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Abstract: The development of skin wound dressings with excellent properties has always
been an important challenge in the field of biomedicine. In this study, biomimetic electrospun
fish collagen/bioactive glass (Col/BG) nanofibers were prepared. Their structure, tensile
strength, antibacterial activity and biological effects on human keratinocytes, human dermal
fibroblasts and human vascular endothelial cells were investigated. Furthermore, the Sprague
Dawley rat skin defect model was used to validate their effect on wound healing. The results
showed that compared with pure fish collagen nanofibers, the tensile strength of the Col/BG
nanofibers increased to 21.87+0.21 Mpa, with a certain degree of antibacterial activity against
Staphylococcus aureus. It was also found that the Col/BG nanofibers promoted the adhesion,
proliferation and migration of human keratinocytes. Col/BG nanofibers induced the secretion
oftype one collagen and vascular endothelial growth factor by human dermal fibroblasts, which
further stimulated the proliferation of human vascular endothelial cells. Animal experimenta-
tion indicated that the Col/BG nanofibers could accelerate rat skin wound healing. This study
developed a type of multifunctional and biomimetic fish Col/BG nanofibers, which had the
ability to induce skin regeneration with adequate tensile strength and antibacterial activity. The
Col/BG nanofibers are also easily available and inexpensive, providing the possibility for using
as a functional skin wound dressing.

Keywords: electrospun, collagen/bioactive glass nanofibers, antibacterial activity, skin regen-

eration, angiogenesis

Introduction

Skin wound dressings derived from natural sources have always been a research
hotspot in the field of regenerative medicine and traumatology. Among these naturally
derived dressings, mammal collagen is already recognized as a good choice in the
clinic because of its good wound healing effects. However, there might be some issues
regarding the possibility of transmitting animal diseases such as bovine spongiform
encephalopathy.! Recently, it was found that nanofibers made of tilapia skin type I
collagen showed good bioactivity with human keratinocytes (HaCaTs),? which pro-
vided the possibility of fabricating wound dressings from fish collagen. However,
both pure fish collagen and mammal collagen have deficiencies of low mechanical
strength and lack of antibacterial activity. Furthermore, the biological functions of
fish collagen on different types of skin cells and the ability to promote full-thickness
skin tissue regeneration are still unclear. These key problems are very important
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in evaluating the value of fish collagen biomaterials and
should be solved before clinically using fish collagen as
wound dressings.

In order to make up for the deficiencies of fish collagen,
which are low mechanical strength and lack of antibacterial
activity, some bioactive components can be added to make
the fish collagen more suitable for clinical use, such as
preventing infection from the exposed wound and also
effectively inducing skin regeneration. So far, there has
been a single study reporting that Lates calcarifer scale
collagen scaffolds impregnated with sago starch-capped
silver nanoparticles showed high tensile strength values to
be used as wound dressing materials and had antibacterial
activity against Staphylococcus aureus.* However, silver
nanoparticles may be associated with the risk of causing
toxic effects.*® Therefore, it is critical to find an effective
and safe additive ingredient to develop novel fish collagen
wound healing materials. It was reported that bioactive glass
(BG) could be incorporated into the polymer matrix, and
this was found to enhance the mechanical and biological
properties of the composites.®” In particular, BG has been
considered to have angiogenic potential.'” BG also has been
found to exert an antibacterial effect when challenged with
bacteria in some studies.!'"!3 Therefore, the development of
a skin wound dressing with fish collagen and BG seemed
to be extremely interesting. It was necessary to study the
amount of BG added to fish collagen and the appropriate
technology to make the composites achieve the anticipated
multifunctional effects, including a certain tensile strength,
antibacterial activity and the capability to effectively induce
skin regeneration.

