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PO i G Ra0) W [V A(H| The combination of two or more therapeutic agents
and their synergetic impacts can be therapeutically effective against multifactorial

diseases, such as diabetic foot ulcers. This study demonstrates the application of a
nanofiber-based drug delivery system with a controlled release of the growth factor.
Various studies have shown that vascular endothelial growth factor (VEGF)
stimulates angiogenesis via the VEGF signaling pathway and graphene oxide
(GO) has been reported to possess antibacterial property. Therefore, VEGF and GO
are hypothesized to have wound-healing effects when used synergistically.

In this study, VEGF was purified and verified by western
blotting. GO and polycaprolactone (PCL) were prepared by electrospinning and were
characterized by scanning electron microscope. Next, VEGF was immobilized by
EDC/NHS linker in PCL-GO. Staphylococcus aureus and Escherichia coli were used
to evaluate the antibacterial property of GO. Biodegradation and other release
properties of the nanofibers were assessed. Moreover, the nanofibers were studied for
cell viability and gene expression using human umbilical vein endothelial cells.

The re-analysis of the protein-protein interaction network from the GO
database confirmed the centrality of the nitric oxide synthase 3 (eNOS) showing its
effects on the expression of other proteins. In addition, the PCL-GO nanofiber loaded
with VEGF was studied for the expression of the eNOS gene in the VEGF signaling
pathway. It was observed that PCL-GO-VEGF led to an increased expression of the
eNOS gene in two weeks.

Based on the observed antibacterial property and angiogenesis
influence, PCL-GO-VEGF can be considered as a candidate to promote diabetic
wound healing.

Graphene oxide, Nanofiber, Nitric oxide synthase type III,
Polycaprolactone, VEGF-A
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Introduction

Diabetic injuries are among the chronic wounds
currently accounting for a high annual management
cost associated with hospitalization, nursing, and
subsequent infections (1). These wounds deprive the
surrounding tissues of oxygen and nutrients due to
ischemia and edema, which fails to restore functional
abilities of the skin around the wound site. Therefore,
prolonged inflammation and increase in proteases and
matrix metallopeptidases (MMPs) occur (2).
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Angiogenesis plays a major role in the proliferative
stage of wound healing confirmed by the processes of
vasodilatation, endothelial cell migration, cell
proliferation, blood vessel formation, and a capillary
network establishment (3). Vascular endothelial
growth factor (VEGF) is one of the potent angiogenic
growth factors (GFs) that stimulate multiple phases of
angiogenesis-mediated wound healing, such as
increasing endothelium permeability and new vessel
generation (4). There are different proteins in the
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signaling pattern of VEGF-A/VEGFR2 related to
angiogenesis in endothelial cells, some of which play
key roles in activating other proteins. Therefore, the
usage of bioinformatics databases and reanalysis of
genomic data can be beneficial for achieving important
hub genes that lead to a better understanding of the
mechanisms of such diseases, specifically diabetic
ulcer complications (5).

However, due to its short half-life (90 min), VEGF is
required in high doses to achieve a therapeutic effect
leading to side effects, including the progress of
malignant vascular tumors with a higher value of
leakage and clearance of GFs from the tissue site (6).
Furthermore, the increase of proteases and MMPs at
the site of the wound, in response to inflammation in
diabetic patients, contributes to the degradation of
extracellular matrix and GFs halting the healing
process (7). Improvement in drug delivery systems is
one of the significant therapeutic requirements for
diabetic wound healing. Several advancements have
been made in this regard, to mediate the release of
active therapeutic compounds. Nanocarriers and
biodegradable nanofibers are extensively studied in
this aspect, particularly for the controlled release of
VEGF, which prevents overdosage (4, 7).

Controlled delivery of paracrine factors, such as GFs
may significantly elevate tissue remodeling by
inducing or inhibiting cell proliferation, survival, and
migration. However, the release of GFs from
nanofibrous networks has some disadvantages,
including protein instability, which is encountered
during the hard formulation period and short half-life
after release in the tissue. GFs can be loaded into the
nanofibrous scaffolds using several strategies, namely
bulk encapsulation, surface adsorption, and covalent
attachment (8, 9).

Synthetic polymeric scaffolds are widely utilized for
delivering angiogenic GFs immobilized on their
surfaces (8, 10). Among aliphatic polyesters with
controlled hydrolytic degradation, polycaprolactone
(PCL) is an effective option with biocompatibility, low
immunogenicity, = mechanical  properties, and
supporting tissue engineering (11). The presence of
chemical groups on the surface of PCL, such as amine
or carboxylic acids, leads to covalent immobilization
of the proteins (12).

