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Abstract

Cutaneous wound healing is complex, requiring a coordinated response by growth factors, drugs, and resident cells of
the skin. To simulate native extracellular matrix, electrospun nanofibers offer a favorable microenvironment for biologi-
cal processes, generating considerable interest in skin tissue regeneration. Furthermore, among the most essential growth
factors in wound healing, basic fibroblast growth factor (bFGF) promotes cell migration, proliferation, and differentiation,
thus enhancing wound healing. However, its application is limited by a short half-life and loss of bioactivity in normal
physiological conditions when used in its naked form and without stabilization. Hence, delivering the growth factor with
a controllable releasing speed constitutes a challenge. The aim of this study was to create a growth factor-releasing system
that allows for time-controlled release to facilitate skin regeneration. Electrospun collagen-graphene oxide (Col-GO) scaf-
folds loaded with bFGF were fabricated. The cumulative release rate of the Col-0.2% GO-bFGF group was 30.94 +7.77%,
which was superior to the other groups. Moreover, core—shell structured Col/GO and polylactic acid (PLA) nanofibers were
fabricated by coaxial electrospinning in the attempt of reducing the degradation rate of the scaffolds (Col-GO). The ability
of the materials to promoting wound healing in vitro and in vivo was investigated, and the improved skin tissue recovery
with the growth factor release system was demonstrated. Importantly, bFGF was sustained-released through the constructed
systems, leading to the best wound healing performance when the scaffolds contained the growth factor. The healing rates
of Col-GO and core—shell scaffolds loaded with bFGF were 96.39 +0.66% and 92.29 +0.42%, respectively.

Keywords Graphene oxide - Collagen - Sustained release - Basic fibroblast growth factor (bFGF) - Wound healing -
Co-axial electrospinning

1 Introduction

Skin injuries resulting from surgery, trauma, diabetes, or
other chronic wounds are among the most common ailments
in the clinic [1, 2]. Globally, they represent one of the most
challenging healthcare burdens, both economically and
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socially, considerably affecting the life quality of patients
[3-5]. In fact, the wound care market is predicted to continue
growing in the next years, due to the constant increase of the
elderly population and because of the detrimental impact of
modern lifestyles all around the world [4]. Hence, new solu-
tions are crucial to improve and more effectively promote
wound healing.

It is known that wound healing is a dynamic and com-
plex process involving inflammation, proliferation, and
remodeling [6]. However, the aim of traditional wound care
is merely to support healing by stopping bleeding and pre-
venting infection. In this prospect, temporary biomaterials
with proven biocompatibility are utilized only as physical
barriers, with little consideration of their effect on the bio-
logical aspect of the wound healing process. Hence, over the
past decades, research efforts have led to the development
of bioactive wound dressings with the ability to promote
and instruct healing at the molecular level, building from
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both natural and synthetic biomaterials such as collagen [7],
chitosan [8], silk proteins [9], cellulose [10], and polyure-
thane among others [11]. However, most of those fail to be
cost-effective and/or are not readily applicable in the clinic,
inciting for improved and readily available wound dressings.
Currently, the technology of electrospinning offers a sim-
ple, controllable, and scalable process for the fabrication of
fibrous scaffolds which constitute one of the best candidate
dressings, due to their fibrous nature mimicking the natural
extracellular matrix (ECM) of skin tissue [12]. Moreover,
by design, electrospinning can reproduce the topography
of skin tissue [13], which has shown substantial regulatory
effects on cellular behavior [14, 15]. Other important advan-
tages include the ability of electrospun materials to retain
moisture [16] and serve as a drug carrier [17] with releasing
properties. In addition, electrospinning technology is rapidly
evolving from a single fluid solution blending electrospin-
ning [18] to coaxial [19] and modified coaxial electrospin-
ning [20], which expands its ability to encapsulate active
ingredients [21]. Particularly, coaxial electrospinning has
broadly demonstrated to be useful for manipulating the drug
release profiles of fast [22], and multiple-phase release used
on the core—shell polymer-based nanohybrids and can act
as a strong platform for developing biphasic release dos-
age forms. Here are new interesting applications of this
nanostructure.