It is known that with electrospinning technologys, it is easy
to incorporate compounds into one blended layer nanofibers
and produce an all-in-one wound dressing material with
special properties.'*!> The electrospinning nanofibers with
very fine diameter and high porous structure have attracted
increasing attention for their use in biomedical applications
such as medical dressings,'®! tissue engineering scaffold
and controlled drug delivery.'*

In this study, fish collagen was obtained from tilapia skin.
BG precursor solution was added in a proper mixture ratio
to fabricate biomimetic collagen/BG (Col/BG) composite
nanofibers by electrospinning. The tensile strength and the
antibacterial activity of the Col/BG nanofibers on S. aureus
(one of the main bacteria during skin infection) were studied.
To explore the possibility of the Col/BG nanofibers being
used on full-thickness skin defects, three key cells in the
wound healing process, including HaCaTs, human dermal
fibroblasts (HDFs) and endothelial cells, were chosen.

The viability of cells seeded on the Col/BG nanofibers was
analyzed. The relationship between HaCaTs migration and
the expression of transforming growth factor-B1 (TGF-B1)
and matrix metalloproteinase-9 (MMP-9) induced by Col/BG
nanofibers was studied. The ability of HDFs to secrete type
one collagen (COL-I) and vascular endothelial growth factor
(VEGF) was also investigated. Finally, Sprague Dawley
(SD) rat skin defect model was used to verify the effect of
the Col/BG nanofibers on inducing skin regeneration. The
study provided a scientific basis for the potential use of
these novel fish Col/BG nanofibers as a multifunctional skin
wound dressing.

Materials and methods

Preparation of tilapia collagen

Tilapia collagen was provided by Shanghai Fisheries
Research Institute; the preparation method was the same as
reported previously.? Briefly, tilapia skin was stirred in 0.1 M
NaOH solution for 1-2 days and then soaked in 0.5-1 M
acetic acid for 4-8 h. The supernatant was collected and
0.1%—-0.5% pepsin was added with stirring for 24-48 h.
The precipitate was collected and then it was dissolved
in 0.5-1 M acetic acid, dialyzed and lyophilized to obtain
collagen sponges.

Preparation of BG precursor solution
Briefly, 4.0 g P123 (triblock copolymer of polyethyl-
ene oxide—polypropylene oxide—polyethylene oxide,
EO,,PO,EO,), 6.7 g tetraethyl orthosilicate, 1.4 g
Ca(NO,),-4H,0, 0.73 g triethyl phosphate and 1.0 g 0.5 M
HCI were dissolved in 60 g ethanol (Si/Ca/P =80:15:5 mole
ratio) and stirred at room temperature for 1 day to form BG
precursor solution.

Fabrication of electrospun Col/BG
nanofibers

Hexafluoroisopropanol (purity >99.5%) was purchased
from Fluorochem Ltd (Hadfield, Derbyshire, UK). Tilapia
collagen was dissolved in hexafluoroisopropanol solution
to form 8% collagen solution, and then collagen and BG
composite solution was prepared by mixing the collagen
solution and the BG precursor solution at a volume ratio of
10:1. Then, the polymer solution was taken in a syringe and
the electrospun Col/BG nanofibers were developed under
high voltage (16—-18 kV). The flow rate during electrospin-
ning was 1.0 mL/h, and the acceptable distance between the
needle and the aluminum foil collector was 10—15 cm. The
nanofibers were crosslinked by glutaraldehyde vapor for 24 h
and then stored in a vacuum-drying oven.
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Characterization of the Col/BG

nanofibers

The morphology of the Col/BG nanofibers was observed
by scanning electron microscopy (SEM; JSM-5600; JEOL,
Tokyo, Japan). Image analysis software (ImageJ, National
Institutes of Health) was used to determine the mean fiber
diameter by selecting 100 fibers randomly. The weight loss
temperature was determined using a thermogravimetric
analyzer (209F1; Netzsch, Selb, Germany). The contact
angle was measured by a contact angle measuring instrument
(OCAA40; Dataphysics, Filderstadt, Germany). The elemen-
tary composition was measured with an energy dispersive
spectrometer (IE 300X; Oxfordshire, UK). The chemical
structure and the phase composition were determined with
Fourier transform infrared spectroscopy (Avatar 380, Nicolet,
Waltham, MA, USA) and X-ray diffraction (D/Max-2550
PC; Rigaku, Tokyo, Japan), respectively. The tensile strength
was analyzed with a universal materials testing machine
(Hounsfield, HSK-S UTM, Redhill, UK).

