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Abstract

Interactions between Schwann cells (SCs) and scaffolds are important for tissue development during nerve regeneration, because SCs
physiologically assist in directing the growth of regenerating axons. In this study, we prepared electrospun scaffolds combining poly (3-
hydroxybutyrate) (PHB) and poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) functionalized with either collagen I, H-Gly-Arg-Gly-
Asp-Ser-OH (GRGDS), H-Tyr-Ile-Gly-Ser-Arg-NH2 (YIGSR), or H-Arg-Asn-Ile-Ala-Glu-Ile-Ile-Lys-Asp-Ile-OH (p20) neuromimetic
peptides to mimic naturally occurring ECM motifs for nerve regeneration. Cells cultured on fibrous mats presenting these biomolecules
showed a significant increase in metabolic activity and proliferation while exhibiting unidirectional orientation along the orientation of the
fibers. Real-time PCR showed cells cultured on peptide-modified scaffolds had a significantly higher neurotrophin expression compared to
those on untreated nanofibers. Our study suggests that biofunctionalized aligned PHB/PHBV nanofibrous scaffolds may elicit essential cues
for SCs activity and could serve as a potential scaffold for nerve regeneration.

From the Clinical Editor: Nanotechnology-based functionalized scaffolds represent one of the most promising approaches in peripheral
nerve recovery, as well as spinal cord recovery. In this study, bio-functionalized and aligned PHB/PHBV nanofibrous scaffolds were found
to elicit essential cues for Schwann cell activity, therefore could serve as a potential scaffold for nerve regeneration.
© 2014 Elsevier Inc. All rights reserved.
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Schwann cells (SCs) are currently being investigated as a
component of nerve repair strategies because of their known
ability to support nerve regeneration in both the central nervous
system (CNS) and the peripheral nervous system (PNS), where
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enhanced nerve repair has been reported following cell
transplantation.1 In vitro and in vivo assessments have identified
the use of bioengineered scaffolds seeded with SCs as a
promising approach in synthetic nerve grafts to bridge nerve
gaps.2,3 The success of SCs in nerve regeneration is related to the
production of cell adhesion molecules and neurotrophic factors,
which mediate neurite attachment and growth.4,5

Scaffolds for nerve regeneration require appropriate biocompat-
ibility and biodegradability, good pliability for suture and
mechanical integrity, and in vivo physiological loading during
axon regeneration across large nerve defects. Scaffolds should also
provide contact guidance for cell migration and axon outgrowth
along the gap defect to support nerve functional regeneration.6

Recently, electrospun nanofibrous scaffolds served as suitable
environments for cell attachment and proliferation thanks to similar
physical dimensions and cues compared to natural extracellular
matrix (ECM).7 Poly[(R)-3-hydroxybutyrate] (PHB) and poly[(R)-
3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV) are two
anoate nanofibrous scaffolds enhance Schwann cells activity.Nanomedicine:
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extensively studied natural derived poly(hydroxyalkanoates)
(PHAs) due to their good biocompatibility and mechanical
properties.8 In recent years, promising studies aimed at the
engineering of tissues such as bone,9 cartilage,10 skin11 and
nerve3 have used PHB or PHBV substrates as a scaffold.

Normally, cell affinity toward polymers is poor as a result of their
low hydrophilicity and lack of surface cell recognition sites.12

Therefore, surface treatment of polymeric scaffolds is necessary to
improve their bioactivity to achieve functional tissue regeneration.
While various studies improved the hydrophilicity and surface
properties of PHAs scaffolds using techniques such as composite
electrospinning,13 plasma treatment,14,15 photografting16 and alkaline
hydrolysis,15,17 very few studies have been reported in the literature on
the surface functionalization of PHAs electrospun fibrous scaffolds
with peptides for neural tissue engineering applications. ECM
proteines have been so far the most used biomolecules, on the basis
that cells in native tissues are surrounded by and attach to this network
of fibril proteins. Meng et al. fabricated nanofibrous scaffolds using a
blended solution of PHBV/collagen, which showed to accelerate
adhesion and growth of NIH-3T3 cells.13 Alternatively, collagen can
be immobilized on the surface of PHBV scaffolds, as reported by
Tesema et al. and Baek et al.,18,19 to improve their osteoblasts
compatibility. Surface functionalization of PHBV-chitosan scaf-
folds grafted with hyaluronic acid (HA) has also been demon-
strated by Hu et al., showing that antibacterial properties were
maintained while protein adsorption was effectively reduced.20