Besides the choice of the biomaterial, the use of bioac-
tive small molecules such as growth factors plays an impor-
tant role in enhancing wound healing. At the molecular
level, they interact with cells and guide their behavior. Sev-
eral growth factors have been identified to improve healing,
such as the basic fibroblast growth factor (bFGF), fibroblast
growth factor-2 (FGF2), vascular endothelial growth fac-
tor (VEGF), epidermal growth factor (EGF), and platelet-
derived growth factor (PDGF), which can enhance cell
migration, proliferation, differentiation, and angiogenesis.
In the present study, the primary promoter of cell prolifera-
tion bFGF was selected as a model growth factor to enhance
the wound healing effects of electrospun membranes.
Though the growth factor has been successfully applied for
bone repair as well as wound healing [23], in normal physi-
ological conditions, its bioactivity in free form similarly
to other growth factors is rapidly lost due to degradation,
requiring the use of adequate delivery systems like electro-
spun membranes in this study to optimize their bioactivity
and increase efficiency. Additionally to lengthening their
plasma half time, effective delivery of these factors just
like for chemical drugs reduces the side effects, controls the
bioavailability, and avoids unstable serum levels [24, 25].
Hence, the heparin-binding site of the bFGF was exploited
to carry bFGF on scaffolds; However, the distribution of the
growth factor was only limited to the surface of the scaffold,
which further prevented the continual release of bFGF and
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its long-term activity [26]. Direct loading of the growth fac-
tor within scaffolds is also a possibility and helps lengthen
the release time. In this context, electrospinning is currently
widely used. This technique allows for the fabrication of
scaffolds made of continuous fibers with diameters ranging
from 100 to 5 mm and a three-dimension (3D) framework
with high aspect ratio, high porosity, and very small pore
size, which make them effective for drug delivery [27, 28].
Herein, electrospun scaffolds were made from graphene
oxide (GO) and collagen (Col).

Graphene oxide, a derivative of carbon nanomaterial, has
ignited increasing interest in various fields from electron-
ics to biotechnology [29]. Its structure comprises carbon
atoms that are condensed into a 2D honeycomb lattice with
multiple oxygen groups including carboxyl, hydroxyl, and
epoxy groups, decorated on the basal planes and edges. This
special structure is responsible for the large specific surface
area, high Young’s modulus, good thermal conductivity
and numerous functionalization sites of the molecule [30],
good properties that give potential to GO in applications
such as drug/gene delivery, biosensing, cancer therapy, tis-
sue engineering, and other biomedical fields [31-33]. Due to
its numerous -COOH and -OH groups and unique lamellar
structure, GO can enhance the mechanical properties and
biological interactions when functionalizing collagen, by
providing more binding sites for bioactive growth factors
or specific drugs [34]. Hence, it was utilized in this study
for fabricating a nanofibrous scaffold for tissue engineering.

Collagen is the main ECM protein in skin and is of great
interest in regenerative medicine due to its remarkable bio-
compatibility, water holding capacity, and biodegradability
[35-37]. It can regulate cellular phenotype and cell-ECM
interactions as well as modify the physicochemical proper-
ties of a scaffold to improve wound healing rate and qual-
ity [38]. However, the mechanical properties of collagen
scaffolds are poor and the scaffolds are easily degraded at
room temperature [39], which affects their drug release per-
formance [40]. Thus, for improved stability, polylactic acid
(PLA) was added into the preparation. PLA is a condensa-
tion thermoplastic elastomer with demonstrated low cyto-
toxicity and good biodegradability [41]. Most importantly,
the raw material of PLA can be fabricated into different
sizes and shapes by various common fabrication techniques
such as electrospinning, plastic extrusion, casting, injection
molding, and spin coating, or even 3D printing [42, 43].
Hence, the material is quite an attractive platform for various
emerging applications in drug delivery, gene therapy, and
regenerative medicine [44].

Overall, the aim of the present study was to prepare Col-
GO-bFGF electrospun wound dressing biomaterials by com-
bining GO, bFGF, and common natural macromolecular Col.
In the attempt of slowing scaffold degradation, core—shell
Col-GO/PLA nanofibrous scaffolds were also fabricated
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using co-axial electrospinning. The physicochemical prop-
erties, drug release performance, and in vitro biocompatibil-
ity of the nanofiber scaffolds were thereafter systematically
evaluated, before verifying the skin regeneration effect of
the samples in rat full thickness skin wounds.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals used were pure and of analytical grade. Type I
collagen was purchased from Kele Biotech (China), graphene
oxide from Suzhou Tanfeng Tech (China), and basic fibroblast
growth factor (bFGF) from Pepro Tech (USA). Dulbecco’s
modified Eagle’s medium (DMEM) and minimal essential
medium (MEM) were purchased from Hyclone (USA), while
fetal bovine serum (FBS), penicillin—streptomycin (PS), and
other cell culture reagents were obtained from Gibco (USA).
Meanwhile, fluorescein diacetate/propidium iodide (FDA/PI)
and Cell Counting Kit-8 (CCK-8), as well as hematoxylin—
eosin and Masson’s trichrome kits, were procured from
Sigma-Aldrich.

2.2 Animals

Animals (Adult SD rats, male, aged 8—10 weeks; weight:
180-220 g) were purchased from the animal center of
Huazhong University of Science and Technology (HUST).
They were kept in individual cages (22 +2 °C, humidity of
60-70%) under light/darkness cycles of 12 h each and fed
a normal diet ad libitum. Experimentation protocols were
approved by the Animal Ethical Committee of HUST.