Antibacterial activity assay

S. aureus (ATCC 25923) was seeded on the Col/BG nano-
fibers and incubated in sterilized brain heart infusion (broth
BHI) at 1x10¢ colony-forming units/mL for 24 h. S. aureus
seeded on fish collagen nanofibers was used for comparison,
and S. aureus seeded on cover slips was used as the con-
trol group. The morphologies of S. aureus were observed
by SEM. Furthermore, the absorbance values of the bacterium
suspension were tested using a spectrophotometer (UV-160;
Shimadzu, Kyoto, Japan) with a wavelength of 600 nm. Then,
the bacterium suspension was diluted at a ratio of 1:10 and
placed on the agar plate. Colony-forming units were counted
after culturing for 24 h at 37°C.

lonic concentrations analysis

The leaching solutions were prepared by placing the Col/BG
nanofibers in BHI at a ratio of 6 cm*mL and incubating at
37°C for 24 h. The concentrations of calcium (Ca), phosphorus
(P) and silicon (Si) released by the Col/BG nanofibers were
determined using an inductively coupled plasma emission
spectrometer (VISTA-PRO; Agilent Technologies, Santa
Clara, CA, USA) to illustrate the relationship between the
released ionic concentration and the antibacterial activity of
the Col/BG nanofibers. The concentrations of Ca, P and Si
in pure BHI were used as a control.

Viability assays of HaCaTs
HaCaTs (purchased from Animal Institute, Kunming,
People’s Republic of China) were seeded on the Col/BG

nanofibers at a density of 2.5x10* cells/well in 24-well
plates in 500 uL of Dulbecco’s Modified Eagle’s Medium
(DMEM) high-glucose medium supplemented with 10%
fetal bovine serum (Hyclone), 100 U/mL penicillin and
100 mg/mL streptomycin (Hyclone). The cells seeded on
the cover slips were used as a control. After the cells were
cultured on the Col/BG nanofibers for 24 h, they were fixed
with 4% paraformaldehyde for 30 min at 4°C. Then, the cells
were washed with phosphate-buffered saline (PBS) three
times and the cell morphology was observed by SEM. The
cell nuclei were stained with 10 pg/mL 4,6-diamidino-2-
phenylindole (Sigma, St Louis, Mo, USA) for 5 min and
observed by fluorescence microscopy (Leica Microsystems,
Wetzlar, Germany). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was also
performed, wherein 5 mg/mL MTT (Sigma-Aldrich Co.,
St Louis, MO, USA) was added, with continuous incuba-
tion for 4 h. Then, dimethyl sulfoxide was added to dissolve
the crystals. The optical density values at 570 and 630 nm
were measured using a spectrophotometer (Wellscan MK3;
Labsystems, Dragon, Finland). Cell viability was evaluated
by MTT according to the optical density values.

Real-time polymerase chain reaction
HaCaTs were seeded on the Col/BG nanofibers in six-well
plates at a density of 3x10° cells/well. The cells seeded on
the cover slips were used as a control. After 3 days, total
RNA was isolated by an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s guidelines and
then reverse-transcribed into cDNA using a PrimeScript
first strand cDNA synthesis kit (TaKaRa, Kusatsu, Japan).
Real-time polymerase chain reaction kit (SYBR Premix EX
Taq; TaKaRa) was used to test the gene expression level
by a Bio-Rad sequence detection system (MyiQ2; Bio-Rad
Laboratories Inc., Hercules, CA, USA). The expression levels
of HaCaT migration-associated genes, such as TGF-f1 and
MMP-9, were detected. Glyceraldehyde 3-phosphate dehy-
drogenase was used as normalization. The primers used in
the study are listed in Table 1.