Within the context of nerve repair, Armstrong et al. and Novikova
et al. showed that coating of PHB nerve conduits with ECM
molecules such as laminin and fibronectin enhanced SCs activity to
release neurite promoting factors,3,21 highlighting the potential of
adding ECM biomolecules to bioengineered nerve conduits in
order to improve nerve regeneration. However, the complexity and
source of ECM proteins can cause issues with consistency and
control over cell response as well as final clinical translation.22

Synthetically produced peptides represent a viable alternative, as
shown by Wang et al.23 with the introduction of RGD peptides on
PHBV films; although not for a neural regeneration application, the
viability of fibroblast-like NIH 3T3 cells was shown to improve.

Building on our previous work developing fibrous PHB/PHBV
electrospun scaffolds with optimal physical properties and fiber
alignment for improved SC activity, we compare here for the first
time the biological activity of electrospun PHB/PHBV fibrous
scaffolds which have been functionalized with relevant peptides:
GRGDS, and the two laminin derived neuromimetic peptide
sequences YIGSR and p20. These biomolecules were chosen based
on their biological functionalities as cues present in the basal ECM
and known to be involved in cell–cell and cell–ECM communi-
cations. We also show the immobilization of collagen type I for
further comparison, following our earlier observations that SC
adhesion and proliferation was enhanced when collagen was
blended into the PHB/PHBV fibers.24
Methods

Materials

PHB with Mw of 437’000, PHBV with 5% wt poly (3-
hydroxyvalerate) and Mw of 150’000, chloroform, N,N-dimethyl
formamide (DMF), 2-(N-morpholino) ethanesulfonic acid (MES),
sodium hydroxide (NaOH), N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDAC) were acquired from Sigma Aldrich (USA).
Purchased reagents for cell culturewere as follows: fetal bovine serum
(FBS) from Hyclone (USA), Dulbecco Modified Eagle Medium
(DMEM), phosphate buffered saline (PBS), penicillin/streptomycin
and trypsin-EDTA from Gibco BRL (USA). Acid soluble collagen
type I powder of bovine origin was a generous gift from Kensey
Nash Corporation (USA). Peptides for biofunctionalization consisted
in H-Gly-Arg-Gly-Asp-Ser-OH (GRGDS; Mw: 490.47 g/m), H-Tyr-
lle-Gly-Ser-Arg-NH2 (YIGSR; Mw: 594.67 g/m), and H-Arg-Asn-
lle-Ala-Glu-lle-lle-Lys-Asp-lle-OH (RNIAEIIKDI (p20; Mw:
1184.40 g/m)), and were purchased from Bachem (Switzerland).

Electrospinning of aligned PHB/PHBV nanofibers

PHB/PHBV (1:1) solutions were prepared by dissolving the
polymers in a chloroform (90)/DMF (10) solvent mixture at a
concentration of 6% wt. Using a syringe pump (KDS 100, KD
Scientific), the solutionwas fed at a rate of 1.5 ml/min through a 10 cc
syringe with a 23 G needle placed 15 cm from a rotating mandrel
collector with a speed of 5000 rpm.A high-voltage power supplywas
used to apply a voltage of 16 kV DC to produce nanofibers.
Temperature and humidity were monitored during the process and
ranged between 24 and 26 °C and 37% and 42%, respectively.

Covalent attachment of biomolecules on alkaline hydrolysed
PHB/PHBV nanofibers

For biofunctionalization, PHB/PHBV nanofibrous mats were
firstly treated with NaOH (1N) for 80 min at room temperature,
washed and dried at 37 °C overnight to obtain hydrolysed
scaffolds. Afterwards, the hydrolysed scaffolds were washed in
MES buffer solution (0.1 M, pH 5.0) for 30 min at room
temperature to be subsequently activated with 5 mg/ml EDAC
and 2.5 mg/ml sulfo-NHS in MES buffer solution for 90 min at
room temperature. Biofunctionalization with collagen (5 mg/ml
PBS) and peptides (0.2 mg/ml PBS) solutions was performed for
24 hours at room temperature. Scaffolds were further rinsed with
PBS and dried at 37 °C overnight (Figure 1).

Characterization of nanofibrous scaffolds

Scanning electron microscopy (SEM)
The morphology of electrospun fibers was observed using SEM

(XL 30 ESEM-FEG, Philips). Fiber diameters were calculated from
SEM micrographs by measuring 100 fibers using Manual
Microstructure Distance Measurement software (NahaminPardazan
Asia Co., Iran).

