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Abstract

Slow or non-healing wounds caused by full-thickness skin wounds of various

origins have become a difficult challenge in clinical wound treatment. In partic-

ular, large full-thickness skin wounds often lead to serious chronic skin wounds

that do not heal. Electrospinning technology and stem cell treatment for wound

repair have attracted much attention due to its unique advantages. In the cur-

rent study， we electrospun polyvinyl alcohol (PVA) and bone marrow–derived
stem cells (BMSCs) by a handheld electrospinning device, the distribution and

interaction of cells and fibres were determined by light and electron microscopy

and the cell viability and proliferation were determined by live/dead cell

staining. The tissues were analysed by histology with Haematoxylin and Eosin

(H&E) and Masson staining and immunohistochemical staining. We found that

the fibres were distributed uniformly and BMSCs were distributed between the

fibres. Cytotoxicity and cell proliferation tests proved its good biocompatibility.

Histological staining shows it can accelerate wound healing and appendages

regeneration by promoting granulation tissue repair. The instant PVA/stem cell

fibres prepared by a handheld electrospinning device strongly promote the

repair of full-thickness skin wounds in rats. The proposed electrospinning tech-

nology is expected to have great potential in household, outdoor and battlefield

first aid.
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Key Messages
• cell electrospun using a portable handheld electrospinning apparatus for the

repair of wound healing has not been reported
• in vivo and in vitro experiments were performed to verify the feasibility of

handheld cell electrospinning and its effect on wound healing
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• cytotoxicity and cell proliferation tests proved its good biocompatibility. His-
tological staining shows it can accelerate wound healing and appendages
regeneration by promoting granulation tissue repair

1 | INTRODUCTION

Slow or non-healing wounds caused by full-thickness skin
wounds of various origins have become a difficult chal-
lenge in clinical wound treatment in recent years. In par-
ticular, large, full-thickness skin wounds often lead to
serious chronic skin wounds that do not heal.1 Traditional
wound dressings, including inorganic nanomaterials (sil-
ver, zinc and copper)2 and organic molecules (quaternary
ammonium salt and alkylated polyethyleneimine) can be
used to treat wounds.3,4 However, the cellular compatibil-
ity and blood compatibility of these biomaterials are not
ideal for wound healing, and large skin wounds often
require skin transplantation, which has become a clinical
problem.

Electrospinning technology for preparing wound dress-
ings has attracted much attention due to its unique advan-
tages and the hope it brings to the above problems. The
fibre membrane produced by electrospinning has a large
surface area and an interconnected porous structure and
provides effective wound protection and gas exchange,
which are especially important for absorbing wound exu-
date and promoting free breathing. Wound dressings pre-
pared by electrospinning, such as polymer dressings,5

polysaccharide dressings and protein-derived dressings,6

have shown good application potential and can provide a
moist wound-healing environment with ideal mechanical
properties.

However, most of the current fibre dressings are pre-
pared by electrospinning first and then applied to the
wound, but this can lead to several problems: the dressing
cannot fit the wound completely, especially when the
wound surface is uneven; practical application of the dress-
ings is inconvenient, such that the dressings cannot be used
under certain circumstances, especially when there is no
power supply in the field, and the electrospinning device is
bulky and not portable.

To prepare dressings that can be directly applied to
wounds, researchers have developed portable devices that
can deposit nanofibers directly on the wound surface in
situ to better fit over the wound surface and reduce pain.
The dressing can be customised according to the individual
needs of the patient. As this technology has advanced,
handheld electrospinning devices have shown their poten-
tial for advanced and individualised wound care.

Zhao et al prepared an in situ wound dressing with a
self-powered portable melt-electrospinning device and

used it to successfully repair the back skin wounds of
Sprague–Dawley (SD) rats.7 Yan et al prepared a polyure-
thane nanofiber dressing with antibacterial activity
through a portable electrospinning device and confirmed
its strong antibacterial activity.8 The previous reports on
portable electrospinning devices did not involve cell
electrospinning, and the effect of adding stem cells to the
in situ dressings prepared by a handheld electrospinning
device to repair wounds has not been studied.