Table | RT-PCR primer sets

Gene/oligo name Oligo sequence

TGF-f31 forward ATTCCTGGCGATACCTCAG
TGF-BI reverse TAAGGCGAAAGCCCTCAAT
MMP-9 forward GCCTGCAACGTGAACATCT
MMP-9 reverse TCAAAGACCGAGTCCAGCTT
GAPDH forward TGAACGGGAAGCTCACTGG
GAPDH reverse TCCACCACCCTGTTGCTGTA

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP-9,
matrix metalloproteinase-9; RT-PCR, real-time polymerase chain reaction; TGF-f,
transforming growth factor-f31.
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Biological effects of HDFs induced by the
Col/BG nanofibers

HDFs (purchased from Kunming Animal Institute) were
seeded on the Col/BG nanofibers in 24-well plates at a density
of 2x10* cells/well in 500 uL of DMEM supplemented with
10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL
streptomycin. After culturing for 24 h, the cell morphology
was observed by SEM and fluorescence microscopy. MTT
assay was then performed to evaluate the cell viability.
Enzyme-linked immunosorbent assay kits (Cusabio; Huamei
Biotech, Wuhan, People’s Republic of China) were used to
detect the secretion of COL-I and VEGF by HDFs cultured
on the Col/BG nanofibers for 24 h. The cells seeded on the
cover slips were used as a control.

Biological effects of human umbilical
vein endothelial cells (HUVECs) induced
by the Col/BG nanofibers

Ethical approval was given by the independent ethics
committee of Shanghai Ninth People’s Hospital affiliated
to Shanghai Jiao Tong University, School of Medicine.
Informed consent was given by all patients involved. Briefly,
human umbilical vein was rinsed with PBS solution contain-
ing 100 U/mL penicillin and 100 mg/mL streptomycin three
times. The umbilical vein was digested with 0.1% collagenase
I (Sigma) for 15 min at 37°C. After that, the cell suspension
was collected, centrifuged and then cultured in extracellular
matrix (ECM) solution. The cells from three to six genera-
tions were used in the experiment. HUVECs were seeded on
the Col/BG nanofibers at a density of 2x10* cells/well for
24 h, and then the cell morphology was observed by SEM
and fluorescence microscopy. MTT method was used to
evaluate the cell viability. In addition to this, after the HDFs
were cultured on the Col/BG nanofibers for 24 h, the con-
ditioned medium from HDFs grown on Col/BG nanofibers
was collected, HUVECs were further cultured in this con-
ditioned medium and MTT method was used for evaluating
the cell viability. The HUVECs cultured by the conditioned
media from HDFs not grown on Col/BG nanofibers and the
HUVECs seeded on the cover slips were used as controls.

Skin wound healing experiment in
SD rats

The experimental protocol was approved by the Medical
Animal Care and Welfare Committee of the Ninth People’s
Hospital affiliated to the School of Medicine, Shanghai Jiao
Tong University. All experiments were conducted in accor-
dance with the Division of Laboratory Animal Medicine

guidelines. Twenty-four healthy 6-8-week-old adult male
SD rats (n=6 represents the sample number of each group at
every time point) with a body weight of 200-250 g (each)
were injected with 3% sodium pentobarbital (Sigma-Aldrich
Co.) at a dose of 30 mg/kg. Three full-thickness skin defects
with a diameter of 1.8 cm were incised on the dorsum of
each rat. These wounds were covered with the Col/BG
nanofibers or Kaltostat (ConvaTec, Deeside, UK), which was
commonly used as a wound dressing in clinic settings. The
control group was not covered with any materials. Adhesive
Tegaderm (3M) polyurethane films were used to attach the
dressings to the wounds. At every time point of 4, 7, 10 and
14 days after surgery, the morphologies of the wounds were
examined. Subsequently, the animals were sacrificed to col-
lect the skin tissues.

