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Toward improved wound dressings: effects of
polydopamine-decorated poly(lactic-co-glycolic
acid) electrospinning incorporating basic fibroblast
growth factor and ponericin G1
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Artificial dressings composed of degradable polymer materials have a wide range of applications in skin
repair. The structure and properties, in particular, the antibacterial properties, of the material surface are
crucial for biological processes such as cell adhesion, proliferation, and skin regeneration. In this study,
we aimed to prepare poly(lactic-co-glycolic acid) (PLGA) nanofiber scaffolds modified by polydopamine
using electrospinning technology in order to produce polydopamine-modified degradable PLGA
nanocomposites. The polydopamine-PLGA scaffold was endowed with excellent protein adhesion ability
through the cross-linking of two biologically active factors, basic fibroblast growth factor (bFGF) and
ponericin G1, significantly improving skin repair ability. The electrospun nanofiber scaffold was shown to
have a structure similar to that of the natural cell matrix and created a more favorable microenvironment
for cell growth. Surface modification by polydopamine dramatically improved the hydrophilicity of the
nanofiber scaffold, increasing its ability to absorb active factors and its biocompatibility. The bFGF and
ponericin G1 loaded onto the scaffold surface (PDA-PLGA/bFGF/ponericin G1 nanofiber scaffold)
strongly promoted the antibacterial and cell proliferation-promoting properties and greatly enhanced the

adhesion and proliferation of cells on the scaffold surface. The nanofiber scaffold also promoted wound
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Accepted 1st October 2019 healing and tissue collagen production in a rat wound healing model. Together, these findings indicate
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that the polydopamine-PLGA/bFGF/ponericin G1 nanofiber scaffold exhibits good biocompatibility and
antibacterial properties, suggesting that it possesses potential value for skin tissue regeneration

rsc.li/rsc-advances applications.

Introduction

Skin is the largest organ in the human body and acts as an
important barrier preventing excessive loss of water to the
external environment." Although the skin has some self-repair
ability, anti-infective treatments are necessary to promote skin
repair when dealing with large or burn wounds.** With
advances in biomaterial science, a series of breakthroughs in
wound dressings have been made, opening up new possibilities
for improving the quality of wound repair and resolving the lack
of skin sources.” Ideal materials for producing tissue-
engineered skin must be confirmed to have good biocompati-
bility, mechanical strength, gas permeability, bacteriostatic
activity, and water retention.®'° They also essentially require the
ability to mimic the natural extracellular matrix to precisely
regulate cell function and to be well attached to the wound
surface, providing an ideal three-dimensional space for the
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growth and proliferation of seed cells and promoting self-repair
of the skin."

Electrospinning is a simple and effective method for the
preparation of an ideal scaffold with natural extracellular matrix
morphology.'” As an electrostatic spinning material, poly(lactic-
co-glycolic acid) (PLGA) has the advantages of good mechanical
properties, low immunogenicity, low toxicity, and an adjustable
degradation rate.”* However, some deficiencies limit its use in
skin tissue engineering, including its surface hydrophobicity,
acidic catabolites, and lack of cell binding sites."*'® An
increasing number of modification strategies have been
employed to improve the cell affinity of PLGA nanofiber scaf-
folds, such as physical adsorption or chemical conjugation of
extracellular matrix (ECM) adhesion proteins or plasma treat-
ment.”* Among them, polydopamine (PDA) is a simple,
convenient, and applicable molecule for biomaterial modifica-
tion. It can enhance cell adhesion and proliferation.**-**

The addition of bioactive factors can also significantly
improve the biological properties of scaffold materials.>
Generally, bioactive factors at extremely low doses can exert
considerable effects. Basic fibroblast growth factor (bFGF) is

This journal is © The Royal Society of Chemistry 2019
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a potent mitogen for the vasculature and can stimulate the
formation of blood capillaries during wound healing.***
However, the poor hydrophilicity and the lack of functional
groups on the polymers in the scaffold often result in
a decreased growth factor loading efficiency. PDA, a mussel
inspired molecule, is found in the adhesive proteins of mussels,
which can improve the hydrophilic nature of a coating material
and functionalize most material surfaces. Therefore, bFGF was
introduced into the PDA-modified scaffold. For bFGF fixation,
PDA coating is a simple and effective method eliminating the
need for cumbersome surface treatments, which avoids degra-
dation of bFGF due to its short half-life and damage by organic
solvents during traditional fixation.** It has been reported that
upon immobilization by PDA coating, growth factors maintain
good biological activity and sustained release capacity.”® In
addition, PDA coatings can significantly promote cell adhesion
and proliferation, while the concentrated metal ions of PDA can
significantly promote the formation of the extracellular
matrix.”® Therefore, PDA coatings may be an effective delivery
carrier for growth factors, not only reducing the dose of growth
factors but also endowing the scaffold material with long-term
tissue repair ability.

If a material possesses anti-infective activity while possess
the capability of promote tissue regeneration, scaffolds can
prevent and treat infection while promoting tissue repair, and
thus have widely application value. Ponericin G1 is a natural
antibacterial peptide originally extracted from ants. It has
broad-spectrum antibacterial activity against microorganisms,
including fungi and bacteria, and causes no damage to
eukaryotic cells.”

