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Abstract
Bridging of long peripheral nerve gaps remains a significant clinical challenge. Electrospun
nanofibers have been used to direct and enhance neurite extension in vitro and in vivo. While it is
well established that oriented fibers influence neurite outgrowth and Schwann cell migration, the
mechanisms by which they influence these cells are still unclear. In this study, thin films
consisting of aligned poly-acrylonitrile methyl acrylate (PAN-MA) fibers or solvent casted
smooth, PAN-MA films were fabricated to investigate the potential role of differential protein
adsorption on topography-dependent neural cell responses. Aligned nanofibers films promoted
enhanced adsorption of fibronectin compared to smooth films. Studies employing function-
blocking antibodies against cell adhesion motifs suggest that fibronectin plays an important role in
modulating Schwann cell migration and neurite outgrowth from dorsal root ganglion (DRG)
cultures. Atomic Force Microscopy demonstrated that aligned PAN-MA fibers influenced
fibronectin distribution, and promoted aligned fibronectin network formation compared to smooth
PAN-MA films. In the presence of topographical cues, Schwann cell-generated fibronectin matrix
was also organized in a topographically sensitive manner. Together these results suggest that
fibronectin adsorption mediated the ability of topographical cues to influence Schwann cell
migration and neurite outgrowth. These insights are significant to the development of rational
approaches to scaffold designs to bridge long peripheral nerve gaps.
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1. Introduction
Functional recovery after peripheral nerve injury is critically dependent on both the rate as
well as degree of regeneration and reinnervation of target tissues [1]. Each year,
approximately 100,000 patients undergo peripheral nerve surgeries in United States and
Europe [2]. Even though microsurgery techniques are adequate for short nerve lesions, no
satisfactory methods are available to bridge long peripheral nerve gaps, and the “gold
standard” of using autografts has several drawbacks that limit its use. Besides falling short
on the extent of regeneration, several studies have shown that delays in repair after injury
contribute to poor functional recovery [3,4]. Hence, there is a critical need to improve both
the extent and rate of regeneration after peripheral nerve injury.

Synthetic biomaterial-based nerve conduits have been developed as alternatives to autografts
[5-8]. Across short gaps (< 8 mm), these conduits support provisional fibrin cable formation
which acts as a substrate for Schwann cell (SC) and fibroblast (FB) migration into the nerve
gap from proximal and distal nerve stumps[9]. These cells help reorganize the extracellular
matrix (ECM) and provide the trophic support to the regenerating axons enabling bridging
of the nerve gap [10]. However, nerve conduits have not been effective in bridging critically
sized nerve gaps that are typically (greater than 3 cm in humans and greater than 1.3-1.5 cm
in rats), and functional recovery is rarely attained [4]. Therefore, strategies to augment nerve
conduit effectiveness by including additional physical and biochemical elements within
conduit lumens have been proposed.

Magnetically aligned collagen fibers [11], hydrogels [12,13] and synthetic micro filaments
[14,15] have been tested both in vitro and in vivo and have shown promise as supporting
substrates for peripheral nerve cells. Specifically, aligned electrospun fibers have been
widely explored for enhancing nerve cell function. Their high surface area to volume ratio
and their ability to provide contact guidance have made them an attractive scaffold for
bridging peripheral nerve gaps [16,17].

Previous studies from our laboratory have shown that poly(acrylonitrile-co-methylacrylate)
(PAN-MA) based aligned fiber films stacked in a polysulfone conduit successfully bridge
long peripheral nerve gaps in rats without the need of any exogenous factors by enabling
efficient Schwann cell migration [8]. A subsequent study demonstrated that a single thin
film of aligned PAN-MA fiber which occupied only 0.6% of the total volume of the conduit
was able to bridge a 14 mm gap in rats [18].

Whereas these and other studies demonstrate the ability of electrospun films to enhance
nerve regeneration, the mechanisms by which they influence regeneration and peripheral
glial cells such as Schwann cells remain unclear. It is evident that surface topography
significantly influences cell behavior in vitro and in vivo [19,20]. Varying topography of
electrospun fibers alters cell adhesion, spreading, proliferation, migration and differentiation
in bone [21] and nerve regeneration [22] as well as in guiding stem cell fate [23]. Substrate
curvature modulates neurite extension [24] and ECM may play a role in effecting this
behavior of cells [25]. The present study explores the relationship between differential
protein adsorption on electrospun PAN-MA films and smooth solvent cast PAN-MA films.