Histologic examination

The harvested samples were collected and fixed in 10%
formaldehyde for 1 week, paraffin-embedded and sectioned.
The sections on days 7 and 14 were stained by hematoxylin—
eosin and Masson’s trichrome stain and then dehydrated,
washed, mounted and observed under a microscope. Immu-
nohistochemical staining with CD31 antibodies (Abcam,
Cambridge, UK) was performed to evaluate the angiogenesis
ability of Col/BG nanofibers on days 4 and 7.

Data analysis

All experiments were performed in triplicate and data are
expressed as mean + standard deviation. Statistically sig-
nificant differences (P<<0.05) among different groups were
evaluated by Student’s #-test and one-way analysis of variance
with Tukey’s post hoc multiple comparison test. All the sta-
tistical analyses were performed using SPSS 11.0 software.

Results and discussion

Fish discards which are returned to the sea involve an
underutilization of marine resources and represent a serious
obstacle to the sustainability of fisheries.!** It is possible to
use fish discards to isolate collagen, which is further used
in various biomedical fields, such as in wound dressing.”!
However, effective wound dressings should have suitable
tensile strength, a certain degree of antibacterial activity, as
well as the ability to promote skin regeneration early. There-
fore, in this study, fish collagen and BG were used to fabricate
multifunctional and inexpensive electrospun fish Col/BG
composite nanofibers. The tensile strength and antibacte-
rial activity of the Col/BG nanofibers and their effects on
HaCaTs, HDFs and HUVECs were determined. The healing
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effects of the Col/BG nanofibers on rat full-thickness skin
defect model were investigated to explore their feasibility to
be used as a new generation of wound dressing.

Characterization of the Col/BG

nanofibers

As an additive ingredient, the BG should be mixed well with
fish collagen solution to obtain a uniform solution without
precipitation for the development of electrospun composite
nanofibers. After several preliminary experiments, the proper
ratio of fish collagen and BG was chose to fabricate biomi-
metic electrospun fish Col/BG nanofibers with a diameter
of 494£153 nm (Figure 1A). The composite nanofibers
had good thermal stability and hydrophilicity (Figure 1B
and C), and the contact angle was 32.68°+2.54° (Figure 1C).
Energy dispersive spectrometry results showed that the Col/
BG nanofibers contained silicon on the surface (Figure 1D).
Furthermore, characterization of the chemical structure
showed that the Fourier transform infrared spectroscopy
and the X-ray diffraction spectra of the Col/BG nanofibers
were not significantly changed after crosslinking (Figure 1E
and F). The absorption peaks of Si-OH (975 cm™) and Si-O
(1,083.9 cm™) could be seen clearly (Figure 1E). Also, it
was found that the addition of a small amount of BG could
significantly increase the tensile strength (21.871£0.21 MPain
dry condition or 4.39+0.23 MPa in wet condition) of the Col/
BG composite nanofibers (Figure 1G and H). The reason was
that the Col/BG nanofibers may combine the complementary
mechanical properties of collagen fibers and BG. Long et al
also reported that the tensile strength of collagen/bioglass
scaffold was better than that of collagen fiber scaffold.?> Also,
BG precursor solution could be distributed evenly in the
collagen matrix and the composite nanofibers had a uniform
shape, which was conducive to their mechanical property.

Antibacterial activity of the Col/BG

nanofibers

As the skin wound is usually not sterile, it may be beneficial
for the fish Col/BG nanofibers to have a certain antibacterial
activity or preventive effect, besides the ability to increase
tensile strength. It was found that the Col/BG nanofibers
could inhibit adhesion (Figure 2A and B) and proliferation
(Figure 2C, P<<0.05) of S. aureus, while the pure fish collagen
nanofibers (Col) did not have this effect. This antibacterial
effect may be related to the addition of BG, which may exert
this effect by its chemical composition and the dissolution
conditions in its surroundings.!' The released ions (such as
Ca, P and Si) can increase the osmotic pressure, creating an

environment where the bacteria cannot grow.?** In order to
further verify the ions released by the Col/BG nanofibers,
inductively coupled plasma emission spectrometry was used to
detect the concentration of ions in the BHI; the results showed
that the Col/BG nanofibers released a certain amount of Ca, P
and Si ions (Table 2). Among them, the concentrations of Ca
and Si were higher than that in pure BHI; these increased ions
may play a role in the antibacterial activity to S. aureus.