Based on these considerations, in this study, we aimed to
prepare PLGA nanofiber scaffolds by electrospinning, followed
by modification with PDA (PDA-PLGA). The PDA was used to
load bFGF and ponericin G1 to further enhance the tissue repair
and antibacterial abilities of the electrospun nanofiber scaffold
(Scheme 1). Then, the surface properties and hydrophilic
properties of the nanofiber scaffold were tested, and the effi-
ciency of the PDA coating in immobilizing bFGF and ponericin
G1 was measured. This study systematically explored the effects
of the PDA-PLGA/bFGF/ponericin G1 nanofiber scaffold on
microbial growth as well as the proliferation, adhesion, and
tissue repair-related gene expression of BALB/C 3T3 cells. We
also applied the developed scaffold in a rat model of full-
thickness epidermal injury to evaluate its potential impact on
wound healing.

Materials and methods

Reagents and instruments

PLGA (LA : GA = 75 : 25, molecular weight 130 000, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun, Jilin Province, China), hexafluoroisopropanol
(HFIP) (analytically pure, Sigma-Aldrich, St. Louis, MO, USA),
dopamine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA),
bFGF (UB Biotech, Buffalo, NY, USA), ponericin G1 peptide
(Top-peptide, Shanghai, China), Dulbecco’'s modified Eagle's
medium (DMEM) and fetal bovine serum (Life Technologies,
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Carlsbad, CA, USA), penicillin (Huabei Pharmaceutical Factory,
Shijiazhuang, China), streptomycin (North China Pharmaceu-
tical Factory, Shijiazhuang, China), trypsin (Solarbio, Beijing,
China), and methylthiazolyldiphenyl-tetrazolium bromide
(MTT) (Gibco, Gaithersburg, MD, USA) were acquired from
various sources. Phosphate-buffered saline (PBS) was prepared
in-house. Fluorescein isothiocyanate (FITC) and 4’,6-bis(2'-
imidazolinyl-4H,5H)-2-phenylindole (DIPI) were purchased
from Sigma-Aldrich.

Equipment included a field emission scanning electron
microscope (ES EM, XL30ESEM-FEG, FEL, Netherlands), fluo-
rescence inverted microscope (Eclipse TE2000-U, Nikon, Tokyo,
Japan), carbon dioxide incubator (Thermo Fisher Scientific,
Waltham, MA, USA), contact angle tester (Theta Lite, KSV
Instrument, Finland), and universal testing machine (Instron,
Norwood, MA, USA).

Preparation of PLGA nanofiber scaffold and surface
modification by PDA

First, PLGA was dissolved in 10 mL of HFIP solvent to make
a 20% PLGA solution, which was stirred at room temperature
(23-26 °C) for 30 minutes. Next, the spinning solution was
transferred to a syringe with a nozzle diameter of 0.45 mm and
a volume of 2 mL. A high-voltage device and a pusher were used
to implement the electrospinning procedure, with the voltage
anode connected to the syringe needle and the anode connected
to the collection net (voltage: 20 kv, injection speed: 1 mL h™,
distance between the needle and the receiving device: 20 cm).
Finally, the prepared scaffold was dried in vacuo for 1 day to
completely remove residual HFIP solvent.

For PDA-mediated surface modification of the PLGA nano-
fiber scaffold, dopamine hydrochloride was added to 10 mM
Tris-HCI solution (pH = 8.0) to prepare a 2 mg mL ™~ dopamine
solution. Dried PLGA nanofiber samples were completely
immersed in the dopamine solution and continuously shaken
at room temperature for 3 hours. After successful modification
by PDA, the scaffold sample was rinsed five times with deion-
ized water to completely remove free dopamine and then
lyophilized and dried in a vacuum oven until use.

Characterization of scaffold materials

The prepared PLGA and PDA-PLGA nanofiber scaffolds were
sprayed with gold, and the pores and internal morphology of
the scaffolds were observed by scanning electron microscopy.
The surface elemental composition of the scaffolds was
analyzed by energy dispersive X-ray spectroscopy (EDX). The
surface hydrophilicity of each scaffold was analyzed by a contact
angle tester. Static air-water contact angle measurements of the
scaffold materials were obtained using the sessile drop method
on a contact angle system (VCA 2000, AST). At least three
droplets were dropped onto the same membrane and their
contact angles were analyzed using software provided by the
manufacturer. The mechanical properties of the matrices were
tested by a universal mechanical testing machine (Instron 1121,
UK), using nanofiber scaffolds with a width of 10 mm and initial
length 30 mm. Each group has three parallel samples.
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Scheme 1 Schematic illustration of the preparation and in vivo wound repair process of the PDA-PLGA/bFGF/ponericin G1 nanofiber scaffold.

Loading of electrospun nanofiber scaffold with bFGF and
ponericin G1

The prepared PDA-PLGA and PLGA scaffold samples were
placed in 24-well plates. Subsequently, 1 mL of bFGF (200 ng
mL ") and ponericin G1 (250 pg mL ") was added to the culture
wells containing the PLGA or PDA-PLGA scaffolds, and the
scaffold samples were incubated on a shaker for 2 hours at
room temperature. To remove unbound cytokines, the scaffolds
loaded with bFGF and ponericin G1 were rinsed thrice with
distilled water, and all rinsing solutions were collected. To
determine the amount of bound bFGF, the bFGF contents of
different scaffold materials were measured using an enzyme-
linked immunosorbent assay (ELISA) kit and the following
formula:

Binding efficiency (%) = (W, — Wu/W,) x 100%

where W, and W), represent the bFGF content in the solution
before and after incubation of the scaffolds, respectively.