2. Materials and Methods
2.1 Fabrication of polymer films with aligned and smooth topographies

Polymer solutions (7%) were made by dissolving poly(acrylonitrile-co-methylacrylate)
(PAN-MA) (Sigma, MW 8000) in N,N,-dimethylformamide (DMF) at 60 °C. For
electrospinning, the solution was pumped through a syringe at a rate of 1mL/h at a voltage
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of 6-10 kV. The polymer stream was directed at an aluminum foil-covered metal drum
rotating at 2400 rpm for 15 minutesin order to produce aligned fibers. A 2% solution of the
same polymer prepared in DMF was cast on a glass coverslip to obtain smooth films with
the same chemistry. A UV lamp was used to sterilize the samples. The diameter of the fibers
was characterized using scanning electron microscopy (S-800 SEM, Hitachi) and quantified
using Image-Pro software (Media Cybernetics). Strips of aligned and smooth films (2 cm ×
1 cm) were glued to the bottom of a 35 mm petri dish for in vitro assessment of topography.

2.2 Harvesting of Schwann cells and dorsal root ganglia (DRG)
Schwann cells were purified from the sciatic nerves of postnatal day 1 (P1) rat pups (Harlan)
using a protocol modified from Brockes et al[26]. Briefly, sciatic nerves were dissected into
1 mm segments and dissociated in 1.33% collagenase (Worthington Biochemical) solution
for 30 min. The nerve segments were then treated with 0.25% Trypsin/EDTA (Invitrogen,
Carlsbad, CA) for 30 min. Cells were then mechanically dissociated using a pipette and
incubated in culture media (DMEM/F12 (Fisher, Hampton, NH))supplemented with 10%
fetal bovine serum(Gemini, Sacramento, CA) and neuregulin 1 (NRG1) (R&D systems) (50
ng/mL). After 24 h, the culture media was replaced with similar media supplemented with
arabinoside (Ara-C) (10-5) (Sigma) for 48 h to remove the faster proliferating fibroblasts.
Purity of cells was assessed by immunostaining with S100 (DAKO). Cultures with purity of
greater than 95% were used in in vitro assays.

DRGs were also harvested from P1 rat pups. The nerve roots were removed and the ganglia
were seeded on aligned fiber based films. To encourage attachment to the films, the ganglia
were first incubated for several hours with only a thin layer of medium. Afterwards, each
experimental condition was fully covered with DMEM/F12 media with 10% FBS and 50 ng/
mL nerve growth factor (NGF) (Roche). Effects of topography on Schwann cell migration
and neurite outgrowth under different experimental conditions was characterized using these
DRG cultures.

2.3 Neurite outgrowth and Schwann cell migration assay
To evaluate the effects of the underlying topography on neurite outgrowth and Schwann cell
migration, DRGs were cultured for 7 days on electrospun aligned PAN-MA and solvent cast
smooth PAN-MA films, fixed with Histochoice (Fisher) for 20 min and washed three times
with 1× PBS. Cells were tagged overnight at 4°C with the primary antibody solutions:
neurofilament 160 kDa (NF160, 1:500, mouse IgG1, Sigma) to stain for neurons and S-100
(1:250, rabbit, IgG, DakoCytomation) to stain for Schwann cells. The following secondary
antibodies were used: goat anti-rabbit IgG Alexa 488/594, goat anti-mouse IgG1 Alexa
488/594. Fifteen of the longest NF160+ axons and 15 furthest S100+ Schwann cells were
measured from the edge of the DRGs as shown in Figure 2. Image Pro was used to quantify
the migration distance of Schwann cells and the extent of neurite extension under the effects
of various conditions used.