Adhesion and migration of HaCaTs
induced by the Col/BG nanofibers

As a biomaterial expected to be used as wound dressing, in
addition to their antibacterial activity, it was most important to
investigate the ability of the fish Col/BG nanofibers to induce
skin regeneration. We know that healing of skin wounds
is a dynamic and interactive process mediated by various
cell types and the ECM. The proliferation and migration of
HaCaTs play a critical role in the re-epithelialization of the
wound area. Multiple genes participate in wound healing,
such as MMP-9 and TGF-f1. 1t was reported that TGF-f1
and MMP-9 were involved in keratinocyte migration.??’
The results indicated that the Col/BG nanofibers not only
promoted the adhesion and proliferation (P<<0.05) of HaCaTs
(Figure 3A—C), but also could upregulate the expression of
MMP-9 and TGF-BI genes (Figure 3D, P<<0.05), which may
be beneficial for HaCaTs migration.

Biological effects of HDFs induced by the
Col/BG nanofibers

For the wound healing process of full-thickness skin defect,
the proliferation and migration of HaCaTs were not suffi-
cient and the key cells in the dermal tissues, that is, HDFs,
were also required to proliferate and form collagen fibers to
reconstruct the dermis. To explore the ability of the Col/BG
nanofibers to promote dermal regeneration, their effects on
the proliferation of HDFs and the secretion of COL-I were
studied. It was found that the Col/BG nanofibers promoted the
adhesion and proliferation (P<<0.05) of HDFs (Figure 4A—C),
as well as induced the secretion of COL-I protein in HDFs
(Figure 4D, P<<0.05). COL-I protein is a major component
of the ECM and can form most of the connective tissue in
wound healing.?® Therefore, the capacity of HDFs to secrete
COL-I is of vital importance to evaluate the ability of the
Col/BG nanofibers to repair the dermis tissue. The results
indicated that the Col/BG nanofibers could promote HDFs
to secrete COL-I, which facilitated dermis construction.
However, the process of dermis regeneration also requires
rapid angiogenesis. It is known that blood vessels are required
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(H) Stress/strain curves in wet condition.
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spectroscopy; O, oxygen; SEM, scanning electron microscopy; Si, silicon; TG, thermogravimetric; XRD, X-ray diffraction.
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Figure 2 Antibacterial activity of the Col/BG nanofibers.
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Notes: (A) SEM photographs of Staphylococcus aureus cultured for | day. (B) S. aureus colonies were collected for | day. (C) Counts of CFU cultured with the nanofibers. The
control group was cultured on cover slips. Data presented as the mean + StD. *P<<0.05 indicates statistically significant difference between the control and Col/BG groups,

#P<<0.05 indicates a significant difference between the Col and Col/BG groups.

Abbreviations: CFU, colony-forming unit; Col/BG, collagen/bioactive glass; StD, standard deviation; SEM, scanning electron microscopy.

Table 2 The ionic concentrations of extracts (mg/L)

Ca P Si
BHI 6.58 685 835
Col/BG 89.0 609 69.4

Abbreviations: BHI, brain heart infusion; Col/BG, collagen/bioactive glass; Ca,
calcium; P, phosphorus; Si, silicon.

to deliver oxygen and nutrients to the cells of the wound
site.? VEGF plays a prominent role in regulation of physi-
ologic angiogenesis and it is a potent mitogen for vascular
endothelial cells.’**! Therefore, we focused on whether the
Col/BG nanofibers can induce the secretion of VEGF in
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Notes: (A) SEM photographs of HaCaTs cultured for 24 h. Magnification x1000. (B) Fluorescence microscopy photographs of HaCaTs cultured for 24 h. Cell nuclei were
stained with DAPI (blue). Magnification x200. (C) The viability of HaCaTs cultured for 24 h. (D) Gene expression of TGF-B1 and MMP-9 in HaCaTs cultured for 3 days. The
control group was cultured on cover slips. The results presented as the mean * StD. *P<<0.05 indicates statistically significant difference between the control and Col/BG

groups.