Monitoring of biofunctionalization method on scaffolds
Attenuated total reflectance Fourier transform infrared spectrosco-

py (ATR-FTIR) of collagen immobilized and bulk PHB/PHBV
nanofibrous scaffoldswere performedover a range of 400-4000 cm−1

at a resolution of 2 cm−1 using a Nicolet spectrometer system.
The XPS spectra of GRGDS immobilized and bulk PHB/

PHBV nanofibrous scaffolds were also obtained on VGEscalab
2201-XL Base System (Thermo VG Scientific, UK) with a take-



Figure 1. Schematic representation of covalent attachment of biomolecules on the surface of PHB/PHBV nanofibrous scaffolds. Electrospun fibers are first
subjected to alkaline hydrolysis, after which fibers were treated with a solution of EDAC and NHS. Fibers were then functionalized with collagen or peptide
sequences, where the amine-reactive NHS groups on the fiber surface covalently bind biomolecules in solution.

1561E. Masaeli et al / Nanomedicine: Nanotechnology, Biology, and Medicine 10 (2014) 1559–1569
off angle of 90°. Briefly, survey scan spectra were taken and the
ratio of C 1 s, N 1 s and O 1 s of samples were indicated.
Surface wettability measurements
Water contact angle (θ) of each scaffold was determined on a

contact angle goniometer (Dataphysics OCA-20) by at least five
independent measurements, while deionized water was used as a
probe liquid.
Pretreatment of scaffolds before cell culture
Electrospun discs with a diameter of 15 mm and thickness of

about 300 μm were soaked in 70% ethanol for 2 hours, washed
twice with PBS, transferred to a 24 well non-treated plate and
incubated overnight in basic cell culture medium. Rubber O-
rings (Eriks BV, The Netherlands) were used to secure the
scaffolds in place and prevent them from floating.
Quantification of protein immobilization
The amount of surface protein was evaluated using a BCA protein

assay (ThermoScientific). Scaffoldswerewashed for 24 hours inPBS
at 4 °C followedbyanother 1 hourwash in 1%w/vSDS inTris buffer
at pH 8.5 (Sigma Aldrich, USA) to hydrolyze NHS groups and
remove any residual absorbed proteins. Afterwards, scaffolds were
rinsed twice in 1% SDS/Tris solution, followed by a 2 times wash in
PBS. Finally, scaffolds were immersed in the BCA solution (with
appropriate dilution to simulate the addition of a protein solution) and
mixed at 1000 rpm for 30 min at 37 °C and 60 °C for collagen and
peptide immobilized scaffolds, respectively. To resolve protein
concentration, BCA standard curves of each protein in solution
were generated using a dilution series. All scaffold conditions were
prepared in duplicate and measured in triplicate. Data analysis was
performed using R and Deducer Package (Ian Fellows).
Cell culture

Schwann cell line RT4-D6P2T (ATCC, USA) was cultured in
high glucose DMEM, and supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were seeded at a density of about
50’000 cells/well on sterilized scaffold in 50 μl basic medium
and incubated for 30 min to allow cell attachment and topped up
to 1 ml with culture medium.

Cell-scaffold studies

Cell morphology study
For morphology investigations, the cells were fixed in 4%

formalin for 30 min and dehydrated in a series of increasing
ethanol concentrations (70%, 80%, 90%, 96%, and 100%),
30 min in each concentration, before being dried using a critical
point dryer (Balzers CPD-030). Finally, the samples were
sputter-coated with gold (Cressington) for SEM observation.

Immunofluorescent staining
Cells were washed with PBS, fixed with 4% (v/v)

paraformaldehyde (Sigma) in PBS for 30 min and washed
again with PBS. Afterwards, blocking was performed with 10%
(wt/v) BSA in PBS for 1 hour. Primary antibodies against p75
low affinity NGF receptor (p75LNGFR, 1:500, Abcam; ab6172)
were applied in dilute buffer consisting of 10% (wt/v) BSA in
PBS overnight at 4 °C. Cells were then washed and the
secondary antibody, goat anti-mouse IgG conjugated-fluorescein
isothiocyanate (FITC, 1:50), was applied for 45 min at 37 °C.
Cells were counterstained with DAPI for 10 min and observed
under fluorescence microscope. For negative controls, the
primary antibody was excluded.