Antibacterial testing

Antibacterial testing was conducted using Staphylococcus aureus
and Escherichia coli to verify the antibacterial property of the
PDA-PLGA/ponericin G1 nanofiber scaffolds. Bacterial strains
were incubated in broth medium at 150 rpm and 37 °C for 16
hours. Then, 20 mL of the sterilized nutrient agar medium was
poured into a 90 mm culture dish; after the agar had solidified,
the above-mentioned bacterial suspension (0.2 mL) was evenly
applied to the surface of the medium. PLGA, PLGA/ponericin
G1, and PDA-PLGA/ponericin G1 nanofiber scaffolds of the
same area were placed on the plates covered with bacteria for 24
hours at 37 °C. The zones of inhibition were observed, photo-
graphed, and analyzed. In addition, to quantitatively analyze
the antibacterial efficiency of the scaffold materials, scaffolds
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were placed in 3 mL of medium containing S. aureus and E. coli
(4.0 x 10* mL™") and cultured for 16 hours. Then, 0.1 mL of
bacteria was sampled from each group and cultured on a new
96-well plate, and the optical density at 600 nm was measured
using a fully automated microplate reader.

Cell adhesion and proliferation assay

Cell proliferation on the PLGA, PDA-PLGA, PDA-PLGA/bFGF,
PDA-PLGA/ponericin G1, and PDA-PLGA/bFGF/ponericin G1
scaffolds was assessed. The scaffold materials were processed
into discs with a diameter of 1 mm, treated with alcohol, ster-
ilized by ultraviolet irradiation for 40 minutes, and placed in
a 24-well plate. BALB/C 3T3 cells were cultured in DMEM and
expanded before being seeded into the culture plates at
a density of 2 x 10" cells per well and incubated at 37 °C, 5%
CO,, and 95% humidity for 7 days. The culture medium was
changed every 2 days. Four parallel samples were assessed in
each group. The cell proliferation of each group was measured
by MTT assay at 1, 3, and 7 days of culture.

For cell adhesion assessment, the five types of scaffold
samples were placed in 24-well culture plates, and BALB/C 3T3
cells were seeded on the film at a density of 2 x 10" cells per
well. After 3 days of culture, the cells were rinsed with PBS thrice
and then treated with 4% paraformaldehyde. Cell morphology
was observed using FITC and DIPI under a fluorescence
microscope.

Real-time PCR detection of tissue repair-related gene
expression

BALB/C 3T3 cells were cultured on the surfaces of the five types
of scaffold materials as described above. After 7 days of culture,
total RNA was extracted using an RNA extraction kit and reverse-
transcribed into cDNA. Primers were designed based on Gen-
Bank sequences and are shown in Table 1.

This journal is © The Royal Society of Chemistry 2019
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Table 1 List of genes and primer nucleotide sequences

View Article Online

RSC Advances

Gene annotation Forward primer sequence

Reverse primer sequence

COI-1 CGCTGGCAAGAATGGCGATC ATGCCTCTGTCACCTTGTTCG
R:GGAACTTGCTTGACTATCGATCAC 24

VEGF CCTTGCCTTGCTGCTCTACC AGGTTTGATCCGCATGATCTG
R:GGTCAGTCAGTGCCTTTCCTC 21

GAPDH TGAACTAACACAGAGGAGGATCAG GCTTAGGGCATGAGCTTGAC

Three parallel samples from each scaffold were amplified by
real-time PCR under the following conditions: 95 °C for 3
minutes, 1 cycle; 95 °C for 10 seconds, 58 °C (annealing) for 30
seconds, 40 cycles; 65-95 °C melting curve analysis. The data
were analyzed using software (MxPro v4.10; Stratagene), and the
relative content of the sample was calculated by dividing the
target gene concentration by the concentration of the internal
reference gene (GAPDH).

Cellular immunofluorescence staining

Cells were seeded onto the scaffold material as described above
and cultured for 7 days. Cells were then fixed in 4% para-
formaldehyde for 2 minutes, which was repeated three times.
Each sample was then incubated in 10% bovine serum at room
temperature for 30 minutes. After incubation with anti-COI-1
primary antibody (Abcam, Cambridge, MA, USA), cells were
conjugated with secondary antibody. Finally, the samples were
stained with 4/,6-diamidino-2-phenylindole (DAPI) and
observed under a fluorescence microscope.

Animal experiment

Forty adult female Sprague-Dawley rats (10-12 weeks old,
weighing 200-250 g) were provided by the Animal Experimental
Center of Jilin University (license no. SCXK (Ji) 20110004) and
were randomly divided into five groups (n = 8 per group): (1)
PLGA, (2) PDA-PLGA, (3) PDA-PLGA/bFGF, (4) PDA-PLGA/
ponericin G1, and (5) PDA-PLGA/bFGF/ponericin G1. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of China-
Japan Union Hospital of Jilin University and approved by the
Animal Ethics Committee of China-Japan Union Hospital of
Jilin University. The experimental animals were managed by the
same breeder and housed in a standard animal room (22 °C).
Pellet feed was routinely provided to each group, and each
animal had access to food and water ad libitum. The various
nanofiber scaffolds were soaked in 75% alcohol for 24 hours
and disinfected with ultraviolet light. The rats were intraperi-
toneally anesthetized with 2% sodium pentobarbital, and the
back hair of each rat was then cut with scissors. A circular full-
thickness skin wound (diameter 10 mm) was made on each rat’s
back with ophthalmic scissors. The scaffolds were implanted
into the skin defects in each rat group and fixed with a band-aid.
Rats were housed in single cages, and wound dressings were
replaced every 2 days. Wounds were photographed using
a digital camera on days 0, 5, 8, 10, and 12 postoperatively and

This journal is © The Royal Society of Chemistry 2019

measured using image analysis software (ImageJ, National
Institutes of Health, Bethesda, MD, USA). The wound healing
rate was determined using the following formula:

Wound healing rate = [(4g — A4,)/Ap] x 100%

where 4, indicates the initial area of the wound (¢ = 0), and A,
indicates the wound area at the time of measurement.