2.4 Fibronectin adsorption assay
Fibronectin adsorption on electrospun PAN-MA and solvent-cast PAN-MA film
topographies was analyzed using a modified enzyme linked immunosorbent assay (ELISA).
Circular film segments 5mm in diameter were generated using a sharp metal mask and the
aligned fibers and smooth films were glued to the bottom of a 96 well tissue culture plate
which was pre-coated with Protein Block (Pierce) solution to prevent protein adsorption on
the dish. Fetal bovine serum (100%) was added to the films overnight. PAN-MA films were
then washed thoroughly to remove unbound proteins three times with 0.1 % Tween 20 in 1×
PBS. Protein block solution was applied to the substrates followed by an overnight
incubation withanti-fibronectin antibody (1:3000) (Millipore). Next day; substrates were
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washed extensively followed by incubation with HRP conjugated secondary antibody
(1:3000) for 1 hr. Substrates were washed again and incubated with TMB substrate solution
and the peroxidase/TMB reaction was terminated using stop solution (Cell Signaling). A
standard curve was obtained by incubating FN (0.5 ng – 10 ng, r2 = 0.85) in a 96 well plate
by performing the above mentioned ELISA concurrently. Substrates incubated in 1× PBS
were used as controls. Absorbance at 450 nm was read by using a spectrophotometer to
quantify the amount of antibody bound to fibronectin adsorbed onto the different
topographies. Surface area for both aligned and smooth films were characterized by Atomic
Force Microscopy. 3D surface area were quantified using SPIP (nanoScience Instruments)
software and used to normalize the adsorption data.

2.4 Fibronectin depletion and competition assays
To investigate whether fibronectin (FN) plays a role in affecting the migration of Schwann
cells on aligned fibers, experiments were performed with FN-depleted serum. Briefly,
Gelatin Sepharose media (GE healthcare) was incubated with fetal bovine serum (5 ml of
Sepharose for 50 ml of Serum)overnight at 4°C. This solution was centrifuged to remove the
beads and western blot analysis was performed to evaluate the percent depletion of FN. We
obtained serum which was greater than 95% depleted of FN (data not shown). Fibers were
incubated in FN-depleted serum before DRGs were seeded. Serum without FN depletion
was used as a control. DRGs were cultured for one week in respective media and Schwann
cell migration was measured as discussed previously in section 2.3.

To evaluate if FN adhesion motifs play a role in mediating the effects of fibers on behavior
of neuronal cells, DRGs were seeded and allowed to attach to aligned fiber films overnight.
Cyclo-GRGDSP(AnaSpec) was added to media (0.5 mg/mL) every two days and the DRGs
were cultured for 6 days. Control cultures with no peptide were also maintained for the same
amount of time. Schwann cell migration and neurite outgrowth were measured as discussed
above (Section 2.3) to assess the effects of competitively binding to cell integrin.

Finally, to investigate whether fibronectin-specific adhesion motifs mediate fiber influenced
cell migration, an antibody inhibition assay using the HFN7.1 anti-FN clone was performed.
HFN7.1 binds to the central cell binding domain on human fibronectin with no detectable
cross reactivity to rat fibronectin. DRGs were allowed to attach overnight in media
containing human serum. HFN7.1 (DSHB, Iowa) and isotype control (M18, DSHB, Iowa)
antibodies were added to the cultures and maintained for 3 days. Additionally, cultures
without any antibody treatment were used to determine if human serum had any negative
effects on cell growth. Schwann cell migration and neurite outgrowth were quantified using
methods described above (Section 2.3).

2.5 Atomic force microscopy
AFM experiments were performed using a Multimode AFM equipped with a NanoScope
IIIa controller from Veeco (Manchester, U.K.) operating in tapping mode in air; the
Nanoscope software was used. Si-cantilevers from Veeco (Manchester, U.K.) were used
with a force constant of 2.8 N/m and resonance frequency of 89 kHz. The phase signal was
set to zero at a frequency of 5% lower than the resonance one. The drive amplitude was 750
mV, and the amplitude set point Asp was 1.6 V. Fibronectin from human plasma (Sigma)
was adsorbed on the different substrates by immersing the material sheets in 20 μg/mL FN
in PBS for 1hr. After protein adsorption, samples were rinsed 3 times with 1× PBS to
eliminate the non-adsorbed protein. Remaining drops on the surface were dried by exposing
the sample to a nitrogen flow for 2-3 min. AFM was performed in the tapping mode in air
immediately after sample preparation. Height, phase, and amplitude magnitudes were
recorded for each image.
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2.6 Fibronectin organization by Schwann cells
Purified Schwann cells were seeded at a density of 2 × 105 cells on aligned fiber and smooth
films in a 35-mm tissue culture plate and cultured for one week. Fibronectin laid down by
glial cells was observed by staining with anti-rat fibronectin antibody (1:100) (Millipore).
Goat anti-rabbit IgG Alexa 488 was used to stain for the matrix laid down by the glial cells.