2.3 Fabrication of the Col-GO-bFGF nanofiber
scaffolds

For the Col-GO-bFGF scaffolds, Col (0.24 g) and GO (0,
0.12, 0.48, and 1.92 mg) were dissolved in hexafluoroiso-
propanol (HFIP) to prepare a 6% Col/HFIP solution that
was further made into Col-GO solution with 0.05%, 0.2%,
and 0.8% GO (weight percentages) respectively. The Col-
GO solutions were then electrospun at 25-27 kV using a
19G needle, with an extrusion speed of 1 mL/h; 17 cm dis-
tance separated the spinneret and the collector (aluminum
mesh). Col only solution served as control. Considering
the high volatility of liquid HFIP, there was no concern
that this solvent would remain in the electrospun matrix
following processing, eliminating the need for further puri-
fication steps [45]. Samples were then cooled at — 20 °C,
and freeze-dried in a vacuum lyophilizer, yielding the Col
and Col-GO nanofiber scaffolds. Thereafter, some samples
were placed in bFGF/PBS solution to load the 1 pg/mL

bFGF into the Col and Col-GO nanofiber scaffolds. This
was done in static conditions and at room temperature, for
24 h. Finally, the samples were cut into disks of 1 cm in
diameter, placed in 12-well plates, and sterilized by expos-
ing to ultraviolet light overnight to obtain collagen-only
membranes (Col), bFGF-loaded collagen membranes (Col-
bFGF), collagen-GO hybrid membranes (Col-GO), and
bFGF-loaded collagen-GO membranes (Col-GO-bFGF).

2.4 Fabrication of core—shell nanofibers by co-axial
electrospinning

To fabricate the core/shell nanofibers (Fig. 1) two needles
were used, an inner needle for the core fibers, and an outer
needle for the shell. Only the 0.2% GO was selected for Col-
GO composite preparation, based on the mechanical proper-
ties and drug release ability demonstrated by the monolayer
electrospinning scaffolds. First, the Col-0.2% GO solution
was delivered to the outer co-axial needle with a syringe
pump. Then, neat PLA solution (6% wt/v) was prepared by
dissolving in acetone/dimethylformamide (DMF) (80/20,
v/v) at 60 °C for at least 6 h, under constant stirring; this was
transferred to the inner needle with another syringe pump.
Flow rates in the capillaries were controlled by these two
separate pumps. The fluid flow rates of the core and shell
solutions were 0.5 and 1.0 mL/h, respectively. The specific
parameters defining the electrospinning system remained as
described above. All electrospinning processes were per-
formed at 25 °C and 60% humidity.

2.5 Morphological characterization

Freeze-dried membrane scaffolds were coated with gold
nanoparticles and evaluated by scanning electron micros-
copy (SEM, JSM-IT300, JEOL, Japan) at a high voltage of
20 kV to observe their microstructure. The core/shell struc-
ture of the nanofibers was then evidenced by transmission
electron microscopy (TEM, JEM-2100, JEOL, Japan). TEM
samples were prepared by placing copper grids between
the spinneret and the collector (aluminum mesh) and then
depositing a thin layer of co-axial electrospun nanofibers
onto the copper grids.

Attenuated total reflection-Fourier transform infra-
red spectroscopy (ATR-FTIR) and Raman spectroscopy
were performed in VERTEX 70 (Bruker, Germany),
using LabRAM HR800 (HORIBA JobinYvon, France)
for recording the surface characteristics of the scaffolds.
Lyophilized samples were utilized. FTIR measurements
were carried out at a resolution of 4 cm™! in the frequency
range of 4000-500 cm™! and the Raman spectrum was
recorded at a scanning range of 50—-4000 cm~! [46]. The
excitation source was a diode laser with a wavelength of
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Fig. 1 Schematic illustration of
the fabrication procedure of the
different scaffolds

Col assnsghes

532 nm adjusted to a power of 30 mW. All data were then
analyzed in OriginPro 2019 (OriginLab, America).

2.6 Mechanical testing of the scaffolds

An all-electric dynamic test instrument (ASTM D638,
Instron) was used to measure the mechanical properties
of the scaffolds. Tensile tests were performed according
to the specifications of the instrument, with a load cell and
extension speeds of 100 N and 5 mm/min, respectively.
The OriginPro Software above was used to calculate the
Young’s moduli and plot the stress—strain curves.

2.7 Water contact angle measurements

To examine the hydrophilicity of the fabricated nanofi-
brous scaffolds, the dynamic water contact angle was
measured by a contact angle analyzer (JGW-360B, China).
The samples of each experimental group were cut into
squares of 1 cm*1 cm and placed on the sample table to
adjust the brightness of the light source before measure-
ments. Then for each sample, 0.2 uL of pure water was
dripped onto the surface of the latter, ensued with the
analysis of the contact angle by the instrument’s software.
For each experimental group, three replicates were used.

@ Springer
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2.8 Degradation rate measurements

The samples of each experimental group were cut into
squares of 3 cm*3 cm, weighed and denoted as W0, and
placed into 2 mL PBS(pH=7.4) at 37 °C.