Silica nanoparticles have also been applied for the
biomolecule delivery system. For example, graphene
oxide (GO) has a high loading efficiency due to its two
accessible surfaces, high solubility in an aqueous
solution, and good biocompatibility (13). Moreover,
GO nanoparticles could diffuse easily in the polymer
matrix because of oxygenated groups on the surfaces
of these nanoparticles, resulting in stable dispersion in
organic solvents by electrostatic repulsion (14). Carbon
nanotubes have been found to provide effective wound
healing characteristics by targeting inflammatory and
proliferative phases. As reported previously, GO and
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the reduced GO nanotube exhibit antibacterial activity
(15, 16).

This study is aimed to immobilize VEGF in a PCL-
GO nanocomposite for studying the angiogenic effects
resulting from the expression of nitric oxide synthase 3
(eNOS) in human umbilical vein endothelial cells
(HUVEC:s) and evaluating the antibacterial property of
GO. Therefore, due to their synergistic effects and with
appropriate resealing from the PCL nanofiber, they can
be a suitable candidate to promote diabetic wound
healing.

Materials and Methods

Expression, Purification, and Confirmation of
Recombinant VEGF-A

The expression of VEGF-A in E. coli BL21 (DE3)
was achieved as previously described (17). However,
the sequence of native VEGF-A was inserted into pET-
32a. In summary, following sonication, the protein was
purified by nickel chelate chromatography.
Recombinant VEGF was then analyzed on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
Purification of VEGF-A was verified by western
blotting using His Tag HRP-conjugated antibody.

Preparation of PCL-GO Nanofibers

GO nanoparticles were synthesized from graphite
powder (Sigma-Aldrich) and the shape, size, and
exfoliation of the synthesized GO nanosheets were
characterized (18). PCL/granular (Mn 80000, Aldrich)
(10 wt%) was dissolved in a solution of chloroform:
methanol (1:4) for one day using a magnetic stirrer.
PCL/granular (10 wt%) and GO nanoparticles (1%)
were dissolved in the PCL solution for the
electrospinning process.

Afterwards, 10-mL plastic syringes (gauge 18) were
filled with these two solutions and the needle tip was
fed with polymer solution by a syringe pump at a flow
rate of 1 mL.h™'. A high-voltage power supply with a
positive voltage of 18 kV was used and the collector
was applied at 14 cm in front of the needle. Upon the
application of a high voltage (18 kV), a Taylor cone
was created from the polymer-nanoparticle solution.
Nanofibers were collected on round coverslips 14 mm
in diameter, dried overnight, and stored until use. The
morphology of PCL-GO fibers was observed under a
LEICA scanning electron microscope (SEM).

Preparation of Protein-loaded PCL-GO

Nanofibers

To immobilize and stabilize VEGF-A and
horseradish peroxidase, PCL-GO nanofibrous sheets
with varying amounts of surface COO- and OH were
pre-wetted and hydrated with NaOH (5 M). The
carboxylic groups of PCL-GO scaffolds were
submerged in an EDC/NHS mixture that contained
0.0131 gL' EDC and 0.0081 L™' NHS prior to 10 min
of conditioning with phosphate-buffered saline (PBS).
Following washing, the samples were transferred into
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the VEGF-A (70 pg/mL) solution and were incubated
for 1.5 h without shaking and 1.5 h with shaking at 4°C.
When the coupling reaction was over, the samples were
washed three times with PBS.

Degradation and Release

For degradation measurements, the scaffold
specimens were preweighed (Wi) and then incubated
in PBS (pH: 7.4) at 37°C and at different time points
for 21 days. Using the dried weight of the scaffold
sponges (Wd), the degradation percentage was
calculated by the following formula:

Degradation% = Wi— Wd /Wi x 100

In order to evaluate the kinetics of the in vitro release
of VEGF-A, the release was predicted using the
degradation rate and immobilization amount of the
horseradish peroxidase protein in PCL-GO nanofibers.
In addition, the specific extinction coefficient of
peroxidase (g) was used to determine the amount of
immobilization calculated by the following equation at
different concentrations:

A =¢Cd=(ed) C; in a graph of A vs. C

Where ed is the slope, A refers to Absorbance, C
represents the concentration of immobilized protein,
and d is the length of the light path in cm.