2.7 Statistical analysis
ANOVA, combined with Tukey post hoc tests, was used to calculate the significance of
differences between mean values. A p value less than 0.05 was considered statistically
significant.

3. Results
3.1 Schwann cell migration and neurite outgrowth from DRG

Aligned PAN-MA fibers were generated using an electrospinning process. Smooth PAN/
MA smooth films were obtained by solvent casting the solution of the same polymer. Under
SEM, aligned fibers had an average diameter of 800 ± 96 nm while the smooth films' largest
feature size was approximately 4 nm (Fig.1). Therefore, we were successful in generating a
substrate with anisotropic topographical features, and another with a relatively ‘smooth’
topography with the same underlying substrate chemistry, PAN-MA.

DRGs were seeded on the different topographies to quantify Schwann cell migration and
neurite outgrowth. Schwann cells migrated parallel to the direction of the fibers. The
migration distance of S100 positive Schwann cells was significantly greater, 1588 ± 93μm,
on aligned fibers compared to the smooth films, 371 ± 59μm, where Schwann cell migration
was less and not directed (p < 0.05) (Fig 2). Similar results were observed for neurite
outgrowth. NF160 positive axons extended along the fibers to significantly greater extent
(1212 ± 131μm, p < 0.05) compared to smooth films(373± 39μm). These results
demonstrate that guidance cues from aligned fibers enhanced the migration of cells as well
as directed neuronal outgrowth.

3.2 FN Adsorption from serum
We investigated the role of protein adsorption in mediating DRG and Schwann cell
interactions with the underlying topography. Since fibronectin has been implicated in
influencing Schwann cell migration, we characterized fibronectin adsorption from serum on
aligned electrospun films relative to adsorption on smooth films. We quantified the amount
of fibronectin adsorbed on aligned fibers and smooth films using a modified ELISA based
assay. Membranes of aligned PAN-MA fibers exhibited significantly (p < 0.05) higher FN
adsorption, 4.81 ± 0.32 ng/cm2 compared to 3.08 ± 0.19 ng/cm2 for smooth films.

3.3 Effects of FN depletion from serum on DRG behavior
Since differential fibronectin adsorption was observed on between fibers and films, the role
of FN on the migration of Schwann cell on aligned fiber films was studied to determine
whether FN adsorption from serum plays an important role in stimulating Schwann cell
migration. Fibronectin depleted media was used to test the effects of fibronectin on Schwann
cell migration.

DRGs attached evenly on both experimental substrates but Schwann cell migration was
significantly diminished on substrates incubated in fibronectin-depleted media with a
migration distance of 1144 ± 508 μm, as compared to control conditions, 2146 ± 315 μm.
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DRGs showed directed growth on both conditions. However, S100 positive cells migrated
faster (p < 0.05) on substrates exposed to control serum (Fig 3).

3.4 Influence of competitive binding of Cyclo-GRDGS on FN mediated response
To further investigate the cellular interaction with adsorbed proteins on aligned fiber
topographies, a Cyclo-GRGDS competitive assay was used. Cyclo-GRGDS was used to
compete with the cell binding of adsorbed proteins on aligned fibers. As shown in Fig 4, at
six days, Schwann cells migrated 371 ± 59 μm on substrates treated with soluble Cyclo-
GRGDS compared to 1217 ± 73 μm on normal culture conditions. Moreover, neurite growth
was significantly reduced (p<0.05) with GRGDS, 269 ± 84 μm, in comparison to normal
media conditions, 965 ± 70 μm. These results show Schwann cell migration and neurite
outgrowth on aligned nanofibers involves adhesion to an RGD-containing molecule
adsorbed from serum or deposited by cells.