Hematoxylin-eosin (H&E) staining

Rats were sacrificed at 7 and 12 days after scaffold implantation.
To maintain the original morphological structure of the tissues,
the wound tissues extracted from the rats were fixed with 4%
paraformaldehyde for 24 hours. The samples were cut into 5 um
sheets using a tissue cryostat (Leica CM1950, Wetzlar, Ger-
many). The epidermal tissue was then subjected to H&E stain-
ing and observed under an optical microscope.

Immunofluorescence staining

Wound tissues were embedded in OCT compound (Miles
Scientific product no. 4583), frozen, and cut into slices. After
rinsing in PBS thrice, the slices were permeabilized with 0.5%
Triton X-100 for 15 minutes, washed three times with PBS, and
blocked using normal goat serum for 30 minutes. The blocking
solution was removed, and anti-CD31 and anti-COL-I primary
antibodies (Abcam; 1 : 500) were added at 4 °C overnight. After
washing thrice with PBS for 5 minutes each, secondary antibody
(1 : 500) was added. The slices were cultured in the dark for 30
minutes, stained with DAPI for 5 minutes, rinsed thrice with
PBS for 5 minutes each, and mounted. Subcutaneous vascu-
larization and collagen formation were observed under a fluo-
rescence microscope.

Statistical analyses

The data were analyzed by one-way analysis of variance using
Origin 8.0 software (OriginLab, Los Angeles, CA, USA). Data are
expressed as the mean £ SD. Results with a value of P < 0.05
were considered statistically significant.

Results and discussion

Surface topography and surface element composition of
scaffolds

In this study, we prepared a PDA-modified nanofiber scaffold.
The surface topography of PLGA and PDA-PLGA nanofiber
scaffolds was observed by SEM. The PLGA electrospun scaffold

RSC Adv., 2019, 9, 33038-33051 | 33041
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exhibited a randomly interwoven porous network structure that
simulated the extracellular matrix. This kind of structure may
facilitate the exchange of nutrients and metabolites, enhance
cell-cell interactions, and promote cell adhesion and diffusion.
The nanofiber surface was smooth, with an average fiber
diameter of 1192.4 4+ 214.2 nm. Modification by PDA showed no
significant effect on the average diameter of nanofibers (1218 +
284.1 nm) but increased the surface roughness of PLGA nano-
fibers. Small amounts of particle agglomerates appeared on the
electrospun surface as a result of the agglomeration of dopa-
mine. As the dopamine reaction period was extended, the
number of dopamine particles gradually increased, and the
particle size also increased.”” The rough surface and particle
agglomerates may be caused by non-uniform surface coating.
The surface roughness of the scaffold may affect various prop-
erties of the scaffold material such as hydrophilicity and protein
adsorption capacity. For example, previous studies have found
that protein adsorption was controlled by the surface roughness
and wettability, and showing protein adsorption was greatly
enhanced on rough hydrophilic materials.”® In addition, the
roughness of the material surface also has a certain effect on
cell proliferation and adhesion. Gao et al. have demonstrated
that 10% HA could promote the cell adhesion on the micro-
carriers, due to its rough surface after HA doping.** Subse-
quently, EDX was used to analyze the surface elements of the
scaffold materials before and after modification. The main
surface elements of the PLGA scaffold were carbon and oxygen
(Fig. 1). The PDA-PLGA scaffold showed a nitrogen peak on the
EDX spectrum. These results indicate that the PLGA nanofiber
scaffold was successfully modified by PDA and covered with
a PDA coating.
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Surface hydrophilicity and mechanical properties of
electrospun nanofiber scaffolds

As water is the main component of organisms, the hydrophilic
property of a material directly determines its histocompati-
bility. Poor hydrophilicity may lead to difficulties in cell adhe-
sion and penetration into the scaffold.* The static contact angle
is commonly used to evaluate the hydrophilicity of materials.*
In this study, the hydrophilicity of PDA-modified PLGA nano-
fiber scaffolds was evaluated through the static contact angle
test. Compared with that of the PLGA scaffold (99.43 + 5.98°),
the contact angle of the PDA-PLGA scaffold (37.89 + 5.98°) was
significantly decreased (P < 0.05; Fig. 2B). Contact angle
generally indicates the wettability of measured substrates.** The
reduction in contact angle values clearly indicated an increase
in surface hydrophilicity.*® Thus, PDA modification greatly
improved the hydrophilicity of the PLGA scaffold, eliminating
one drawback of the PLGA material. This may be due to the fact
that the PDA coating contains various hydrophilic functional
groups, thus improving the hydrophilicity of the PLGA material
to some extent. Our results resembled those data reported in
other publications concerning mussel-inspired poly(dopamine)
surface modification.** The mechanical strength of a material
provides necessary support for the formation of new tissues.*
Therefore, good mechanical properties are essential for an ideal
tissue scaffold. The tensile strength of the pure PLGA scaffold
was 5.77 & 1.63 MPa, and this value was only slightly changed to
5.3 &+ 2.58 MPa after PDA modification (P > 0.05; Fig. 2A). This
result demonstrates that surface modification by PDA did not
have any negative effect on the mechanical strength of the PLGA
scaffold. Thus, the whole PDA surface modification procedure

c PLGA
o
Au
1 2 3 4 5 6
Energy (KeV)
¢ PD-PLGA
o
d\ Au
i 2 3 4 5 6
Energy (KeV)