Stem cell therapy has become a promising new
approach in the field of regenerative medicine. Stem cells
have the ability to self-renew and differentiate into a vari-
ety of cell types, which can be highly valuable in the
renewal and regeneration of physiological tissues after
injury.9 Bone marrow-derived stem cells (BMSCs) are
excellent seed cells for the treatment of different types of
wounds.10 Preclinical studies using autologous BMSCs
have reported the potential therapeutic effects of these cells
in dermal reconstruction and scar reduction in chronic
wounds.11 BMSCs can improve indices related to wound
healing by increasing the re-epithelialisation and the thick-
ness of the epidermis.12 Transplantation of allogeneic
BMSCs can promote wound healing in diabetic rats.
BMSCs enhance the wound healing ability of non-diabetic
and diabetic mice by promoting re-epithelialisation, cell
infiltration and angiogenesis.12,13

Polyvinyl alcohol (PVA) is a safe organic polymer with
good biocompatibility, biodegradability and electrospinning
properties. We have studied PVA in wound healing.14,15 In
this study, PVA was loaded with rat BMSCs, and a hand-
held cell electrospinning device applied PVA/cell scaffolds
to skin wounds to repair them by in situ tissue engineering
(Figure 1). The cell viability, biocompatibility and prolifera-
tion of the dressings supplied by cell electrospinning were
examined, and the effects of the dressings on the repair of
full-thickness skin wounds of SD rats were assessed.

2 | MATERIALS AND METHODS

2.1 | Materials

The main materials and device used in this study are as fol-
lows: PVA (molecular weight = 186 000, Institute of Poly-
mer Science & Engineering, Tsinghua University), handheld
electrospinning device (Junada, Qingdao, China), electron
microscope (Hitachi, Japan) and cell incubator (Thermo,
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China). The chemicals and reagents used in this study were
purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise specified.

2.2 | Cell extraction and culture

The primary BMSCs were extracted from 1- to 2-week-old
rats (30-50 g). After SD rats were sacrificed under anaes-
thesia, the femoral bone marrow was placed in a culture
flask, and cells were in low-glucose Dulbecco’s Modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) (BI, South America), 100 units/mL penicillin
and 100 mg/mL streptomycin and were cultured in an
incubator at 37�C with 5% CO2 and saturated humidity.
When the primary cells grew adherently and reached 80%
confluence, the cells were passaged using a mixed solu-
tion of 0.2% trypsin and 0.02% ethylenediaminetetraacetic
acid. Cells at the 3rd passage were used for subsequent
experiments.

2.3 | Preparation of cell scaffolds

Cell scaffolds were prepared through a handheld
electrospinning device. Sterile 6%, 8% and 10% PVA solu-
tions were prepared using sterilised phosphate-buffered
saline (PBS), and a PVA solution containing 1 � 107

BMSCs was obtained after compounding the PVA solu-
tion with rat passage-3 BMSCs. The prepared solutions
were placed into a 5-ml syringe equipped with a nozzle
with a diameter of 0.1 mm and then loaded into the
handheld portable electrospinning apparatus. The high
voltage of this device is about 10 kv fixed. During the in
situ electrospinning process, one can firstly operate the
device and then press the syringe by a finger. The
electrospun fibres can be fabricated and then deposited
onto the collector, as suggested in Figure 2. The cell scaf-
folds were collected for subsequent experiments.

2.4 | Scanning electron microscopy

The fibre membranes obtained through electrospinning
in each group were dried and coated with gold, and the
fibre filament formation was examined by scanning elec-
tron microscopy (SEM). The diameter of the fibre fila-
ments was measured by ImageJ (N = 100).