3.5 Inhibition of integrin binding motif of fibronectin
Next, we investigated the role of fibronectin by using antibodies specific to the central cell
binding motifs of fibronectin molecule. HFN7.1 antibody was used to inhibit the effects of
fibronectin adsorbed from human serum. Compared to the controls (M18 isotype control and
normal human serum), HFN7.1 significantly (p < 0.05) inhibited Schwann cell migration
and neurite outgrowth (565 ± 118 μm on M18, 521 ± 65 μm on untreated control and 318 ±
87 μm on HFN7.1) from DRGs. It was observed that Schwann cells migrated 585 ± 109 μm
on substrates incubated with M18, 572 ± 148 μm on normal serum condition, while only 355
± 80 μm on HFN7.1 incubated substrates. There was no significant difference between cell
behavior on isotype treated and control condition suggesting that the antibody does not
influence regular Schwann cell migration and axonal sprouting (Fig 5). Thus, integrin
engagement of the cell binding domain of adsorbed FN appears essential for efficient
Schwann cell migration and neurite outgrowth.

3.6 Influence of topography on fibronectin organization and production
To investigate the role of topography and its effect on protein adsorption, AFM was used to
understand the distribution and organization of FN on aligned fibers and smooth films.
Height, amplitude and phase profiles of human plasma fibronectin adsorbed on different
topographies were evaluated in tapping-mode AFM. Aligned fibers exhibited the presence
of FN fibrils, mostly aligned along the length of the fiber. On smooth films, fibronectin did
not form any supramolecular structure and had a more globular morphology (Fig 6).
Together with the previous results, this phenomenon observed on aligned PANMA fibers
suggests that this organized fibronectin matrix could play a vital role in aligning cells to the
underlying substrates thereby affecting their migration.

The ability of the aligned fibers to organize the matrix laid down by these cells was also
examined. Purified P3 rat Schwann cells were cultured on aligned fibers and smooth films.
FN antibody was used to observe the organization of FN matrix laid down by these cells.
Aligned fibers promoted the formation of oriented network of fibronectin in comparison to
smooth films which had a more disorganized matrix (Fig 7). This data demonstrates that the
fibers not only enhance the adsorption of proteins but also influence the production and
organization of ECM produced by the cells.

4. Discussion
Previous work from our laboratory as well as others has demonstrated that luminal fillers in
nerve guidance channels can enhance peripheral nerve regeneration. Presumably, these
luminal fillers interact with the normal regeneration process and influence the early stages of
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regeneration [27]. Luminal fillers may aid the formation of Bands of Bunger (longitudinal
arrangement of Schwann cells and Laminin-1) by influencing the migration of Schwann
cells [8,18]. Schwann cells play an important role in the regeneration process by not only
myelinating axons, but also producing growth factors such as NGF, BDNF, NT-3 and CNTF
to help peripheral nerve regeneration [28]. Schwann cells also secrete and organize extra
cellular matrix molecules such as vitronectin, laminin and fibronectin to enhance neurite
outgrowth [29,30]. Thus, Schwann cells have an important role in the PNS repair, and
therefore, contact guidance-based strategies have been developed to enhance neurite growth
have also served to enhance Schwann cell migration.

Several studies demonstrate that electrospun nanofibers align and direct Schwann cell
migration as well as to guide neurite outgrowth. Electrospun PLLA fibers were used to
bridge a 10 mm nerve gap in rats and showed functional recovery close to that of an
autograft [15]. In another study, PCL/gelatin based aligned electrospun fibers improved
Schwann cell attachment and proliferation [31]. Wang et. al fabricated aligned chitosan
based nanofibers to specifically align Schwann cells for PNS repair [32]. They observed that
aligned electrospun fibers promoted cell growth as well as support high axon count
compared to a scaffold of non-oriented fibers in a 10 mm gap in rats. Whereas these studies
show the benefits of using aligned electrospun scaffolds to repair nerve defects, it is difficult
to realize their potential since a majority of these studies are performed in non-critical gaps
where spontaneous regeneration occurs in empty conduits with no fillers.