To quantify the p75 positive staining, we used the Sauvola
binarization method. Firstly, we converted original true color
immunostaining images (0:255 values) of cultured SCs on each
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scaffold to binary images (0:1 values). Then, we applied digital
image processing algorithms to these double precision (n = 10).
After creation of a disk morphological structuring element with
the specified radius and applying the Sauvola binarization
method, the area of white zones in each binary image was
measured as a quantitative value of p75 positive zones.

Cell metabolism study (Presto blue assay)
Metabolic activity of cells weremonitored after 1, 3, 7 and 14 days

(n = 3) by Presto blue assay according to themanufacturer's protocol.
Briefly, cells were incubated with medium containing 10% (v/v)
Presto blue solution (Biosource, USA). After the designated time
periods, aliquots were pipetted into a 96-well plate and the absorbance
of the content of eachwell wasmeasured at 590 nmusing amultilabel
plate reader (Victor3, Perkin Elmer, USA).

Proteinase-K digestion and cell proliferation study (DNA assay)
After 1 and 14 days of cell culture, scaffolds were washed in

PBS and frozen at −80 °C until further processing. Subsequent-
ly, they were digested at 56 °C (N16 hours) in a Tris-EDTA
buffered solution containing 1 mg/ml proteinase-K, 18.5 μg/ml
pepstatin A, and 1 μg/ml iodoacetamide (Sigma-Aldrich). DNA
quantification assay was performed with a CyQuant dye kit
according to the manufacturer description (Molecular Probes,
Eugene, USA), using above spectrofluorometer, at an excitation
wavelength of 480 nm and an emission wavelength of 520 nm.

ELISA assay of NGF secretion (NGF assay)
To quantify the concentration of nerve growth factor (NGF)

in cell cultured supernatant, commercially available ELISA kits
were used according to the manufacturer's instruction (Pro-
mega). The plates were read at 450 nm and analyzed using a
Lightcycler II (Roche Diagnostics GmbH, Germany). Secretions
of NGF were measured at 3, 6, 12 and 14 days of culture (n = 3).

RNA extraction and quantitative real-time RT-PCR
For time reverse transcription polymerase chain reaction

(real-time PCR) analysis, total RNA was isolated using a
combination of TRIzol® with a NucleoSpin®RNA II isolation kit
(Bioké). Briefly, after 7 days of cell culture, scaffolds (n = 3)
were washed with PBS once and 1 ml of TRIzol (Invitrogen)
was added to the samples. The samples were then stored at −
80 °C for RNA isolation. After chloroform addition and phase
separation by centrifugation, the aqueous phase containing the
RNA was collected, mixed with an equal volume of 75% ethanol
and loaded onto an RNA binding column. RNA was collected in
RNase-free water. 750 nanograms of RNA was used for first
strand cDNA synthesis using iScript (Bio-Rad) and 1 μl of
undiluted cDNA was used for subsequent analysis. RT-PCR was
performed on an iQ5 real time PCR machine (Bio-Rad) using
SYBR Green supermix (Bio-Rad). Expression of neural marker
genes (Table S2) was normalized to β-actin levels and fold
inductions were calculated using the comparative ΔCT method.

Statistical analysis

All data presented are expressed as mean ± standard deviation
(SD). Statistical analysis was carried out using one-way analysis of
variance (ANOVA) followed by a Tukey's post hoc test. A value of
P b 0.05 was considered statistically significant.
Results

Characterization of fibrous scaffolds

Electrospinning of PHB(50)/PHBV(50) solutions resulted in a
scaffold composed of uniform, uniaxially oriented nanofibers of an
average diameter of 925 ± 156 nm (Figure 2). More specifically, the
distribution of the fibers had two peaks with average diameters of
577.5 ± 80.4 nm and 1074 ± 123.3 nm, respectively. Our previous
studies showed that approximately 60%of the fibers had a diameter of
1074 nm, thus confirming a rather narrow fiber distribution.24 Apart
from common peaks of the PHAs backbone, ATR-FTIR spectra of
both scaffolds exhibited additional absorption peaks for collagen
immobilized PHB/PHBV fibers at 1640 cm−1 associated with
the C = O stretching of amide I and at 1560 cm−1 associated
with the N-H bending of amide II (Figure S1). These peaks
confirmed the successful immobilization of the collagen on the
surface of the scaffolds.