The membranes were removed at different time points
(0, 1, 3, and 7 days), washed with distilled water 3 times,
and then freeze-dried and weighed, denoted as Wi. For
each experimental group, three replicates were used. The
material weight loss is calculated by Eq. (1).

Material weight loss(%) = (W0 — Wi)/Wo x 100% (1)

2.9 Invitro cell experiments
2.9.1 NIH3T3 in vitro culture

NIH3T3 fibroblasts (ATCC, USA) were used to perform
the cytological experiments. Briefly, the cells were cul-
tured at 37 °C in DMEM containing 10% FBS and 1% PS,
under an atmosphere with 95% air and 5% CO,. Round
electrospun membranes (diameter =1 cm) were placed
in 48-well plates to be sterilized under ultraviolet light
(overnight). Then, cells at a concentration of 1 X 10* cells
per/well were inoculated into each well and incubated
with a complete medium. The medium was replaced every
3 days.
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2.9.2 Cytocompatibility testing of the scaffolds

The scaffolds were cut into a 1-cm-diameter disks and placed
into a 24-well plate to be sterilized under ultraviolet light
(overnight). NIH3T3 cells were subsequently implanted onto
different samples and cultured for 7 days to examine the cell
compatibility of the scaffolds [47]. A live/dead assay was
then performed, staining the cells with FDA/PI as directed
by the manufacturer. Visualization was carried out under a
confocal laser microscope (Leica Microsystems, Germany).

After 1, 4, and 7 days of culture, cell proliferation on
the sample scaffolds was assessed using the CCK-8 assay.
In brief, 100 pL of CCK-8 working solution was added to
each well after replenishing the culture media; cultures were
thereafter incubated at 37 °C for 1 h. Afterward, 100 puL
supernatant aliquots were transferred to a new 96-well plate
and their optical density (OD) values were determined using
a microplate reader (BioTek ELx800, USA) at 450 nm.

2.9.3 Evaluation of cell migration

Human immortalized keratinocytes (HaCaT) were obtained
from ProCell (CL-0090, Wuhan, China) and cultured in
MEM medium supplemented with 15% FBS and 1% PS.
HaCaT were seeded in 24-well plates at a density of 1 x 10*
cells/well and cultured until they reached a 90% confluence.
Next, cell migration under the influence of the scaffolds was
evaluated. The fluid in each well was removed and replaced
with a sample extract (scaffolds were immersed in 4 mL
complete medium and placed in a 37 °C incubator for 24 h.
In each test well, a scratch was made into the confluent cell
layer using a pipette tip; cell migration was then monitored
as the movement of the cells toward filling up the scratch,
using an optical microscope (Olympus CKX41, Japan)
which also served for capturing images at times 0, 8, 16,
and 24 h of the experiment.

2.10 In vitro bFGF release

Scaffolds were immersed in 2 mL PBS solution and kept at
37 °C. At pre-determined time points (1, 3, 5,7, 9, 11, 13,
15,17, 19,21, 23, 25, and 27 days), the supernatant was col-
lected, and 2 mL fresh PBS was added in return. Then the
collected bFGF supernatant was labeled, washed, chromog-
enic, and terminated by Elisa kit. Finally, the concentration
of released bFGF in the supernatant was then determined
spectrophotometrically using the method described in the
growth factor instructions for use (Pepro Tech). Addition-
ally, the loading capacity of the nanofiber scaffolds was
calculated based on the maximum concentration of eluted
bFGF in the collected PBS.

2.11 Invivo studies

All procedures were performed in accordance with the
guidelines of the Animal Ethical Committee of HUST.
Twelve adult SD rats were used. To minimize manipula-
tion errors, all operations were performed by the same
surgeon in a laminar clean bench under anesthesia (2%
isoflurane inhalation). Shortly, on the dorsal sides of the
animals, the hair was shaved, and the skin was disinfected,
followed by the creation of circular full-thickness skin
wounds of 1 cm in diameter. On each animal, four wounds
were made, each for one of the four test samples (Blank,
Col-GO/bFGF, PLA, and Co-axial/bFGF). Excisions were
made by means of a wound model producer fabricated
by molten 3D printing in the laboratory. Subsequently,
wounded areas were treated with different scaffolds (indi-
vidually), and gross images were recorded by cameras
at different time points (0, 3, 7, and 14 days). Prior to
scaffold implantation on the animals, sample steriliza-
tion was carried out according to the ISO 11137 standard
requirements.

Histological analysis was performed after 14 days of
treatment, following animal sacrifice by CO, asphyxiation.
The wound together with the surrounding skin were excised
and fixed in 10% formaldehyde. Tissues were then stained
with hematoxylin—eosin (HE staining) and Masson’s tri-
chrome according to standard procedures to examine the
epidermis, collagen deposition, and the formation of new
tissue. On the rats, tissue samples were sectioned along the
longest axis. Due to their irregular shape, three sections
of each specimen were prepared for further histological
analysis.