Our previous work has shown that aligned thin films fabricated from electrospun PAN-MA
supported enhanced Schwann cell infiltration, axonal growth as well as improved functional
recovery in a critical length (17mm) nerve gap in rat [8]. Furthermore, a single thin film of
oriented fibers which occupied only 0.6% of the total conduit volume was sufficient to
enhance Schwann cell migration and bridge a 14 mm nerve gap [18]. These studies clearly
show that topographical cues from aligned electrospun fibers can augment Schwann cell
migration and lead to axonal regeneration. But the mechanisms by which aligned fiber based
scaffolds promote neural cell or Schwann cell function are still unknown. In order to
fabricate scaffolds that exceed autograph performance, an understanding of how aligned
topographical cues enhance Schwann cell migration and direct neuronal growth is useful.
Therefore, in the current study, we investigated how the effects of aligned fiber-based
scaffolds mediate enhanced neurite extension and Schwann cell migration.

To discern the role of topography, we fabricated both aligned PAN-MA fiber-based films
using an electrospinning process, and smooth PAN-MA films using solvent casting with
minimal topographical cues. The topography of aligned fibers and smooth films were
apparent both quantitatively and qualitatively as shown in Fig 1 by SEM and AFM analysis.
Schwann cell migration and axonal growth are critical events for successful peripheral nerve
regeneration after injury [33,34]. We measured the extent of Schwann cell migration and
DRG neurite outgrowth using cell-specific immunostaining on aligned fiber films and
smooth films. Presence of aligned topography significantly enhanced the migration of
Schwann cells and directed the growth of neural cell along the long axis of the fibers (Fig 2).
It has been speculated that nanoscale topographies alter cellular responses by controlling the
elongation and alignment of the nucleus.[35]

In order to evaluate the mechanistic interplay between the topographical features of the
underlying film and cellular behavior, we examined at how topography alters adsorption of
fibronectin, a critical protein mediating Schwann cells behavior and neurite extension
[36,37]. During regeneration, cell interaction with ECM proteins play a vital role in
controlling cell attachment, migration, proliferation and differentiation [38]. These
interactions also lead to cytokine activity, cell apoptosis and are responsible for activating
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intracellular signaling [39]. Earlier studies have shown that nanoporous scaffolds have led to
higher adsorption of serum ECM proteins such as fibronectin, laminin and vitronectin
compared to solid scaffolds [40]. Protein adsorption and organization by the underlying
matrix has shown to affect the alignment of cells as well as control their phenotype [41].
Specifically, in the current study we explored how fibronectin adsorption from serum is
regulated by the underlying topography. Fibronectin coated tissue culture plastic increased
the migration of Schwann cell in vitro [42]. Also, neuronal growth from DRG was
influenced by fibronectin composition in another study [43]. Fibronectin fibers promoted the
alignment of Schwann cell focal contacts and organized the F-actin structure in parallel to
the fibers [44]. Furthermore, oriented mats from the same fibers were used to bridge a 10
mm nerve defect in rats and showed faster rate of growth compared to muscle graft.[45]
Therefore, FN represents an important ECM protein in mediating both Schwann cell and
axonal response during the course of nerve regeneration.

When we quantified FN adsorption on aligned PAN-MA films compared to smooth PAN-
MA films, more fibronectin adsorbed on aligned topographical films compared to smooth
films. However, aligned fibers also demonstrated a higher surface area compared to smooth
PAN-MA films as determined using atomic force microscopy (approximately 1.14 times
higher on the aligned topography compared to smooth films, data not shown). After
normalization surface area, we observed significant differences in the amount of fibronectin
adsorbed per unit surface remained higher on aligned fibers compared to smooth films. At
this time there are some caveats worth discussing. One of the limitations of AFM is that it
has a scan depth of 5 μm while the fiber based films are 10 μm. Thus we may be
underestimating the surface area of the fiber based films thereby exaggerating the
calculation of adsorption of FN per unit surface area. Based on our calculations, even if the
surface area of the fiber based films is 35% higher than that of the smooth films, the amount
of FN adsorbed onto the fibers would still be statistically higher compared to the smooth
films. Further the FN antibodies used in the ELISA might also interact with the adsorbed
protein differently. As the dimensions of an individual Schwann cell and DRG exceed that
of individual fibers, the cellular effects observed by simply be either due to greater
concentration of FN being presented to cells, or the FN distribution along fibers is
anisotropic compared to smooth films, causing anisotropic cellular behavior.