XPS analysis of unmodified and GRGDS immobilized fibers
showed an additional N1s peak in the survey spectra of GRGDS
modified samples at 401.92 eV (Figure S2), which clearly suggests
that the GRGDS is chemically conjugated on the surface of the fibers.
Table S1 also lists the intensities (i.e., the measured peaks divided by
the corresponding sensitivity factors and normalized to 100% total
intensity) of the elements on the two different surfaces.

BCA analysis revealed that there is a greater amount of collagen
bound compared to the peptide sequences, in accordance with the
relatively larger size of whole collagen fibrils and their initial
concentration in solution (Figure S3). Immobilized peptide concen-
tration of GRGDS, YIGSR and p20 decrease by weight was in
agreement with the relative reduction of molar concentration of the
initial peptide solutions. A similar comparison with the collagen
solution was not possible because of the unknown molecular weight.

Wettability measurements showed that the water contact
angle values were 107.4 ± 5.0° for aligned PHB/PHBV
nanofibers and reached zero after alkaline hydrolysis, resulting
in 100% wettability by the water droplet.

Morphological studies of SCs

After 1 day from seeding, cells oriented themselves along the
direction of fiber alignment and clustered around the aligned
fibers in a longitudinal fashion (Figure 2). Cells seemed to spread
more on laminin derived peptide functionalized scaffolds than on
other meshes. Immunocytochemistry indicated that cultured SCs
on biofunctionalized scaffolds were positive for p75LNGFR,
thus confirming normal cell functionality (Figure 3). Figure 4
shows outputs of digital image processing analysis to quantify
amounts of p75 positive zones in each immunostaining image.
Biofunctionalized scaffolds supported a stronger expression of
p75LNGFR, with collagen, GRGDS, and YIGSR functionalized
fibers significantly better than p20, thus suggesting enhanced
SCs differentiation compared to non-functionalized and alkaline
hydrolyzed scaffolds.

Metabolic activity and proliferation of SCs on fibrous scaffolds

Metabolic activity of cells on all scaffolds increased during
the 14-day period (Figure 5, A and B). While in the first 7 days
of cell culture, SCs metabolic activity increased just on GRGDS



Figure 2. SEM micrograph (A) and fiber diameter distribution (B) of PHB/PHBV nanofibres. SEM images of SCs on (C) untreated, (D) alkaline hydrolysed,
(E) collagen, (F) GRGDS, (G) p20 and (H) YIGSR immobilized scaffolds 1 day after cell culture. Scales bars: (A) 10 μm; (C-H) 50 μm.
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immobilized fibers, after 2 weeks of culture such an increase
was significant on all functionalized nanofibers compared to
those observed on the unmodified and alkaline hydrolysed
samples (P b 0.05). The DNA quantification results also showed
increased proliferation of SCs on different scaffolds from day 1
to day 14 (Figure 5, C and D). On day 14, SCs proliferation on
all functionalized nanofibers increased significantly compared to
unmodified and alkaline hydrolysed scaffolds, while on day 1
SCs proliferation was found to be higher (P b 0.05) just on
GRGDS immobilized nanofibrous scaffolds, in agreement with
metabolic activity results. These findings indicated a better effect
of the applied biomolecules on SCs metabolic activity, likely
resulting in higher proliferation rate compared to unmodified or
alkaline hydrolysed scaffolds.

Gene expressions and NGF released from cultured SCs on
nanofibrous scaffolds

The gene expression of different SCs markers was analyzed
using quantitative RT-PCR and obtained results are presented in
Figure 6. No statistically significant difference was observed on
SCs cultured on unmodified and biofunctionalized scaffolds for
PMP22. The presence of GRGDS and both laminin derived
peptides in the scaffolds tended to significantly upregulate

image of Figure�2


Figure 3. Immunostaining identification of SCs by p75LNGFR and counterstained by DAPI, after 7 days of culture on electrospun scaffolds which were
untreated, hydrolyzed, or functionalized with respective biomolecules. Tissue culture plastic well plate served as a negative control. Cell adhesion and
p75LNGFR expression is shown for all scaffolds, with little or no expression observed for the negative control condition. Scale bars show 100 μm and 10 μm for
low and high magnifications, respectively.