Abbreviations: Col/BG, collagen/bioactive glass; DAPI, 4,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HaCaTs, human keratinocytes;
MMP-9, matrix metalloproteinase-9; OD, optical density; StD, standard deviation; SEM, scanning electron microscopy; TGF-B1, transforming growth factor-f1.

HDFs. Figure 4E shows that the composite nanofibers could
significantly stimulate HDFs to secrete VEGF (P<0.05),
which may be related to the function of BG. Day reported
that 45S5 Bioglass could stimulate the release of VEGF and
promote angiogenesis.®! This result was very relevant to the
rapid angiogenesis in the wound area.

Figure 4 (Continued)

Angiogenesis induced by the Col/BG
nanofibers in HUVECs

In order to validate whether the Col/BG nanofibers have an
early effect on angiogenesis, HUVECs were selected. On
the one hand, the direct effect of the Col/BG nanofibers on
HUVECSs was observed; on the other hand, it was investigated
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Figure 4 Biological effects of HDFs induced by the Col/BG nanofibers cultured for 24 h.

Notes: (A) SEM photographs of HDFs. Magnification x1000. (B) Fluorescence microscopy photographs of HDFs. Magnification x200. (C) The viability of HDFs. (D) Col-I
cytokine secretion from HDFs. (E) VEGF cytokine secretion. The control group was cultured on cover slips. The results presented as the mean + StD. *P<<0.05 indicates
statistically significant difference between the control and Col/BG groups.

Abbreviations: Col-l, type one collagen; Col/BG, collagen/bioactive glass; HDFs, human dermal fibroblasts; OD, optical density; StD, standard deviation; SEM, scanning
electron microscopy; VEGF, vascular endothelial growth factor.

whether VEGF secreted by HDFs could act on HUVECs and  conditioned medium from HDFs grown on the Col/BG nanofi-
increase their proliferation. As we expected, the results showed  bers (Figure 5D, P<<0.05). This suggests that the HDF-secreted
that the Col/BG nanofibers directly promoted the adhesion =~ VEGF in the conditioned medium increased the proliferation
and proliferation (P<<0.05) of HUVECs (Figure SA-C).  of HUVECs. The reason may be related to the Si ions of BG.
What is more, the HUVEC:s proliferated when cultured in the It was reported that the Si ions played an important role in the
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Figure 5 Biological effects of HUVECs induced by the Col/BG nanofibers cultured for 24 h.

Notes: (A) SEM photographs of HUVECs. Magnification x1000. (B) Fluorescence microscopy photographs of HUVECs. Magnification x200. (C) The viability of HUVECs.
(D) The proliferation of HUVECs cultured in the CM from HDFs grown on Col/BG nanofibers. The control group was cultured on cover slips. The results presented as the
mean * StD. *P<<0.05 indicates statistically significant difference between the control and HDFs CM or (HDFs + Col/BG) CM groups, *P<<0.05 indicates a significant difference
between HDFs CM and (HDFs + Col/BG) CM groups.

Abbreviations: CM, conditioned medium; Col/BG, collagen/bioactive glass; HDFs, human dermal fibroblasts; HUVECs, human vascular endothelial cells; OD, optical density;
StD, standard deviation; SEM, scanning electron microscopy.
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induction of angiogenesis by calcium silicate extracts.’> We
found that Si existed on the nanofibers (Figure 1D), which may
have some effect on inducing early angiogenesis.