2.5 | Characterisation

The Fourier transform infrared spectroscopy (FTIR) spec-
trums were measured by a Thermo Scientific Nicolet
iN10 spectrometer, the transmittance of PVA membrane
was detected at the wavelength of 400 to 4000 cm�1. The

FIGURE 1 Schematic diagram

of preparation of polymer fibres for

wound dressing by in situ cell

electrospun using a portable

handheld electrospinning apparatus
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scanning resolution was 4 cm�1, and the scanning time
was 100 seconds. The stress–strain behaviours of the PVA
electrospun fibres were tested using a universal electronic
testing machine (Meters Industrial Systems, Inc., China).
The air permeability under a pressure drop of 200 Pa was
tested by an air permeability tester (Textest FX3300). Pore
sizes of the as-spun fibrous meshes were examined by
PSM 165 (Germany, Topas GmbH, PSM 165) at pressure
of 200 Pa.

2.6 | Cell survival rate

To measure the survival of electrospun BMSCs, all cells
were maintained in DMEM supplemented with 10% FBS
(BI) and grown to the third generation. The cell/fibre
scaffolds prepared as above were evenly collected onto
the cell slides and cultured in an incubator at 37�C with
5% CO2 and saturated humidity for 24 hours. The live
and dead cells were stained with live/dead dye, and the
survival rate (%) after electrospinning was calculated as
number of live cells/(number of live cells + number of
dead cells) � 100%.

2.7 | In vivo wound-healing study

SD rats were provided by the Laboratory Animal Center
of Guizhou Medical University, including 10 adult male
or female rats, 2 to 3 months old, weighing 280 to 320 g.
All procedures were carried out in accordance with the
guidelines of the Laboratory Animal Center, were

approved by the Animal Ethics Committee of Guizhou
Medical University and were also in line with the Guide
for the Care and Use of Laboratory Animals published by
the National Institutes of Health in 1996. The SD rats
were fed routinely for 1 week and then anaesthetised
with 10% chloral hydrate at the dose of 3.5 mL/kg. Three
1-cm-diameter full-thickness skin wounds were made on
the back of each rat. In the PVA/cell group, the
PVA/stem cell scaffold was electrospun onto the defect
by the handheld electrospinning device. In the PVA
group, only PVA was electrospun onto the defect, and in
the control group, no special treatment was performed.
After the surgery, all wounds were covered with gauzes,
and penicillin was injected intramuscularly in the 3 days
following the surgery. The healing of the defect was
observed as below.

2.8 | Histological staining

The animals were anaesthetised and sacrificed at day
3, 7 or 14 after the wound was made. All tissue samples
were fixed in 4% paraformaldehyde, dehydrated in gra-
dient ethanol and embedded in paraffin. The samples
were then cross-sectioned at a thickness of 5 μm for
histological analysis. The sections were deparaffinised,
rehydrated and subjected to Haematoxylin and Eosin
(HE) staining, Masson staining and immunohistoche-
mical (IHC) staining for vascular endothelial growth
factor (VEGF) and proliferating cell nuclear antigen
(PCNA). The stained sections were examined by light
microscopy.

FIGURE 2 In situ applications of

the handheld apparatus. (A) In situ

electrospinning on the wound of rat.

(B) The electrospinning jets can be

seen from the spinneret. (C) The

electrospun mats. (D) Electrospun film

taken from rat wound
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2.9 | Statistical analysis

All results are expressed as mean ± standard deviation
and were subjected to one-way analysis of variance in
SPSS 18.0. *P < .05 and **P < .01 indicate that the differ-
ences were statistically significant.

3 | RESULTS

3.1 | SEM

Scaffolds with 6%, 8% and 10% PVA fibres and 8% PVA/
cell fibres were prepared by the handheld electrospinning
device (Figure 3). Examination of the 6%, 8% and 10%
fibres showed that the group with 6% PVA had many
bead-like structures (Figure 3A). Fibres in the group with
8% PVA were distributed evenly, with good filament for-
mation (Figure 3B). Fibres in the group with 10% PVA
had droplets, and the thickness of the fibres was uneven

(Figure 3C). Therefore, only 8% PVA was used for subse-
quent experiments. SEM of the BMSCs added to the PVA
fibres showed that the stem cells were wrapped by fibre
filaments and were covered by the fibres (Figure 3D).
Under the light microscope, the cells were evenly distrib-
uted throughout the fibre filaments (Figure 3E), and the
fibre diameter was 133.4 ± 29.6 μm.