Figure 4. (A) Original immunostaining image of SCs on untreated PHB(50)/PHBV(50) nanofibrous scaffold, (B) average percentage of p75LNGFR positive
zones on different scaffolds calculated by image processing algorithms. Asterisks represent statistically significant difference at P b 0.05.
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Figure 5. Metabolic activity (A, B) and proliferation (C, D) of SCs on collagen and RGD functionalized scaffolds (A, C) and YIGSR and neuromimetic
functionalized scaffolds (B, D). Peptide-functionalized scaffolds were shown to have consistently increased metabolic activity and proliferation compared to
collagen-functionalized and non-functionalized scaffolds. Asterisks represent statistically significant difference at P b 0.05.

Figure 6. Real-time PCR of neurotrophin gene expression in SCs grown on scaffolds functionalized with GRGDS or collagen, compared to untreated or
hydrolysed scaffolds at day 7 (A). GRGDS functionalization supported an increased expression of GDNF, BDNF, CNTF and NGF over the other scaffolds.
Looking at NGF secretion over a 2 week period a major difference on day 6 between biofunctionalized and non-functionalized scaffolds was measured (C), with
no observable differences between collagen and GRGDS. Neurotrophin gene expression on laminin peptide functionalized scaffolds was also shown to similarly
upregulate GDNF, BDNF, CNTF and NGF compared to non-functionalized scaffolds (B). The gene upregulation of laminin peptide functionalized scaffolds
was also significantly higher than GRGDS and collagen functionalized scaffolds. Subsequent NGF secretion showed marked differences for only YIGSR-
functionalized scaffolds on day 3 and day 12. The fold induction of gene expression was normalized with respect to an endogenous reference of β-actin
(housekeeping gene). Asterisks represent statistically significant difference at P b 0.05.
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GDNF, BDNF, CNTF and NGF-F expression in comparison to
untreated scaffolds indicating that applied peptides might have
accelerated SCs differentiation (P b 0.05).

Furthermore, no significant difference between GDNF and
PMP22 expressions of SCs on GRGDS, YIGSR and p20 groups
was observed, while BDNF and CNTF expressions were
significantly higher on both laminin derived peptide modified
scaffolds compared to GRGDS (P b 0.05). Also the difference
between BDNF and CNTF expression of GRGDS immobilized
sample was not significant. Significantly higher expression of
NGF-F on YIGSR immobilized scaffold was also found than
those of p20 and GRGDS ones (P b 0.05).

Figure 6, C and D show concentrations of NGF released
from cultured SCs on different scaffolds. Biofunctionalization
with collagen and GRGDS did not have any positive effect on
NGF secretion of the cultured SCs, except at day 6 (Figure 6, C).
After 3 and 12 days of cell culture, NGF concentration of
YIGSR immobilized scaffolds were significantly higher than that
of untreated nanofibers (P b 0.05) (Figure 6, D). In general,
NGF assay results of SCs on YIGSR modified nanofibers
confirmed NGF-F expression obtained by real-time PCR.
Discussion

Characterization of unmodified and modified
nanofibrous scaffolds

Electrospinning is an established method for fabricating
nanofibrous scaffolds to mimic ECM-like properties such as
nanoscale dimensions, high porosity, and large surface area for
tissue engineering applications. This method produces non-
woven meshes containing fibers ranging in diameter from tens of
microns to tens of nanometers with different orientation, which
makes electrospinning more appealing than other submicron
fiber fabrication.7,25 In this study, we used a high speed mandrel
to collect uniaxially aligned PHB/PHBV nanofibers. SEM
results showed homogenous and continuous structure of
electrospun fibers with a high degree of orientation (Figure 2,
A). Similarly, Matthews et al. reported that electrospun collagen
fibers maintained random orientation at rotational speeds less
than 500 rpm and significant fiber alignment when the speed of
the mandrel was increased to 4500 rpm.26

Surface properties of scaffolds are also extremely important,
as they affect the biological interactions of the substrate with
cells and tailor the responses across the interface with the host
tissue.27 Normally, the relatively poor hydrophilicity of PHB and
PHBV affects their biocompatibility for application in tissue
engineering. To improve the hydrophilicity and surface bioac-
tivity of PHB/PHBV scaffolds, different types of physicochem-
ical and post-processing surface modification techniques such as
hydrolysis with lipases and NaOH,28 low pressure plasma
treatment14 and ion implantation,29 have been attempted.
Immobilization of specific proteins or peptide sequences on the
scaffold surface that mimic natural components is a promising
method to obtain surface properties especially tailored for tissue
engineering. When proteins are considered for functionalizing
an artificial substrate, natural choices are ECM molecules such
as laminin, fibronectin, and collagen, which activate integrin
receptors.12 However, these ECM molecules often present cells
with multiple types of integrin binding sites and other cell
signaling motifs and, therefore, limit the degree of specificity
over the cell response that can be elicited.22 An alternative is
biofunctionalizing a surface with peptide sequences based on
moieties found in ECM proteins, employing peptides that bind
specific membrane-bound receptors to promote cellular adhe-
sion, differentiation, and other intracellular signaling cascades
via defined cell/substrate interactions.5

