
outgrowth and also manage directionality. Primary sensory
neuron cells were used to study gradient impact on nerve
guidance. After 48 h of culture, the effect of silk loaded with
NGF at constant concentrations (5, 50, and 500 ng/mL,
respectively) was compared to silk fibers with the concentration
gradient of NGF (5, S0, 500 ng/mL). For the constant
concentration of NGF, lower concentrations of NGF showed
that axons were not well aligned and axonal length was minimal
(Figure 6A, B). In contrast, for high concentrations of NGF
neurons displayed long neurite extensions and were aligned in
the two directions provided by the fibers (Figure 6C).

In the gradient conditions, the axons aligned even at the low
concentrations, unlike the uniform concentrations conditions
(Figure 6D, E). High concentrations of NGF, 500 ng/mL,
allowed better axonal outgrowth than single concentrations,
and this outgrowth was orientated in one direction (Figure 6F).

Moreover, the neurons cultured with a single concentrations
of NGF presented many neurite extensions while neurons
cultured in the gradient conditions displayed only two neurites
per cell (one smaller than the other). At high concentrations of
NGF, neurite extensions in the gradient conditions were longer
than those found using uniform concentrations and these

NGF (5 ng.mL")

Constant

Gradient

NGF (50 ng.mL™")

NGF (500 ng.mL"")

Figure 6. Neuron morphology on NGF silk electrospun and NGF gradient silk electrospun fibers. Neurons from DRGs were seeded on NGF-
functionalized electrospun fibers at constant 5, 50, and 500 ng/mL™" (A, B, and C, respectively), or NGF-functionalized gradient electrospun at same
concentration 5, 50, and 500 ng/mL™" (D, E, and F, respectively). Fluorescence images were acquired after 2 days of culture and neurons were
stained with antiBIII tubulin antibody. For details see Material and Methods. Scale bars: 50 ym.
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features promoted axonal outgrowth in the same direction as
the gradient concentration.

3.6. Quantitative Assessment of the Axonal Out-
growth in Constant versus Gradient Conditions of NGF
Concentration. To evaluate axonal outgrowth depending on
the gradient, two parameters were assessed to identify
biological effects of the functionalized dual gradient silk, the
average length of the longest neurite and the number of
neurites per cell. The longest neurite from the primary dendrite
of the DRG neurons were measured on the silk fibers, silk fibers
functionalized with the single concentration of NGF or the
NGF gradients (Figure 7A). For the electrospun silk fibers

>
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Neurit length (um)
w
2
=]

%
100 | ﬁ
0= 0

0 5 30 500 0 5 50 500

NGF concentration (ng.mL") NGF concentration (ngmL")

Figure 7. NGF gradient bioactivity comparing NGF constant
concentration on neuron cells from DRGs. (A) Average neurite
length after 2 days of culture on control fibroin nanofibers, S, 50, 500
ng/mL of NGF in single concentration conditions (white) against S,
50, and 500 ng/mL of NGF in gradient conditions (black). (B)
Average number of neurites per cell, after 2 days of culture on control
fibroin nanofibers, single concentration (white) and gradient
concentration (black) of NGF; For neurite length, at least 100
neurons have been analyzed per condition measuring the longest
neurite extension from neurons. (***, p < 0,001).

without NGF used as control, few surviving cells were able to
extend neurites, with an average length of 17.7 + 8.4 um,
suggesting that silk fibers supportted nerve growth. Loading
NGF (at different concentrations) with silk fibers led to a
significant increase in neurite length between the single and
gradient conditions. At S ng/mlL, the average of the longest
neurite extension measured was 34.9 + 10.7 um in the mats
with uniform concentration compared to 103.3 + 19.7 um in
the gradient conditions; a 3-fold increase depending on the
conditions. At 50 ng/mL, the difference between uniform and
gradient conditions decreased to 1.8-fold but was still
statistically significant. The average neurite length was 143.0
+ 25.3 um in the single concentration conditions compared to
255.9 + 40.4 pm in the gradient conditions. Finally, at 500 ng/
mL, the single concentration showed an average neurite length
at 264.5 + 37.6 um whereas on the gradients, 417.6 & 55.7 um
was measured, a 1.6-fold difference.

For the number of neurites per cell, the silk fibers showed an
average of 1 extension, increasing to 2, 3, and 4 when the
constant concentration of NGF was increased (5, 50, 500 ng/
mL, respectively) (Figure 7B). Interestingly, for all gradient
concentration conditions, the same value of neurite extensions
per cell was found to be 2, with the standard deviation
decreased when the steepness of the gradient was increased.

These results show that gradients of NGF in the fibers
significantly improved neurite extensions when compared to
constant concentrations of the same growth factor. The results
also suggest that the number of neurites per cell was stable at 2
in the gradient conditions and the neuron cell morphology

became more homogeneous by increasing the steepness of the
gradient.

4. DISCUSSION

Incorporating bioactive molecules to form gradients is an
important element in the design of bioactive scaffolds for tissue
engineering.”” Several strategies have already been developed to
mimic the design of functionalized biomaterial scaffolds using
chemical techniques in hydrogel microstructures,®® multi-
channels,® film conduits,®* microspheres,40 and nanofibrous
structures.'® The present work describes the production of a
dual-graduated electrospun fiber biomaterial scaffold without
any post spinning treatment requirements. This technique
allows a dual outcome, a concentration gradient of bioactive
molecule and density fibers into a nanofibrous scaffold along
the y-axis of nanofibers.