2,12 Statistical analyses

Statistical analysis was performed using GraphPad Soft-
ware (USA). Data are shown as mean =+ standard devia-
tion. Parametric Student’s ¢ test and analysis of variance
(ANOVA) with a post hoc test by Tukey’s method were
used to determine the significance levels. (¥), (¥¥), and
(***) refer to the P values of <0.05,<0.01, and <0.001,
respectively.

3 Results and discussion

3.1 Morphology of the Col-GO scaffolds

Figure 2 shows the SEM images of the scaffolds viewed at
lower and higher magnifications to enable the examination

of sample morphology and the measurement of fiber diam-
eters for different preparations. For the Col-GO scaffolds,
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Fig.2 Morphology of the Col-GO scaffolds. A FESEM images. B Distribution of nanofiber diameters within the Col-GO scaffolds

three (3) compositions were made, with different propor-
tions of GO, namely 0.05, 0.2, and 0.8%, w/v. For each sam-
ple, the fiber size distribution is also represented. Overall,
all electrospun samples appeared as randomly organized
networks of nanofibers, the majority of which presented
an average diameter between 150 and 550 nm. The meshed
nanofibers thus formed 3D structures with high porosities
and interconnected pores. Hence, at all tested GO con-
centrations, Col-GO scaffolds were successfully obtained
by electrospinning. The Col-0.2% GO group stood out by
its higher average fiber diameter which remained within
350 nm and 550 nm, propitious for cell attachment and
growth (Fig. 3).
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As shown in Fig. 4A, SEM was used to assess the morphol-
ogy of fabricated core—shell scaffolds and to measure the fiber
diameter of each sample. Morphologically, similar structures
as for the samples obtained by simple electrospinning were
obtained, with little disparities in fiber sizes. With the coaxial
electrospinning, the diameter of the fibers ranged from 250 to
550 nm, while the nanofiber diameter of the scaffolds made
of Col-GO and PLA alone was between 450 and 550 nm, and
the nanofiber diameter of all groups of scaffolds was favora-
ble for cell proliferation (Fig. 4A). The core—shell structure of
the samples was further confirmed by TEM (Fig. 4B) which
clearly indicated the bilayer structure of the samples produced
by co-axial electrospinning.
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3.2 Physicochemical and mechanical properties
of the Col-GO scaffolds

We then used the FTIR spectrum to confirm the chemical
structures of the scaffolds and these results are shown in
Fig. 3A. The results of Col and Col-GO membranes were
consistent with literature reports [48]. In the FTIR spec-
trum, the -NH2 stretching vibration was detected as the
peak at 3290 cm™!, while the Fermi resonance overtone of
the 1537 cm™! band corresponded to 3081 cm™. The peak
of C-H stretching was at 2933 cm™!. Further, other peaks
at 1641, 1537, and 1454 cm™! were assigned to the C=0
stretching, N-H bonding, and C-N stretching of amide
(-CONH2) linkages in collagen. The C-N stretching of
amine corresponded to the peak at 1233 cm~!. To iden-
tify the GO in Col-GO scaffolds, we measured the Raman
spectrum, a highly sensitive method for the detection of
conjugated and double carbon—carbon bonds.

13 5 7 9 1113 15 17 19 21 23 25 27
Days

Col-0.8%GO

Contact angle(°)

bFGF in the different groups. F Cumulative bFGF release profiles. G
Water contact angles. H Water contact angle statistics chart

Raman spectroscopy provided helpful information on
the structural characteristics of Col-GO nanofiber mem-
branes. The spectra (Fig. 3B) displayed two evident peaks
representing the G band (1590 cm™!) and the D band
(1309 cm™"), which derived from in-plane vibrations of
sp2 carbon atoms of the graphite lattice and the out-of-
plane breathing mode of the sp2 atoms, respectively. These
observations confirmed the layer separation of the GO
structure, thus inferring the presence of GO in the com-
posite samples.

The stress—strain curves of the different Col-GO
scaffolds are shown in Fig. 3C. From these curves, the
mechanical strength and Young’s modulus (Fig. 3D) for
each sample can be deduced using the highest point of the
ordinate and the line slope of the linear part of the curves,
respectively. The effect of GO on the mechanical prop-
erties of the composite samples varied with its concen-
tration, with the optimum concentration to yield higher
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core—shell fibers

tensile strength and Young’s modulus being 0.2%. At the
lowest tested GO content however (Col-0.05% GO scaf-
fold), the tensile strength and Young’s modulus decreased
relatively to the collagen-only sample, similarly to the
observations made with the 0.8% GO sample (Col-0.05%
GO). This suggests the existence of an equilibrium in the
interaction between Col and GO and may be corroborated
by the fiber size obtained with different preparations. In
fact, the highest fiber diameter (Col-0.2% GO scaffolds)
led to the top mechanical properties, while smaller fibers
produced weaker samples. Besides, beyond a certain limit
concentration, GO tends to aggregate, which also reduces
the elasticity of the composite sample.