In this study, we used collagen I and the integrin binding
GRGDS, YIGSR and p20 peptides to functionalize the surface of
aligned PHB/PHBV nanofibers. Covalent modification was
performed by presenting reactive carboxyl groups (–COOH)
through alkaline hydrolysis. ATR-FTIR showed that after
immobilization with collagen the extra absorption peaks of
amide I and amide II appeared in the spectra of functionalized
nanofibrous scaffolds (Figure S1). Similar results have been
reported by Mattanaave et al. during immobilization of collagen
onto surface of PCL nanofibers.30 Because of a low concentra-
tion of peptides used for functionalization, we used XPS as a
more accurate detection method to determine the presence of
GRGDS peptide on the surface of PHB/PHBV nanofibrous
scaffolds as an evidence for effective functionalization.

From Figure S2, it can be seen that unmodified PHB/PHBV
fibers fail to show any N1s peaks, while we can clearly attribute
the N1s peak to the chemically immobilized GRGDS on the
surface of the nanofibers, thus confirming successful peptide
biofunctionalization. Similar N1s peak around 400 eV was also
observed by Wang et al. after immobilization of RGD peptides
on the surface of PHBV films.23 Furthermore, immunostaining
analysis against anti-collagen I showed that functionalized
coating was stable after 22 months from biofunctionalization
in a sealed container at room temperature (data not shown), thus
suggesting that our procedure was stable in time.

In vitro studies of SCs with unmodified and modified
nanofibrous scaffolds

As SCs play an important role in axonal regeneration and function
recovery of neurons, they should effectively attach, spread, and
differentiate on scaffolds. SEM images of SCs obtained on day 1 of
cell culture on scaffolds showed that SCs cultured on the alignedwebs
oriented along the fibers; thus, the aligned fibrous scaffolds could
exhibit SCs columns, also known as band of Büngner (Figure 2, C
toH). It haswell been documented that fiber orientation influences cell
adhesion and growth, while it also modulates elongated cellular
patterns that match cell morphology found in native tissues.6,31,32 For
PNS and spinal cord, previous studies demonstrated that aligned
structures are capable of guiding neurite extension through a lesion site
for axonal regeneration within the nerve.33,34 This finding is
confirmed by similar results obtained by other researchers who
reported that oriented arrangement of SCs on aligned electrospun
fibrous mats might positively influence axonal regeneration.6,31,35,36

Immunostaining analysis against p75LNGFR showed that SCs can
adhere, migrate, and form elongated cellular processes on the surface
of all scaffolds. Although it has been previously shown that neat PHB
andPHBVscaffolds are non-toxic toSCs,37 the current study revealed
a higher degree of spreading and a more intense p75LNGFR staining
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when PHB/PHBV nanofibers were functionalized with biomolecules
(Figure 4). In this way, the positive response of the p75LNGFR
observed in biofunctionalized scaffolds indicate improved reactivity
that may further stimulate in vivo regeneration.

Furthermore, we have also shown that biofunctionalization of
PHB/PHBV scaffolds increased metabolic activity and prolifer-
ation of SCs compared to unmodified scaffold (Figure 5).
Previous studies proved that presence of RGD peptides on the
surface of scaffolds can enhance proliferation of different cell
types such as fibroblasts and SCs.23,36,38 In addition, it is well
known that laminin contains bioactive neurite binding sites for
neural cell attachment and differentiation, which enhance neurite
extensions.39 From our results, the presence of biological cues
enhanced SCs proliferation and metabolic activity compared to
other groups (Figure 5). Thus, it appears that these peptides
activated signaling pathways with an influence on cell cycle.