Characterization of Antibacterial Properties

Antibacterial properties of PCL and PCL-GO
scaffolds were investigated via the optical density
(OD) method. Bacteria strains, including S. aureus
25923 as gram-positive bacteria and E. coli 25922 as
gram-negative bacteria were purchased from Pasteur
Institute, Iran and were used for the following purpose.
The scaffolds were soaked in 70% ethanol overnight,
washed three times with PBS, and added into the wells.
Next, 5 mL of tryptic soy broth (TSB) culture medium
and 20 pL of suspended culture were added to each
tube. The tube was shaken in the incubator and OD was
measured at 610 nm utilizing a UV spectrophotometer
every 2 h for the total time of 12 h (19).

In vitro Cell Cytotoxicity and Cell Attachment

The HUVECs were obtained from the Pasteur
Institute, Iran. The cells were cultured in complete
Dulbecco's Modified Eagle Medium supplemented
with 10% fetal bovine serum and containing 1%
penicillin-streptomycin (Stock 100X). To achieve 80%
confluency, the cells were sub-cultured and incubated
in 98% humidified air with 5% CO,.

For the in vitro cell proliferation on nanofibrous
scaffolds, the samples of both scaffold groups,
including PCL and PCL-GO-VEGF (with a 3-mm
diameter), were soaked in 70% ethanol for 4 h. Next,
the scaffolds were seeded at 6000 cells per well in a 96-
well plate. PCL was used as the control sample and the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed after 72 h
following the manufacturer’s instructions. After 6 h of
incubation, the OD values were obtained at 570 nm.
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To study cell attachment on nanofibrous membranes,
the scaffolds were cultured with HUVECS for 48 h. For
this approach, PCL-GO samples were sterilized and
seeded with the corresponding cells at the density of
50000 cells per well in 24-well plates. To study
proliferation, culturing HUVECs separately on the
nanofibrous groups for 48 h was followed by
incubating the nuclei of cells in the dark for 2 h and
staining with 4',6-diamidino-2-phenylindole (DAPI).
Finally, images of the stained cells on the scaffold
samples were taken using a fluorescent microscope.

Bioinformatics analysis

The profile of GSE43950 mRNA expression was
obtained from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). The
quantile normalization and changes in gene expression
in the dataset were re-analyzed using geWorkbench
(version 2.6.0)
(http://wiki.c2b2.columbia.edu/workbench/index.php/
Home).

In the analysis, healthy controls (n=5) were
compared to long-standing diabetic subjects with a
microvascular disease (n=5) using Student’s t-test.
Genes with logFC + 0.5 were considered to be
differentially expressed to achieve the overlapped and
differentially expressed genes. The diabetic foot ulcer
genes from the Comparative Toxicogenomics
Database (CTD) (http://ctdbase.org/ ) and Coremine
(https://www.coremine.com/) were used to confirm the
GEO  database in the Venn  diagram
(http://bioinformatics.psb.ugent.be/webtools/Venn/).
The STRING database (https://string-db.org/) was
utilized for retrieving the interactions between nodes.
Network topology, correlation genes, and hub nodes in
the base of the parameter degree were analyzed by the
Gephi software tool (20).

Gene Expression Study

The RNA was extracted from HUVECs seeded on
PCL and PCL-GO-VEGF using the TRIzol solution
(Yekta Tajhiz Azma, Iran). To obtain high-quality
RNA, DNase treatment was performed by the DNase I
kit (Yekta Tajhiz Azma, Iran) and the RNA was
quantified applying a nano-spectrophotometer. RNA
transcription was completed by a mixture of oligo (dT)
primers and RNAs were kept at -20°C. Based on the
mRNA sequences, the primer designing tool of NCBI
was employed to find the specific primers.

SYBR green real-time quantitative polymerase chain
reaction (QPCR) was performed using the StepOnePlus
real-time PCR System (Applied Biosystems, BE) to
amplify the related cDNAs. The presence of non-
specific PCR products was determined by melting
curve analysis. The results were analyzed using the
StepOne Software version 2.3. The mRNA expression
of the eNOS gene was compared with the expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene as a reference gene according to the AACt method
of REST-2009© software.
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The sequences of eNOS and GAPDH primers were
as follow: GAPDH (Refseq: 2597) forward:
AGCCTCAAGATCATCAGCAATGC, GAPDH
(Refseq: 2597) reverse:
AGTGATGGCATGGACTGTGGTC, eNOS (Refseq:
4846) forward: AATCCTGTATGGCTCCGAGACC,
and eNOS (Refseq: 4846) reverse:
TCGAGGGACACCACGTCATACTC). The data
were analyzed using the paired or unpaired Student's t-
test or one-way analysis of variance (ANOVA). P-
values < 0.05 were considered significant for statistical
analysis.