The water contact angle results of the nanofiber films
are shown in Fig. 3G-H. Overall, all sample types dis-
played an average water contact angle less than 90°,
indicating their hydrophilic nature. In the scaffolds,
the obtained values were lower than that observed for
the pure Col sample (73.85 +5.434°) though not sig-
nificantly except for Col-0.2% GO, the hydrophilic
properties of scaffolds were effectively altered by the
addition of moderate concentrations of GO. Col-0.2%
GO exhibited the smallest water contact angle value
(60.48 +5.673°), suggesting its highest hydrophilicity
and emphasizing its greatest potential for supporting
cellular activities.
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3.3 Invitro drug release

The drug release profiles of bEGF from different samples are
presented in Fig. 3E, and their loading capacities in Fig. 3F.
There was no significant difference in the loading capacity
among scaffolds, probably because the presence of graphene
oxide had no direct effect on the loading capacity of the
drug. However, the Col-0.2% GO-bFGF group had the high-
est cumulative release of bFGF of 30.94 +7.77%. Because
the concentration of graphene oxide directly affects the drug
release, too high or too low a concentration of graphene
oxide is not conducive to the drug release. Regardless, there
was sustained drug release from day 1 to day 27 in all scaf-
fold types.

3.4 Physicochemical and mechanical properties
of the co-axial electrospun scaffolds

Based on the previous material characteristics and drug sus-
tained release results, we finally selected the single-layer
electrospinning Col-0.2% GO group with better results as the
shell layer of coaxial electrospinning, and we also selected
PLA as the core layer of coaxial electrospinning. The phys-
icochemical properties of coaxial scaffolds were compared
with PLA scaffolds and monolayer electrostatic spinning
scaffolds.
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The infrared spectra of the samples are shown in Fig. SA.
In the spectra, the C-H stretch peaks at 2941 cm™!, while the
peaks at 1641 cm™!, 1537 cm™, and 1454 cm™! are attrib-
uted to the C =0 stretch, N-H bond, and C-N stretch for
amide (-CONH2) linkages in collagen, respectively. In addi-
tion, the characteristic peaks of PLA at 1749 cm™ ' (C=0
stretching) and 1453 cm™! (-CH3 bending) were also evi-
dent. Hence, the core—shell composite scaffold associated
the peaks of both Col-GO and PLA, confirming the success-
ful co-axial electrospinning process.

The mechanical properties of the composite core—shell
samples are presented in Fig. 5B-D. The Young’s modu-
lus of the co-axial electrospun scaffolds was comparable to
that of the Col-GO materials fabricated by simple electro-
spinning as well as to the PLA control sample. However,
the strain at break was higher for the PLA scaffolds, and
decreased for the core—shell samples, while Col-GO pre-
sented the poorest strain. Hence, incorporating PLA in the
samples enhanced their elasticity.

The water contact angles of the samples are presented
in Fig. 5E, F. The Col-GO group exhibited the smallest
water contact angle (60.48 +5.673°), indicating the highest
hydrophilicity. Then the core—shell scaffold (82.18 + 12.48°)
showed moderate hydrophilicity. Finally, the PLA sample
(126.2 +£0.706°) showed the worst hydrophilicity. The deg-
radation results of this study (Fig. 5G) showed that all scaf-
folds began to degrade after 1 day. After 7 days, the Col-GO
scaffold was almost completely degraded, with a degrada-
tion rate of 99.33 +0.577%. The PLA group had almost no
degradation, with a degradation rate of 4.28 +3.188%, while

the core—shell scaffold had a moderate degradation rate of
52.52 +2.046%, indicating that the scaffold would not be
easily degraded. It is beneficial to the application of stents
in wound healing. Indeed, through its hydrophobicity, PLA
reduces the hydrophilicity of the composite bilayer samples,
which would improve their stability in the aqueous environ-
ment and minimize degradability.

3.5 In vitro biocompatibility of the scaffolds

Live-dead assay was performed on NIH3T3 cells to assess
the cytotoxicity of the produced samples; results are pre-
sented in Fig. 6A. After 7 days culture, no dead cells could
be detected on the different samples; the cell density was the
highest in the Col-GO/bFGF followed by core—shell scaf-
folds (loaded with bFGF), while the PLA samples generated
the lowest cell density. These suggested the improved cell
survival and proliferation rates on the first two (2) scaffolds
when considered with the latter. These results were consist-
ent with the CCK-8 test results at day 7 (Fig. 6B). In con-
clusion, the generated Col-GO/bFGF and core—shell/bFGF
scaffolds have good biocompatibility in vitro.