Fig. 1 Scanning electron microscope images and energy dispersive X-ray detection of pure poly (lactic-co-glycolic acid) (PLGA) (a) and pol-
ydopamine (PDA)-PLGA (b) nanofiber scaffolds. Scale bars, 20 um (a-1 and b-1) and 5 pm (a-2 and b-2).
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Fig. 2 Tensile strength (A) and water contact angle (B) of nanofiber scaffolds fabricated from PLGA and PDA-PLGA. n = 3, *P < 0.05.

was mild, solvent-free, non-toxic, and time-saving, which would
not damage the porous structure of scaffolds.

Loading efficiency of bFGF on nanofiber scaffolds

A large number of biological phenomena that occur in the use
of biomaterials are related to the adsorption of proteins on the
biomaterial surface. Tissue engineering scaffolds for skin repair
first must adsorb proteins in contact with the blood and then
promote cell adhesion and migration.** When the biomaterial is
combined with growth factors via surface fixation, the protein
adsorption efficiency of the material is critical for determining
the loading efficiency of growth factors on the surface of the
material. We used ELISA to detect the loading efficiency of bFGF
on the scaffold surface (Fig. 3A). The loading efficiency of bFGF
was 38.4 + 13.65% for the pure PLGA scaffold at 2 hours, and
this efficiency was significantly increased to 76.45 + 6.43% after
modification by PDA. To observe the differences between scaf-
folds in bFGF adsorption, FITC-labeled bFGF adsorbed on the
different scaffold surfaces was observed under fluorescence
microscope (Fig. 3B). Only a small number of fluorescent bright
spots appeared on the surface of the PLGA nanofiber scaffold,
while after PDA modification, the amount of bFGF adsorbed on
the scaffold surface increased, as demonstrated by a significant
increase in fluorescence and a blocky protein appearance in
some areas. These results were consistent with the ELISA find-
ings. Together, they indicate that PDA modification of electro-
spun nanofiber scaffolds effectively improves the adsorption
efficiency of bFGF. This may be due to a Michael addition
chemical reaction between an imino functional group in the
dopamine and an amino group or a thiol group in the bFGF
protein.’” Therefore, PDA coating is an efficient and simple
method for immobilizing growth factors.

Antibacterial properties of nanofiber scaffolds

Anti-infection treatment is important for ensuring the healing
of an epidermal wound. Traditional anti-infection treatments
involving high doses of antibiotics delivered via systemic
administration can cause unnecessary side effects. In contrast,
a polymeric scaffold carrying active antibacterial molecules can

This journal is © The Royal Society of Chemistry 2019

reduce the use of antibiotics to a certain extent and control the
release of antibiotic drugs to the wound surface at a specific
stage and site. In this study, ponericin G1 absorbed on the PDA
coating improved the antibacterial properties of the PDA-PLGA
scaffold carrying bFGF, promoting tissue repair. We observed
the antibacterial effects of scaffolds carrying ponericin G1
against S. aureus and E. coli (Fig. 4). Pure PLGA and PDA-PLGA
nanofiber scaffolds had no bacteriostatic action, but the addi-
tion of ponericin G1 resulted in scaffolds that exhibit antibac-
terial activity. After 16 hours of culture on nutrient agar,
nanofiber scaffolds loaded with ponericin G1 significantly
inhibited E. coli and S. aureus growth, indicating that ponericin
G1 significantly improves the antibacterial activity of the scaf-
fold materials. Some studies have modified polymer scaffolds
with ponericin G1 and found that it can endow scaffolds with
good antibacterial activity.*® However, the PDA-PLGA/ponericin
G1 scaffold had a stronger antibacterial effect than the PLGA/
ponericin G1 scaffold, and the zone of inhibition was greater
for the PDA-PLGA/ponericin G1 scaffold than for the other
scaffolds. In addition, we analyzed the antibacterial activity of
the various scaffolds after 24 hours of bacterial culture and
found lower optical density values in the bacterial culture
medium co-cultured with the PDA-PLGA/ponericin G1 nano-
fiber scaffold compared to those of the other scaffolds. These
findings indicate that the PDA-PLGA/ponericin G1 nanofiber
scaffold exhibits a better antibacterial effect than the other
scaffolds. We speculate that the PDA-PLGA scaffold has a higher
immobilization efficiency of ponericin G1 than the pure PLGA
because of the high protein affinity of the PDA coating. We also
conclude that the ponericin G1 immobilized on the scaffold
surface can maintain its biological activity for a longer period of
time, ensuring that the three-dimensional scaffold has long-
lasting antibacterial activity.