To investigate whether fibronectin was necessary for the observed anisotropic cell response
on aligned fibers, we incubated fibers with fibronectin-depleted media and quantified that
the migration of Schwann cells from DRGs. Schwann cell migration was significantly lower
on FN-depleted serum substrates (Fig 3). There was some migration of cell on FN-depleted
serum substrates and this phenomenon is due to the cell producing their own ECM
molecules that is responsible for their migration. DRG glial cells have previously been
shown to synthesize their own ECM [42]. This data strongly suggests that FN plays a critical
role in Schwann cell migration and neurite extension on aligned polymeric films.

To further evaluate the functional role of FN mediated enhanced Schwann cell migration
and neurite extension on aligned fiber based films compared to smooth films, Cyclo-GRDSP
peptide was used to competitively bind to integrins on cells. Cyclo-GRDSP exposure to
Schwann cells significantly inhibited Schwann cell migration and neurite outgrowth on
aligned films compared to control substrates (Fig 4). This suggests that cell behavior on
aligned fiber topographies is mediated by integrin-based adhesion. We recognize of course
that while Cyclo-GRGDSP blocks integrin binding, it is not specific to FN - RGD binding
sites are found on several ECM proteins such as fibronectin, vitronectin, osteopointin,
fibrinogen and laminin [46]. Receptors on cells that detect the specific RGD sequence are
often structurally similar and thus the binding motifs of specific adsorbed proteins that are
responsible for mediating downstream cellular activities are not easily detected with RGD
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based peptides. Therefore, our study demonstrates that ability of the fibers to present the cell
binding motifs of fibronectin is essential to trigger downstream effects that lead to more
efficient and enhanced Schwann cell migration and neuronal regeneration. Since we were
interested in evaluating if the presentation of adsorbed fibronectin by aligned fibers is
responsible for modulation cell activity, we used the monoclonal antibody HFN7.1 to
specifically inhibit the RGD binding site of adsorbed fibronectin from human serum.
HFN7.1 inhibited Schwann cell migration from DRGs on aligned fibers suggesting that
binding of fibronectin-specific RGD motifs on aligned fiber based topography are
responsible for cell phenotype (Fig 5). Since αv integrins on Schwann cells have shown to
mediate their migration on tissue culture plastic [43], we can speculate that adsorbed
fibronectin on fibers also enhances Schwann cell migration via αv receptors on migrating
Schwann cells. These blocking assays, when considered together, give new insights into
how the effects of aligned fibers are translated to the neuronal cells.

As discussed earlier, FN's ability to mediate enhanced Schwann cell migration and neurite
extension on fiber-based films could be explained either by increased FN contacting each
cell, or by FN's distribution being different on fiber-based films compared to smooth PAN-
MA films. Atomic force microscopy was utilized to further probe how topography
influences the distribution and organization of adsorbed fibronectin. Surface chemistry,
roughness and surface energy have all been shown to influence the protein adsorption
process (Fig 6).[47] Surface roughness has shown to significantly affect fibronectin
conformation which can lead to poor cell adhesion and actin reorganization.[47,48] In our
studies, aligned fibers topography promoted organized distribution of adsorbed fibronectin.
Fibronectin fibrils also aligned parallel to the axis of the fibers. Since, previous studies have
shown the dependence of focal contact formation to surface properties [49,50]; it is likely
that aligned PAN-MA fibers enhance the elongation of cellular processes by oriented
fibronectin network formation. Smooth topography did not reveal any organization of
fibronectin, suggesting that the enhancement of Schwann cell migration and neurite
outgrowth on aligned fibers is mediated by the ability of the polymer fibers to influence the
organization of adsorbed fibronectin at the material interface. Fibronectin assembly into
fibrils upon adsorption on some family of materials has shown to enhance its biological
activity, including cytoskeleton development, focal adhesion formation, matrix secretion and
differentiation.[48,51]