Results of the scratch test assay with HaCaT cells are
shown in Fig. 6C. The core—shell/bFGF and the Col-GO/
bFGF groups showed better cell migration-promoting abil-
ities, with the lowest scratch sizes at the end of the 24 h
experiment (Fig. 6D). Interestingly, the fastest keratino-
cytes migration rate of 43.59 + 1.35% was derived from the
core—shell/bFGF scaffolds.
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tured on the scaffolds for 7 days (scale bars: 100 um). B Results of

3.6 Effects of the scaffolds on in vivo wound healing

The healing of full thickness skin defects was assessed in
adult rats over 14 days using the herein developed scaf-
folds as dressings (Fig. 7). The Col-GO/bFGF (with 0.2%
GO), PLA, and core—shell/bFGF membranes were applied
and compared with wounds without any treatment used
as blank control at four (4) different time points (0, 3,
7, and 14 days). In the first 3 days, the col-Go /bFGF
and core—shell /bFGF groups showed better-wound heal-
ing rates, 34.90 + 8.38% and 35.73 +2.23%, respectively,
which shows that the scaffolds loaded with bFGF can
better promote wound healing in the early stage. Simi-
larly, on day 7, the Col-GO/bFGF and core—shell/bFGF
groups of scaffolds had better-wound healing rates of
47.95+1.49% and 42.22 +2.44%, respectively. On day 14
however, a very significant difference was observed when
comparing the aforementioned group with the others,
with the healing rate in the PLA-covered wound being the
lowest. Moreover, the Col-GO/bFGF membrane was well
pasted on the wound and then implanted subcutaneously.
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This treatment group showed complete wound healing
at day 14, with 96.39 +0.66% wound closure, while the
healing rates were at 92.29 +0.42%, 81.23 +2.55%, and
72.33+3.71% in the core—shell/bFGF, blank and PLA
groups, respectively.

Histological investigations were further carried out using
the HE and Masson’s trichrome stainings (Fig. 8). Unhealed
areas were distinguished from normal or fully healed areas
by subcutaneous tissue examination. The sections with
incomplete tissue healing show little coloration indica-
tive of absence for skin structures like hair follicles, seba-
ceous glands, and other skin attachments, and this extends
over relatively long tissue portions. The unhealed area
which reflects the state of the wound healing process was
also analyzed, using the images of the HE staining. In the
Col-GO/bFGF-treated samples, however, the length of the
wound that remained amounted to 999.731 + 183.796 pm,
which was comparable to that in the core—shell/bFGF
group (882.506 +84.657 pm) while those for other groups
were much higher (3737.522 +78.730 pm for the blank,
2589.454 +133.709 pm for PLA).
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The thickness of the new epidermis which reflects the
state of the wound healing process was also analyzed, using
the images of the Masson’s trichrome staining. It was of
155.593 +36.665 pm for the Col-GO/bFGF group, and
105.789+9.923 pm for the core—shell/bFGF group, but
thinner for the others (blank: 94.008 +9.816 pm; PLA:
57.649 +17.095 pm) confirming the retarded healing pro-
cess therein. The Masson staining further indicated the
irregular arrangement of the new collagen in these two last
groups (blank and PLA) with a high degree of inflamma-
tory cell infiltration, supporting the above conclusions. In
the other two groups however, the collagen bundles were
highly deposited, with uniform and regular arrangement.
This indicated that the Col-Go/bFGF and core—shell/bFGF
group have better wound healing effects than the blank and
PLA groups.

Skin defects caused by burn, trauma, tumor resection,
and various other conditions are still a major problem in
clinical practice; therefore, promoting wound healing with
high quality has always been a hot spot and difficulty in
clinical research. Compared with traditional autologous skin
transplantation, tissue-engineered skin has the advantages of
extensive sources and no donor site injury and is a promising
treatment for achieving high-quality wound healing [49].

Skin ECM is composed of collagen, fibronectin, laminin,
glycosaminoglycan, and proteoglycan as well as a variety

of adhesive proteins that form a network of fibers with a
diameter of 260-410 nm and a length of tens of microns [37,
38]. From the perspective of material bionics, nanofibers
produced by electrospinning technology can highly simulate
the 3D topological structure of such ECM [39]. Collagen
represents a natural ECM that can be applied to wound heal-
ing, but its physical and mechanical properties are poor, as
it is easy to tear and easy to degrade [40]. Therefore, apply-
ing collagen directly to the wound has some disadvantages,
such as poor therapeutic effect. As a new flexible material
with excellent performance, GO can be used as a scaffold to
cross-link with other biomaterials, which can improve the
mechanical and biological properties of the composite scaf-
fold. Therefore, the mixture with GO is expected to make up
for the above deficiencies of collagen. We prepared Col-GO
nanofiber film by electrospinning technology. This scaffold
is expected to have good drug release performance, good
mechanical properties and good biocompatibility, and pro-
vide a good structural microenvironment for wound healing.
To further meet the biological microenvironment of wound
healing, bFGF was integrated to the electrospun film. On the
other hand, the aim was to improve the efficiency of bFGF
application, while functionalizing the Col-GO film scaffold.
Thus, making up for mutual deficiencies of different com-
ponents of the new composite was the target, to effectively
promote wound healing.
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Based on the studies of Li and Zeng et al. [S0] and on our
previous research results [51], we selected 6% (w/v) Col and
GO with different concentrations to prepare the electrospun
samples. Morphological analysis was done by SEM. Com-
pared with Col, Col 0.05% GO, and Col 0.8% GO scaffolds,
the surface of the Col-0.2% GO group showed more porous
microstructure, with more uniform distribution of nanofib-
ers. Moreover, the fiber diameter in this composite was suit-
able for cell growth, indicating better suitability for wound
healing. Due to the wound healing application, the hydro-
philicity of the materials is an important parameter as this
reflects permeability and conductivity to cell proliferation