Cell proliferation and adhesion

BALB/C 3T3 cells were implanted onto electrospun nanofiber
scaffolds to systematically study the effects of PDA-PLGA/bFGF/
ponericin G1 scaffolds on cell adhesion and proliferation.
Growth of the cells on the scaffold surfaces was detected using

RSC Adv., 2019, 9, 33038-33051 | 33043
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MTT assay and immunofluorescence staining at various
observational time points. The proliferation of BALB/C 3T3 cells
gradually increased over time, with significantly more cells in
the PDA-PLGA group than in the PLGA group at 3 and 7 days of
culture (P < 0.05, Fig. 5A). This may be due to the improved
hydrophilic properties of the modified material and the strong
adhesive ability of PDA. Several previous studies have shown
that PDA coating provides abundant amino and hydroxyl
groups, effectively enhancing cell adhesion, proliferation, and
growth.*”?® Loading of the PDA-PLGA scaffold with bFGF also
significantly increased the proliferation of BALB/C 3T3 cells (P <
0.05), indicating that bFGF on the surface of the scaffold has
a strong ability to promote cell proliferation. As a mitotic factor,
bFGF can effectively promote the growth of adult and embry-
onic tissues and inhibit apoptosis. Many studies have demon-
strated that it can enhance the growth and proliferation of cells
and promote tissue healing.*” In contrast, ponericin G1 had no
influence on cell proliferation on the scaffold, indicating that
ponericin G1 exerts an antibacterial effect but does not influ-
ence the viability of BALB/C 3T3 cells.

We also observed the growth of BALB/C 3T3 cells on the
different scaffolds and detected differences in cell growth
(Fig. 5B). The nuclear structures of BALB/C 3T3 cells were clearly
observed using fluorescence staining. Cells on the PDA-PLGA
scaffold grew rapidly, and the largest number of nuclei was
observed after the PDA-PLGA scaffold was loaded with bFGF.
After inoculation for 3 days, plenty of adherent cells were found
on the surface of each scaffold. In addition, the area of adherent
cytoskeleton increased significantly, and the cells showed
colony growth. The cells were interconnected more firmly and

33044 | RSC Adv., 2019, 9, 33038-33051

the cytoskeletal area of adherent cells was larger in the PDA-
PLGA group than in the PLGA group. Many previous studies
have shown that various cells were able to adhere to the PDA
modified surface of the various materials, grow and proliferate
well.**** The cytoskeletal structure of the PDA-PLGA/bFGF
group had a larger expanded area and an improved
morphology. Upon loading of ponericin G1, there was no
significant change in the number of nuclei or the cytoskeletal
area of adherent cells. These findings also validate the results of
the cell proliferation experiments. Together, the results of the
present study indicate that the PDA-PLGA/bFGF/ponericin G1
electrospun nanofiber scaffold promotes cell proliferation and
adhesion to a large extent while maintaining strong antibacte-
rial properties.

Expression of tissue repair-related genes and proteins

The process of skin tissue repair is often accompanied by the
up- or downregulation of certain genes, which can be used to
evaluate the extent of tissue healing during the tissue repair
period. For example, the mRNA expression levels of vascular
endothelial growth factor and type I collagen (COL-I) are closely
related to intercellular protein synthesis, angiogenesis, and
subcutaneous collagen deposition.*** In this study, BALB/C
3T3 cells were cultured with various nanospinning media for
7 days, and real-time PCR was then used to detect the mRNA
expression of vascular endothelial growth factor and COL-I. The
expression of these mRNAs was higher in the PDA-PLGA group
than in the PLGA group after 7 days of BALB/C 3T3 cell culture.
Specifically, the PDA coating significantly promoted the mRNA
expression of COL-I (P < 0.05, Fig. 6A). We speculate that surface

This journal is © The Royal S

ociety of Chemistry 2019
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Fig. 4 Antibacterial activity of nanofiber scaffolds. (A) Zones of inhibition of nanofiber scaffolds ((a) PLGA, (b) PDA-PLGA, (c) PLGA/ponericin G1,
(d) PDA-PLGA/ponericin G1) against E. coli (E) and S. aureus (S) after 16 hours of culture at 37 °C. (B) Relative antibacterial efficiency of nanofiber
scaffolds against E. coli and S. aureus. *P < 0.05, error bars represent standard deviation for n = 3.

modification by PDA enhances the interaction and signal
transmission between the scaffold material and cells and
increases the expression of tissue repair-related genes within
a certain period of time. The PDA-PLGA/bFGF electrospun
nanofiber scaffold further significantly increased the expression
of vascular endothelial growth factor and COL-I as compared
with the PDA-PLGA scaffold (P < 0.05, Fig. 6A). bFGF has been
confirmed to be a potent mitogen and chemotactic agent that
strongly promotes the synthesis and secretion of collagen fibers
and other cytoplasmic matrix components, as well as exerting
a vital effect on the proliferation and vascularization of granu-
lation tissue.® In this study, we have also found that bFGF-
loaded dopamine greatly enhances the expression of genes
involved in tissue repair. In contrast, the expression levels of
vascular endothelial growth factor and COL-I were not signifi-
cantly altered when the PDA-PLGA scaffold was loaded with

This journal is © The Royal Society of Chemistry 2019

ponericin G1, indicating that while ponericin G1 exhibits strong
antibacterial activity, it has no significant effect on epidermal
repair-related gene expression. Immunofluorescence staining
was used to detect BALB/C 3T3 cells cultured on different
scaffold surfaces. The protein fluorescence in the PDA-PLGA/
bFGF/ponericin G1 group was stronger than that of other
groups, indicating that COL-I expression was significantly
increased after bFGF was immobilized on the PDA-PLGA scaf-
fold (Fig. 6B). Furthermore, the fluorescence intensity of PDA-
PLGA/bFGF/ponericin G1 was 14.03 £ 0.73%, which was
significantly higher than those of PLGA, PDA-PLGA, PDA-PLGA/
bFGF and PDA-PLGA/ponericin G1 (3.70 + 0.61%, 9.10 & 1.18%,
9.93 + 1.32%, and 14.59 + 1.02%, respectively, Fig. 6C). Protein
fluorescence further increased after bFGF was immobilized on
the PDA-PLGA scaffold. These results indicate that the PDA-
PLGA/bFGF/ponericin G1 electrospun nanofiber scaffolds we

RSC Adv., 2019, 9, 33038-33051 | 33045
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Fig. 5 Growth-promoting effects of nanofiber scaffolds. (A) Proliferation of BALB/C 3T3 cells in different nanofiber scaffolds as determined by
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Scale bars, 200 pm.

developed can effectively promote the expression of tissue
repair-related genes and proteins.