Organization of fibronectin secreted by glial cells cultured on aligned fibers is also enhanced
by underlying topographical cues. Aligned fibers enabled formation of organized fibronectin
network compared to smooth films (Fig 7). Matrix organization by glial cells is a vital step
in the nerve regeneration process and the ability of the aligned fibers to affect that step can
be beneficial during regeneration. Even though the major focus of the present study was to
elucidate the role played by fibronectin in modulating cell behavior during neuronal
regeneration, it is likely that other ECM components such as laminin may also play a pivotal
role in cell interaction with topography. Further studies are warranted to understand the
contribution of other ECM proteins mediating topographical enhancement of neurite
extension and Schwann cell migration. In this study, we demonstrate that fibronectin plays a
critical role, and that blocking its function even in the presence of other ECM proteins is
sufficient to decrease Schwann cell migration and neurite extension. We also demonstrate
that fibronectin presentation to neuronal cells due to the protein adsorption, conformation
and organization on fiber-based films may all contribute to enhanced Schwann cell
migration and neurite extension.
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5. Conclusions
Data from our studies suggest that fibronectin presentation, conformation and organization
contributes heavily to enhanced Schwann cell migration and neurite outgrowth on fiber-
based films compared to smooth films of the same composition. In order to develop
scaffolds that match or exceed the performance of autografts, a deeper understanding of the
mechanisms by which scaffold properties affect the nerve regeneration is critical.
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Figure 1.
Scanning electron microscopy images of PAN-MA aligned fibers (A) and smooth film (B).
Scale bar represents 2 μm in (A) and 0.3 μm in (B). Atomic force microscope analysis of
fiber topographies (C, D). (E, F) Height profiles (white lines in (C) and (D)). Scan area for
(C): 10 × 10 μm2 and (D): 1 × 1 μm2.
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Figure 2.
Schematic diagram illustrating how Schwann cells and neurons extend from the DRG body
(A). Images of Schwann cell migration (using S100 staining, green) and neurite outgrowth
(using NF160, red) on aligned fibers (B, C) and smooth film (D, E) from rat DRG in vitro.
(F, G): Show the quantitative comparison of both fiber topographies in Schwann cell
migration and neurite outgrowth. Aligned fibers show significantly higher migration
distances and growth. *p < 0.05. Error Bars = Std. Dev.
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Figure 3.
Quantitative analysis of Schwann cell migration in fibronectin depleted serum condition.
Schwann cell migration from DRG in normal serum (A) and fibronectin depleted serum (B).
(C): Migration in serum is significantly higher than migration in depleted serum. *p < 0.05.
Error bar = Std. dev. Scale bar = 400 μm

Mukhatyar et al. Page 15

Biomaterials. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Schwann cell migration and neurite outgrowth analysis in GRGDSP inhibited media.
Schwann cell migration from DRG in normal media (A) and GRGDSP media (B). Images of
neurite outgrowth in respective conditions (C, D). Scale bars in (A) and (B) indicate 400 μm.
Fibers without peptide inhibition displayed significantly higher migration (E) and neurite
outgrowth (F). *p < 0.05. Error bar = Std. dev.
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Figure 5.
DRG Schwann cell migration and neurite outgrowth in HFN7.1 antibody inhibited fibers.
Migration and outgrowth in M18 isotype control (A, B), normal human serum (C, D), and
HFN7.1 antibody incubated fibers (E, F). Left panel is stained for Schwann cell (S100,
green) and right panel is stained for neurites (NF160, red) Scale bars = 400 μm. Both
controls demonstrated significantly higher Schwann migration and neurite outgrowth when
compared to HFN7.1 incubated DRGS (G, H) respectively. *p<0.05. Error bar = Std. dev.
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Figure 6.
Atomic force microscopy images of PAN-MA polymer topography. (A): Smooth film. (B):
Aligned PAN-MA fiber scaffold. (C) Smooth film with fibronectin. (D) Aligned fibers with
fibronectin. Scale bar = 100 nm.
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Figure 7.
ECM organization on smooth film (A) and aligned fibers (B). Scale bars = 100 μm.
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