4.1. Fibers Diameter and Alignment. Using aligned
electrospun fibrous scaffolds provide cues for cell culture and
also mimics the structure and function of the extracellular
matrix.*' Some specific cells, such as peripheral nerves used as a
model in this work, require a complex and precise
architecture,”* and axons, glia, and perineurium are aligned
parallel to each other. Nerve regeneration is based on the
recapitulation of this precise nerve tissue structure. Electro-
spinning provides nanofiber alignment and regular diameters
that can be controlled.*** Qu et al.** showed that electrospun
silk nanofiber scaftolds supported the growth, development and
migration of cultured neural cells. In order to provide the
growing axons with the proper surface, we have adapted the
electrospinning technique in order to fit biological require-
ments. An increase in cell-spreading was observed on small
diameters, 400 and 800 nm, but not on larger diameters, 1200
nm, silk fiber scaffolds.*® The process used to form aligned
nanofibers conferred an average diameter to the electrospun
nanofibers of 672 nm, suitable for neuron adherence and
growth. This was confirmed by the dissociated DRG cells
growth assays in which the fibers alone promoted slight neurite
extensions. Electrospun aligned fibers provided topographical
cues to direct and enhance neurite outgrowth when compared
to random fibers.* In the literature, unidirectional contours of
aligned fibers provided physical guidance to the cells,*
facilitating axon path finding and accelerating nerve tissue
regeneration.48

4.2. Gradient Production. Fiber alignment directs cell
orientation. Creating a gradient along these aligned fibers
increased the direction of cell motility.* Bioactive molecules
were added to the electrospinning solution to form the
gradient. Fluorochromes with small (479 Da) and larger (70
kDa) molecular weight were successfully incorporated directly
on the spinning solution. Both of the fluorochromes were
found in the electrospun fibers suggesting that a range of
proteins can be added to the spinning solution. A large family
of growth factors and guidance cues®® or ECM proteins®" could
be added to the spinning solution and used to develop other
types of gradients. With this technique, two different molecules
can be added to the solution at increasing and/or decreasing
concentrations in order to control complex biological
interactions. It is also possible to change molecules at each
step of the electrospinning process, thus not forming a gradient
but alternating areas between molecules in a scaffold for
regional biofunctionalization.

4.3. NGF Functionalization. NGF interactions with silk
fibers relies mainly on ionic interactions.>> No changes to silk
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secondary structure occurred as expected. Based on previous
experience with growth factor incorporation and release from
electrospun silk scaffolds'®** we did not expect NGE
incorporation to affect overall § sheet content, as confirmed
by the FTIR data after water annealing to promote f sheet
content in the present work. Moreover, at neutral pH, silk
fibroin is negatively charged (pI = 4.3) and NGF (pI = 9.3) is
positively charged.> The molecular weight of NGF (27 kDa)
may also impede diffusion. These biophysical factors of charge
and size can explain the lack of release observed in the
experiments by ELISA. Interestingly, fiber-entrapped NGF was
protected from degradation while preserving biological activity,
as evidenced by the primary neuron growth.

4.4. Neurite Extension. Neural cells are often cultured
with neurobasal and constant concentration of nerve specific
growth factors as brain-derived neurotrophic factor, ciliary
neurotrophic factor, neurotrophin-3, NGF to promote axonal
outgrow’ch.53’54 To date, gradients of NGF in 3D micro-
patterned neural cultures have been performed to influence the
formation of synapses.”> Nerve cell migration is dependent on
the chemical, mechanical and electrical properties of the
substrates. The present work showed that neurite outgrowth
was improved on NGF concentration gradients than with a
constant concentration of NGF. Moreover, by using a four step
gradient of the NGF, neurite extension was 209 um/day
compared to 132 pm/day in the constant concentration. These
results demonstrate that biological activity was increased by the
gradients. These gradient mats were able to stimulate increased
peripheral nerve regeneration compared to those formed with a
single concentration. Many efforts have been pursued for the
design of complex architectures and scaffold structures to guide
nerve regeneration. The introduction of these directional cues
has the potential to improve the outcome for peripheral nerve
repair. NGF gradients can also act as not only chemical
directional cues but also a driving force for neurite outgrowth.**

This technique can be generally extended into different
scaffolds to immobilize more than one bioactive molecule for
other types of tissues as well. For example, the possibility of
coupling two bioactive molecules in the scaffold gradients could
be a strategy to generate new scaffolds for tendon grafts. The
largest challenge in tendon grafts is the difficulty of merging
two interconnected tissue types such as muscle—tendon or
tendon—bone junctions.*>**>” This is important for both cell
orientation and for the reliable mechanical properties necessary
for controlled muscle, tendon, or ligament functions. Such
mechanical characteristics may be achieved by modulating silk

nanofiber density.

5. CONCLUSIONS

A dual-gradient aligned, NGF-loaded, silk electrospun nano-
fiber system was developed and characterized. To the best of
our knowledge, this is the first demonstration of a double
gradient with bioactive molecules and silk nanofibers density
without the need for any post spinning treatments. Loading
NGEF in silk fibers showed that the secondary structure of the
silk-fibers was not altered. This new aligned electrospun
nanofiber-based materiel displayed a discontinuous concen-
tration of NGF, which was not released from silk electrospun
fibers. The impact of the concentration gradient was high-
lighted by the increase in neuron growth rate compared to the
single concentration NGF functionalization. This gradient
configuration also induced unidirectional growth of neurons,
which may be of interest for applications such as nerve

reconstruction. This versatile electrospining-gradient method
may be used to develop other kinds of electrospun matrices for
broader applications in tissue engineering and regenerative
medicine.
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