The improved SCs activity on peptide-modified scaffolds could be
first the result of more hydrophilicity, which increases serum proteins
adsorption. Secondly and most important, the presence of biomole-
cules on the surface of fibersmight have allowed SCs to preferentially
attach to the proteins of their native environment providing a surface
bioactive scaffold. Previous studies showed that cell activity is
extremely sensitive to surface chemical groups of scaffolds and varies
with individual functional groupsmore significantly thanwith general
surface properties like hydrophilicity.40 Wang et al. believed that
protonation in the culturemediumhelps the adhesion of cells that carry
negative charges on the membrane surface. N-containing groups,
which resulted from peptide introduction to the surface of scaffolds,
may be positively charged at physiological pH and caused protonation
of cell culture medium.23 Ren et al. also showed that amino groups
(NH2) are very effective on nerve stem cell proliferation and
migration.41 Hence, it may be concluded that the presence of amino
groups on the surface of biofunctionalized scaffolds may account for
improved SCs.

Another crucial issue regarding the application of biofunctio-
nalized PHB/PHBV nanofibrous scaffolds in neural tissue
engineering is whether the presence of biomolecules altered
SCs phenotype. After cultivation for 7 days, the expressions of
neural genes associated to differentiation were detected. We also
considered the upregulated gene expression of GDNF, BDNF,
NGF, and CNTF, four well characterized neurotrophins known
to stimulate growth of different types of neurons. These
neurotrophic factors, therefore, may promote neurite sprouting
from the transplantation site when translated into an in vivo
model.42 PMP22, as the primary component of myelin protein, is
known to be involved in formation and controlling myelin
thickness and stability.43 In the present study, the comparison of
the untreated and biofunctionalized scaffolds obviously indicat-
ed that SCs gene expressions in the unmodified group were
down-regulated (Figure 6, A and B), which agrees well with
Feng et al. findings for avidin treated scaffolds compared to
untreated ones.44 Previously, Ren et al. have also reported that,
compared to –COOH surfaces, –NH2 seemed to promote
neuronal stem cell differentiation.41 PMP22 was not altered by
the presence of biologically active motifs. Chew et al. reported
similar results indicating that aligned electrospun PCL scaffolds
seeded with SCs did not change PMP22 expression.45 Further
in vivo investigations are required to determine the effect of
scaffold alignment and laminin motifs introduction on myelina-
tion since the result of the PMP22 gene expression was not
conclusive in vitro.

The significant up-regulation of these neural genes indicates
differentiation and maturation of SCs, which could benefit
axonal regeneration and provide a more favorable microenvi-
ronment for peripheral nerve. Previous studies demonstrated that
complementing exogenous neurotrophin or up-regulated neuro-
trophic gene expression can promote axonal regeneration.44,46

There is considerable evidence indicating that various neuro-
trophins such as NGF, BDNF, CNTF and GDNF, play an
important role in nerve regeneration both in vitro and in vivo.47

Cai et al. showed that the neurotrophins released from SCs may
enhance the regeneration of not only neural tissues, but also non-
neural tissues, such as ligament, bone and periodontal
membrane.48 Additionally, the up-regulation of SCs gene
expression was significantly higher when fibers were function-
alized with GRGDS compared to collagen type I and laminin
derived peptides compared to all the other scaffolds.

To further analyze cell differentiation, we also investigated
NGF secretion of cultured SCs. NGF has been widely explored
among neurotrophic factors and shown to play a prominent role
in experimental diabetic neuropathy.49 ELISA assay results
showed a significant increase in NGF released by SCs cultured
on YIGSR immobilized scaffolds on days 3 and 12 compared to
p20 and alkaline hydrolysed scaffolds (Figure 6, D). Neither did
GRGDS nor collagen containing scaffolds show any greater
NGF secretion of SCs compared to untreated scaffolds except
day 6 (Figure 6, C). This might be explained by an early state of
SCs differentiation triggered by the presence of the biomole-
cules, which results in upregulation of neural genes without a
correspondent increase in NGF secretion. As exogenous NGF is
rapidly disintegrated,50 we could also hypothesize that degrada-
tion of NGF during culturing times may reduce its secretion.
Further studies should aim at evaluating protein secretion after a
longer culturing period.

On the basis of the data obtained, we believe that the use of
peptide functionalized PHB/PHBV fibrous substrates enhances
the response of SCs in vitro. Designed scaffolds not only
enhanced SCs metabolic activity and proliferation but also
maintained neural gene expression, which in the case of laminin
derived peptides was also correlated to increased neurotrophic
factors secretion. Therefore, laminin derived functionalized
nanofibrous scaffolds can be pivotal in functional peripheral
nerve regeneration.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2014.04.008.
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