Wound healing effect of the Col/BG

nanofibers in SD rat

Finally, SD rat dorsum skin defect model was used to verify
the healing effect of Col/BG nanofibers in vivo. Figure 6
shows that the Col/BG nanofibers could significantly pro-
mote wound healing. At day 14, the skin wounds in the
Col/BG nanofibers group were the smallest. The histologic
results confirmed that the Col/BG nanofibers stimulated
rapid re-epithelialization (Figure 7). The Col/BG nanofibers
also promoted the formation of collagen fibers and early
angiogenesis (Figures 8 and 9). This was consistent with
the results demonstrated in vitro, that the Col/BG nanofibers
could promote HaCaTs migration and the secretion of COL-I
and VEGF in HDFs, which also further promoted the prolif-
eration of HUVECs. The structure of nanofibers may contrib-
ute to their biological functions. Electrospun nanofibers had
unique biomimetic structure, which could provide a suitable

A

Day 0

~ Day4

Control

Kaltostat

Col/BG

Wound area (cm?)

4 day

Figure 6 Wound healing in SD rats.

microenvironment for cell growth and make human keratino-
cytes, HDFs and HUVECs attach more easily and proliferate
or exert further biological effects. Meanwhile, the biomimetic
nanofibrous structure has good cell conductivity and is able to
improve blood and other tissue fluid compatibility, which will
accelerate wound healing and skin regeneration.'> Compared
to other wound dressings produced by conventional methods,
on the one hand, electrospun nanofibers have high effective
surface area, good water absorbability and can absorb wound
exudates efficiently, and on the other hand, the porous struc-
ture and small pore size of electrospun nanofibers can meet
the requirement of high gas permeation and also protect the
wound from bacterial infection.”” These structural features
promoted the biological activities of fibrous scaffolds. In
this study, multifunctional and biomimetic electrospun fish
Col/BG nanofibers were fabricated. By adding BG, the com-
posite Col/BG nanofibers not only exhibited good tensile
strength, but also had the ability to release bioactive ions,
which improved the antibacterial activity and the ability to
induce skin regeneration. Therefore, the Col/BG nanofibers
have the potential for use as a functional wound dressing.

Day 7 Day 10 Day 14
e i

3 Control
E=3 Kaltostat
E= Col/BG

Notes: (A) The representative images of skin wounds after treatment with the Col/BG nanofibers or Kaltostat. Untreated wounds were used as controls. (B) Wound areas
at different time points after treatment. Data presented as the mean £ StD. *P<<0.05 indicates statistically significant difference between the control and Col/BG groups,

#P<0.05 indicates a significant difference between Kaltostat and Col/BG groups.

Abbreviations: Col/BG, collagen/bioactive glass; SD, Sprague Dawley; StD, standard deviation.
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Figure 7 H&E staining of wound sections treated with the Col/BG nanofibers or Kaltostatat at days 7 and 14. Untreated wounds were used as controls. Magnification x200.
Abbreviations: Col/BG, collagen/bioactive glass; H&E, hematoxylin—eosin; NE, new epithelia.
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Figure 8 Masson staining of wound sections treated with the Col/BG nanofibers or Kaltostat at days 7 and 14. Untreated wounds were used as controls. Magnification x200.
Abbreviations: CF, collagen fiber; Col/BG, collagen/bioactive glass.
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Figure 9 Immunostaining (CD31) of wound sections treated with the Col/BG nanofibers or Kaltostat at days 4 and 7. Untreated wounds were used as controls.

Magnification x500.
Abbreviations: BV, blood vessel; Col/BG, collagen/bioactive glass.

Conclusion

In this study, biomimetic electrospun fish Col/BG nanofibers
were manufabricated by composting biosafe and inexpensive
collagen with BG. The tensile strength of the composite
nanofibers was improved and they contained a certain
degree of antibacterial activity against S. aureus. The Col/
BG nanofibers could not only induce HaCaTs proliferation
and migration, but also promote the secretion of COL-I and
VEGF in HDFs, which further stimulated the prolifera-
tion of HUVECs. In vivo results showed that the Col/BG
nanofibers could effectively induce skin regeneration in the
wound area. This study suggests that the multifunctional
fish Col/BG nanofibers have a great potential for use as a
wound dressing.
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