@ Springer

and migration, with high hydrophobicity limiting the con-
tact of the material with the wound and impairing nutrient
supply. The water contact angle measurements which por-
tray material hydrophilicity showed that the water contact
angle of the electrospun nanofibers was less than 90° in each
group. Thus, all groups displayed good hydrophilicity.

The mechanical properties test results show that the elas-
tic modulus of Col-0.2% GO scaffold is the highest. Adding
GO can significantly optimize the mechanical properties of
Col electrospun film, but the strengthening of mechanical
properties is not directly proportional to the concentration of
GO. Adding too high a concentration of collagen to GO may
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cause the material to become more brittle. Only by adding a
moderate concentration of GO can improve the mechanical
properties of the material. From our experiment, it is found
that 0.2% GO can effectively increase the mechanical prop-
erties of Col-GO electrospun film.

To further functionalize the Col-GO nanofiber elec-
trospun membrane, bFGF was loaded into the Col-GO
nanofiber electrospun scaffold. The sustained release results
showed that both Col-0.2% GO-bFGF and Col-bFGF elec-
trospun scaffolds had a consistent and stable sustained
release ability. In addition, the Col-0.2% GO-bFGF elec-
trospun scaffold released more growth factors than the Col-
bFGF electrospun scaffold. However, there was no signifi-
cant difference in the drug loading rate between the two
groups, a result that was attributed to the excellent drug-
carrying properties of the collagen in the scaffold.

To further enhance the mechanical properties of Col-GO/
bFGF electrospun nanofiber membranes, slow down their
degradation, and better utilize the slow-release efficacy of
bFGF, we used co-axial electrospinning to process the poly-
meric materials, with PLA as the core layer and Col-GO as
the shell layer; a core—shell structured nanofiber membrane
was generated. The membrane was shown to be moderately
hydrophilic and could better slow down the degradation of
the material in in vitro experiments. In cytological experi-
ments, the live/dead assay showed that the electrospun scaf-
folds of Col-GO/bFGF and core—shell/bFGF groups had bet-
ter biocompatibility, and the density of NIH3T3 cells grown
on these scaffolds was significantly higher than that in the
PLA group, showing good ability to promote cell prolif-
eration. Meanwhile, the CCKS8 assay also showed that the
numbers of cells in the Col-GO/bFGF and core—shell/bFGF
groups were more than that in the PLA group, showing their
best ability to promote cell proliferation, as in the live/dead
cell staining. The results of scratch experiments showed that
the healing areas for Col-GO/bFGF and core—shell/bFGF
groups were the best at 24 h. Overall, the constructed Col-
GO/bFGF and core—shell/bFGF nanofiber scaffolds have
good biocompatibility, good ability to promote cell prolif-
eration and migration, and have good drug release proper-
ties. Compared with Col-GO stents, core—shell stents have
moderate hydrophilic properties and material degradability,
which are more conducive to wound healing.

In the in vivo experiments, we observed that Col-GO/
bFGF and core—shell/bFGF electrospun scaffolds had a sig-
nificant promotion effect on the healing of skin defects in
rats.

In conclusion, the combination of 0.2% GO and collagen
better improved the mechanical properties of the electro-
spun scaffold, promoted cell proliferation and migration, and
enhanced the efficiency of drug release. The loading of bFGF
and its subsequent constant release promoted skin wound heal-
ing, which is a promising exogenous source of wound healing

for clinical application. It should be noted that although the
core—shell scaffolds loaded with growth factors we prepared
achieved the purpose of promoting wound healing, they did
not achieve perfect scar-free wound healing, so it is necessary
to develop tri-axial, nanofibers with 3D structure, etc. through
further research to better simulate the microenvironment of
wound healing and control the activation level of fibroblasts to
prevent fibrosis, collagen metabolism disorder, and scar forma-
tion, to achieve scar-free wound healing [52].

4 Conclusion

‘We have demonstrated that bFGF loaded into GO-functionalized
collagen nanofiber membranes promoted rapid repair of
a circular incision of 1 cm in diameter in the full thickness
of rat skin. This was due to its strong mechanical properties
and controlled release of bFGF. These properties promoted
cell proliferation and migration in vitro. The scaffolds also
enhanced wound repair in vivo indicating a promising appli-
cation in wound healing. Meanwhile, coaxial electrospun scaf-
folds containing PLLA material can slow down the degrada-
tion of the material and have moderate hydrophilic properties
compared with monolayer electrospun scaffolds, which have
wider application prospects than monolayer electrospun wire
scaffolds.
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