Evaluation of rat epidermal injury repair

Based on the good biological properties of the PDA-PLGA/bFGF/
ponericin G1 scaffold, we further verified its safety and effec-
tiveness as a wound dressing in an animal experiment. Animal
models of full-thickness skin lesions are commonly used to
evaluate wound healing after treatment with different types of
dressings. Therefore, in this study, a circular skin wound of
1 cm in diameter was created on the back of each rat, and
wound repair was observed at 5, 8, 10, and 12 days after treat-
ment with the different scaffolds (Fig. 7). On the 5th day post-
operatively, there were no obvious hematoceles or effusion on
the wound surface and no local skin redness or swelling. The
rats showed no signs of obvious acute rejection and maintained
normal skin temperatures. These results indicate that the
electrospun nanofiber scaffolds had good tissue compatibility.
The PLGA group exhibited worse wound healing and a larger

33046 | RSC Adv., 2019, 9, 33038-33051

wound area than the other groups. In the PDA-PLGA group, the
wound healed well, and the wound area was significantly
reduced. The two groups of scaffolds loaded with bFGF showed
the fastest healing rate, with the average healed area exceeding
90% of the total area on the 12th day postoperatively. The
increase in the healing rate was mainly due to the local sus-
tained release of bFGF immobilized on the scaffold. As
mentioned above, bFGF effectively promotes the healing of
epidermal tissue owing to its ability to promote mesenchymal
cell migration, proliferation, and neovascularization. Further-
more, the addition of ponericin G1 to the scaffolds significantly
improved the wound healing rate, with the rate exceeding those
of the PLGA and PDA-PLGA groups. Epidermal wound infec-
tions can delay wound healing to a certain extent, and micro-
organisms attached to the wound can gradually invade
surrounding tissues, resulting in increased exudation, damage
to soft tissues, and formation of erythema with pain and
cellulitis; these eventually lead to delayed wound healing.** We
speculate that the antibacterial activity of ponericin G1 prevents

This journal is © The Royal Society of Chemistry 2019
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the occurrence of infection, thereby eliminating injury-related groups, with a clear boundary between the wound tissue and

factors and necrotic tissue and accelerating tissue healing. the surrounding tissue. These wounds were covered with
a small amount of new epidermal tissues, and some scars
Histological analysis of skin repair appeared on the wound surface (Fig. 8). Moreover, inflamma-

tory cell infiltration was more obvious in the PLGA and PDA-

Results of H&E staining showed that at 12 days postoperative, . .
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Fig. 6 Effect of nanofiber scaffolds on expression of tissue repair-related genes. (A) Real-time gPCR analysis of tissue repair-related genes VEGF
and COL-I after cells were cultured for 7 days on different nanofiber scaffolds. (B) Immunofluorescent images of COL-I on different nanofiber
scaffolds after 7 days. (C) Semi-quantitative analysis of immunofluorescence assay of COL-| on different nanofiber scaffolds after 7 days. (a)
PLGA, (b) PDA-PLGA, (c) PDA-PLGA/bFGF, (d) PDA-PLGA/ponericin G1, (e) PDA-PLGA/bFGF/ponericin G1. Scale bars, 200 um.
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PDA-PLGA scaffold loaded with bFGF and ponericin G1, wounds collagen is the main component in normal skin tissue, the
were basically healed, the stratified epithelium was well collagen content of epidermal tissue can reflect the degree of
repaired, there was a high density of new vessels formed in the skin healing to a certain extent. The results of the immunoflu-
wound site, and fewer inflammatory cells had infiltrated as orescent staining of COL-I verified the findings of the H&E
compared with results in the PLGA and PDA-PLGA groups. Since  staining (Fig. 8). In the PLGA group, the wound seemed to be in

A

a b c d e

Fig. 7 Effects of nanofiber scaffolds on wound healing in vivo. (A) Gross appearance of wounds on days 0, 5, 8, 10, and 12, and (B) percentage of
wound closure on day 12 for different scaffold groups. (a) PLGA, (b) PDA-PLGA, (c) PDA-PLGA/ponericin G1, (d) PDA-PLGA/bFGF, (e) PDA-PLGA/
bFGF/ponericin G1. n = 4, *P < 0.05. Scale bars, 1 cm.
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Fig. 8 Hematoxylin—eosin (H&E) staining and immunohistochemical staining of COL-1 on day 7 and of CD31 on day 12 after treatment with
nanofiber scaffolds. (a) PLGA, (b) PDA-PLGA, (c) PDA-PLGA/ponericin G1, (d) PDA-PLGA/bFGF, (e) PDA-PLGA/bFGF/ponericin G1. Scale bars, 500

um (H&E and COL-1) and 200 pm (CD31).

a proliferative phase, and therefore, the expression of COL-I was
weak. In fact, type III collagen (COL-III) is the main component
of granulation tissue during the proliferation of cells in wounds,
and as tissue repair progresses, it is gradually replaced by COL-
1.** Increasing deposition of COL-I was observed after treatment
with the PDA-PLGA/ponericin G1 scaffold, indicating that PDA
modification and ponericin G1 accelerated the epidermal repair
in rats to some extent. The highest level of COL-I deposition was
found in the PDA-PLGA/bFGF group, indicating that the PDA-
PLGA/bFGF electrospun nanofiber scaffold has the ability to
promote wound repair.