Results

Morphology, Degradation, and Release of
Nanofibrous Scaffolds

Based on our optimized electrospinning parameters,
relatively uniform and bead-free nanofibers were
obtained for PCL-GO as shown in Figure la. The SEM
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images demonstrated that the electrospun nanofibers
had a porous structure with random arrangements. The
mean diameter of the PCL-GO nanofibers was 10 pm.

The cumulative and individual VEGF release
kinetics were predicted by the levels of degradation and
the amount of protein immobilization in PCL-GO
nanofibers. A biodegradability study of PCL-GO
during 21 days revealed scaffold degradation during
the first and second weeks, which diminished during
the third and fourth weeks (Figure 1b). Moreover, for
determining the amount of immobilized protein on the
nanofiber, A = ¢Cd was used. The concentration (C) of
immobilized protein was calculated at 53.65 ng/mL.
The base of the degradation rate and the attachment of
enzymes for estimating the cumulative and individual
release of VEGF from PCL-GO scaffolds are shown in

Figures Ic and 1d.
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Figure 1. (a) The SEM image of PCL samples containing GO; (b) The degradation rate of PCL-GO; (c, d) estimation of the

cumulative and individual release of VEGF (ng/mL cm™).
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Antibacterial Properties

The results of the OD measurements indicated that
PCL did not have antibacterial activity, compared to
the control (without nanofiber). The growth of S.
aureus and E. coli in PCL was higher than in PCL-GO.
Therefore, PCL-GO nanocomposites inhibit 45% (2 h),
35% (12 h), and 25% (2 h and12 h) of the growth of S.
aureus and E. coli, compared to the control (Figure 2).

In-vitro Cytotoxicity and Cell Attachment

The distribution pattern of HUVECs on the PCL-GO
nanofibers was examined by fluorescence microscopy.
The images of nanofibers were taken after 48 h of cell
incubation. The HUVECs seeded on PCL-GO
nanofibers showed proliferation, which was confirmed
by DAPI staining of the nucleus in blue (Figure 3a).
The cytotoxicity of PCL and PCL-GO-VEGF
nanofibers was analyzed using the MTT test.
Absorbance measurements were used to evaluate
cellular proliferation. The results of this test showed
that none of the nanofibers inhibited cell growth, in
comparison with the control group. On the other hand,
PCL-GO was found to have the highest proliferation
rate due to the presence of VEGF (Figure 3b).

S. aureus

1
I
20
0 I

2(h) 12(h)

[ [
oo =] [
(=] (=] [=1

Antibacterial activity (%)
5 8

m Contrl mPCL = PCL-GO

Protein-protein Interaction (PPI) Network

The bioinformatic data was re-analyzed and the
extracted CTD and Coremine diabetic foot ulcer genes
showed that 92 genes were differentially expressed.
The results of the Venn diagram demonstrated
overlapped differentially expressed genes in the
dataset, CTD, and Coremine (Figure 4a). The PPI
network of these 92 genes was constructed in the
STRING database.

Gephi parameters, such as the degree were applied to
assess the topology of the network. This network
indicated that eNOS (NOS3) is one of the important
hub proteins and VEGF-A is the highest degree hub
protein. To discover the pathways that are related to
these genes, the KEGG database did not have any
overlapping proteins in the VEGF signaling pathway

except eNOS (NOS3) (Figure 4b).

Expression of eNOS Gene

The effects of VEGF on the expression of the eNOS
gene in HUVECs and samples treated with PCL and
PCL-GO-VEGF were evaluated after 1-2 weeks using
g-PCR. As shown in Figure 5, PCL had a basic
expression. However, PCL-GO-VEGF led to an
upregulation in the expression of eNOS. Moreover,
further investigation after 2 weeks revealed an increase
in the expression of eNOS in samples treated with PCL-
GO-VEGF.
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Figure 2. Optical Density (OD) results of (a) S. aureus and (b) E. coli. with PCL and PCL-GO as compared with the

control (without nanofiber) after 2 and12 h.
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Figure 3. (a) HUVECs attached and spreading on PCL-GO (DAPI staining) (b) Cell viability of PCL and PCL-GO-VEGF
nanofiber.
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Figure 4. (a) The result of overlapped CTD and Coremine genes with GEO data in Venn diagram. (b) PPI network; in this
cluster, NOS3 or eNOS is one of the important hub proteins and VEGF-A is the highest degree hub protein.
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Figure 5. Statistical analysis of eNOS expression in PCL-
GO-VEGF (weeks 1 and 2) performed by Student’s t-test.

Discussion

Wound healing studies have shown that the inability
of diabetic wounds to heal is due to tissue degradation
mediated by metalloproteinase and low levels of GFs at
the site of the wound. These GF's play a major role in the
induction of wound healing (21). Several studies have
investigated improved delivery of GFs at the wound site
using tissue-engineered scaffolds. Therefore, a drug
delivery system that can locally stimulate the controlled
release of GFs is required. The present study was
designed to construct PCL-based nanofibers with GO
and immobilized VEGF to support its controlled release
to stimulate diabetic wound healing measured by the
expression of eNOS.

The GFs commonly need a surface with a hydrophilic
nature for covalent immobilization because most GFs
can be degraded due to using organic solvents and hence
strong covalent bonds are required for the stable and
continuous delivery of these factors into cells (22). The
enzyme attachment results showed that the attachment
of the proteins in the nanofibers was satisfactory and this
was confirmed by the bioactivity and stability of the
immobilized VEGF.

Degradation due to the absorption of water and
enzymatic hydrolysis of intra-polymeric linkages causes
VEGEF release from the scaffold in the target site (23).
In the current study, the in vitro and in vivo release of
VEGF from PCL-GO was predicted through estimating
protein amount in the scaffold using the bioactivity of
horseradish peroxidase protein. In addition, 8
pg/mg/day VEGF release is required to induce
angiogenesis in the tissue (24). Therefore, the VEGF
release required for the healing process can be estimated
utilizing the biodegradation rate and attached VEGF
amount.

Moreover, predictive individual release and
cumulative release demonstrated that the amount of
VEGF release was appropriate and less than 8
pg/mg/day. The GO nanostructure exhibited
antibacterial activity when gram-positive and gram-
negative bacteria were in direct contact with the
graphene nanosheets. However, nanocomposites
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containing GO have not shown significant cytotoxicity
in mammals (25).

In order to investigate the antibacterial properties of
GO, polyvinyl alcohol-containing chitosan was utilized
for a 3% electro-graphene revealing the antibacterial
characteristics of graphene against E. coli. (15). In the
present study, PCL containing 1% GO exhibited
antibacterial effects against S. aureus and E. coli
bacteria.

The eNOS in VEGF signaling pathways has a
remarkable role in endothelial cell proliferation and
angiogenesis. The reanalysis of the PPI network
confirmed eNOS centrality and showed its impacts on
the expression of other proteins. In addition, the PPI
network analysis demonstrated that VEGF-A can be
considered as the highest-degree hub protein. However,
the elevation in proteases and MMPs in the
inflammatory phase of diabetic foot ulcer led to the
degradation of GFs specifically VEGF-A. Therefore, to
recognize the effects and mechanisms of VEGF at the
molecular level, the expression of the eNOS gene was
evaluated using gPCR.

Investigation of the expression of gene samples
incubated with HUVEC: for 1 and 2 weeks showed that
PCL resulted in the basic expression of eNOS. However,
eNOS expression augmented in PCL-GO-VEGF and
this expression was three-fold higher after 2 weeks. The
present study corroborates the existing results that PCL-
GO-VEGF might be a suitable candidate for promoting
wound healing due to its antibacterial and angiogenic
influences.

Conclusion

The current investigation demonstrates the potency of
VEGF immobilized in PCL-GO nanofibers for
managing chronic wounds. The PCL polymer combined
with GO is appropriately porous and nontoxic for
growing cells. In addition, it has antibacterial effects
against biofilm bacteria in chronic wounds, such as S.
aureus and E. coli. Reanalysis of the PPI network using
genomic databases showed that VEGF and eNOS play a
central role in mediating diabetic vasculopathy.

The expression results revealed that VEGF release
from PCL-GO nanofibers could lead to eNOS
expression for two weeks. Therefore, we can conclude
that VEGF might promote the healing process indirectly
due to its ability to stimulate angiogenesis and the
proliferation of endothelial cells in diabetic ulcers.
Finally, because of the antibacterial property and
angiogenesis effects, PCL-GO-VEGF can be chosen as
a candidate to enhance diabetic wound healing. Further
randomized blinded studies can confirm the clinical
efficacy and biosafety of these scaffolds.
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