Neovascularization is a key step in the process of epidermal
repair.* In the early repair and proliferation of skin wounds, the
number of newly formed blood vessels in the injured site is
temporarily increased, providing oxygen and nutrients for new
granulation tissues and accelerating wound healing.*® There-
fore, in this study, after the various electrospun nanofiber
scaffolds were subcutaneously implanted into the backs of the
rats, the effects of the electrospun nanofiber scaffolds on
epidermal vascularization was assessed using the specific
protein marker CD31 (platelet-endothelial cell adhesion mole-
cule). CD31 immunofluorescence staining showed no obvious
angiogenesis in the wound site at 7 days after implantation of
the PLGA scaffold (Fig. 8). PDA modification and ponericin G1
improved angiogenesis slightly. Results of CD31 immunofluo-
rescence staining clearly demonstrated that immobilization of
bFGF on the scaffold promoted epidermal vascularization to the
greatest extent. The strong adhesive ability of PDA enabled the
bFGF immobilized on its surface to maintain its activity for an
extended period and to continuously stimulate receptors on the
cell surface. Therefore, more vessels formed on the surface of
the PDA-PLGA/bFGF/ponericin G1 scaffold than on the other

This journal is © The Royal Society of Chemistry 2019

scaffolds. These findings reveal that the PDA-PLGA/bFGF/
ponericin G1 nanofiber scaffold can be used as a wound
dressing with strong revascularization ability.

Electrospun scaffolds have recently drawn increasing attention
in the field of tissue engineering due to their adjustable micro-
nano structure and their ability to mimic natural extracellular
matrix. Nanofiber scaffolds made from biocompatible and biode-
gradable materials can be used as skin dressings. These nanofiber
scaffolds can selectively promote cell proliferation and tissue
regeneration in combination with different cell types and bioactive
factors, achieving the purpose of functionalized dressings.

Dopamine has strong adhesive abilities because of its catechol
functional group and the terminal amino functional group of
lysine.*”” Dopamine is capable of self-polymerization in an alkaline
solution, forming a highly viscous PDA layer on the surface of the
material.*® Many studies have shown that PDA coating can greatly
improve the hydrophilicity and biocompatibility of biomaterials.*
In this study, we prepared PLGA nanofiber scaffolds by electro-
spinning. The surface modification of the scaffold with PDA greatly
improved the hydrophilicity of the PLGA microcarrier and
promoted cell behaviors such as the adhesion and proliferation of
BALB/C 3T3 cells on the surface of the PLGA scaffold. Numerous
studies have found that growth factors and antibacterial drugs
significantly promote epidermal tissue repair and prevent infec-
tion.” However, a blend of growth factors and materials is often
used in the preparation of polymer materials, and the addition of
organic solvents during the preparation process can have impacts
on the activity of growth factors. Additionally, polymer materials
combined with growth factors via an adsorption approach are
hydrophobic and have no surface functional groups, thus leading
to a poor ability to bind to hydrophilic growth factors.* In this
study, the capacity of PLGA scaffolds to adsorb bFGF and

RSC Adv., 2019, 9, 33038-33051 | 33049
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ponericin G1 was greatly improved by PDA modification, and large
amounts of proteins could be immobilized on the surface of the
scaffold material, laying a foundation for the combination of
materials and growth factors. The PDA-PLGA/bFGF/ponericin G1
scaffolds exhibited significantly improved antibacterial ability and
biocompatibility and greatly promoted the proliferation and
adhesion of BALB/C 3T3 cells. Moreover, the expression of tissue
repair-related genes and proteins, namely vascular endothelial
growth factor and type I collagen, was significantly increased. In
addition, the PDA-PLGA/bFGF/ponericin G1 scaffold significantly
promoted epidermal injury repair in rats, indicating that this
scaffold can promote epidermal regeneration, subcutaneous
collagen deposition, and subcutaneous tissue neovascularization
to a considerable extent. Therefore, we speculate that PDA coatings
carrying bFGF and ponericin G1 exhibit strong potential for
applications in epidermal repair and artificial skin preparation. In
order to develop an ideal artificial skin dressing, further investi-
gations on the biological characteristics of PDA-PLGA/bFGF/
ponericin G1 nanofiber scaffolds are warranted in the future.

Conclusions

In summary, the PLGA nanofiber scaffold loaded with bFGF and
ponericin G1 prepared by polydopamine modification devel-
oped in this study has excellent mechanical properties, hydro-
philicity, and antibacterial activity. This scaffold material has
appropriate morphological and surface properties that can
meet the needs of skin tissue regeneration. In addition, the
loading of bFGF and ponericin G1 onto the scaffolds results in
good cell adhesion and proliferation properties and increases
the expression of epidermal repair-related genes. A series of in
vivo studies involving gross appearance, histology, and immu-
nofluorescence showed that the PDA-PLGA/bFGF/ponericin G1
nanofiber scaffold promotes wound healing, collagen deposi-
tion, and tissue vascularization to a considerable extent. Over-
all, our findings indicate that the PDA-PLGA/bFGF/ponericin G1
nanofiber scaffold can promote the healing of full-thickness
wounds and significantly reduce the time required to treat
wounds. Therefore, it has broad application potential in the
field of skin repair.
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