3.2 | Characterisation

The FTIR spectrum of the PVA nanofibers showed
absorption bands at 3301 cm�1 (OH, stretching vibration),
2907 cm�1 (C–H, stretching vibration), 1390 cm�1 (C–H,
bond stretching) and 1077 cm�1 (C–O, stretching vibra-
tion). The above peaks are characteristic absorption of
PVA (Figure 4A). The stress–strain curve tests show that
the material broke at approximately a 200% elongation,
and the fibre film could withstand stress of about 3 MPa
before breaking (Figure 4B). The air permeability and

FIGURE 3 Scanning electron

microscope (SEM) images of the

nanofiber membranes. (A) Fibres

with 6% polyvinyl alcohol (PVA)

spun with a handheld

electrospinning device. (B) Fibres

with 8% PVA. (C) Fibres with 10%

PVA. (D) Fibres with 8% PVA and

cells, spun with a handheld

electrospinning device.

(E) Examination of cells after cell

electrospinning under a light

microscope. (F) Diameter distribution

of the electrospun fibres

FIGURE 4 Characterisation of

polyvinyl alcohol (PVA) fibre.

(A) Fourier transform infrared

spectroscopy (FTIR) spectra and

(B) stress–strain curve of electrospun

PVA nanofiber membrane
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average pore size of electrospun fibrous mats were
71.3 ± 10.69 mm/s and 2.52 μm (1.76-2.77 μm).

3.3 | Cell survival rate after cell
electrospinning with the handheld
electrospinning device

The cell proliferation and biocompatibility after cell
electrospinning were examined. Dead/live staining showed
that the cell survival rate immediately after cell electro-
spinning was 90.15% (Figure 5A). After culturing the
electrospun fibres for 24 hours, it was 92.98% (Figure 5B),
and after 7 days, it was 99.21% (Figure 5C). The number of
cells increased significantly over time.

3.4 | General appearance of wound
healing

The electrospun dressing was compared with PVA only
and control group in the healing of full-thickness skin
wounds. The results showed that the wound area reduc-
tion time and wound closure time were significantly
shorter in the PVA/cell group, the wound area was signifi-
cantly reduced at day 7 (Figure 6). On the other hand, the
wounds in the PVA group and the control group were still
large at day 7, but they were all almost closed at day 14.

3.5 | HE staining

In the PVA/cell group, fresh granulation tissue formation,
capillary and surrounding fibroblasts and inflammatory
cells were detected on the 3rd day, and the fibroblasts
were proliferating and hypertrophic (Figure 7). There was
less new granulation tissue in the PVA group, and only a
large amount of inflammatory necrotic tissue was found
in the control group, with no granulation tissue forma-
tion. On the 7th day, all wounds had shrunk. The granu-
lation tissue in the PVA/cell group was thicker and
fibrotic, the number of capillaries had fallen, the epithelial

tissue had migrated to the defect center and a few skin
appendages (hair follicles and sebaceous glands) had
regenerated. The PVA had much new granulation tissue,
many capillaries growing perpendicular to the wound sur-
face and a few new collagen fibres. In the control group,
there was a little granulation tissue formation with many
capillaries inside, many epithelial tissue defects and few new
collagen fibres. So, the wounds of PVA-cell group were close
to primary healing, wounds of PVA group and the control
group were healed secondary. On the 14th day, the wound
was closed in the PVA/cell group, the epidermis was
completely covered by epithelial tissue and was epithe-
lialised, normal skin appendages were found around the
wound, the number of subcutaneous fibrocytes was in-
creased and many new collagen fibres were detected. In
the PVA group, the non-fibrotic area and the thickness of
the subcutaneous tissues were smaller than those of the
PVA/cell group, the epidermis was completely covered by
epithelial tissue, the tissue layer was not completely
reconstructed and too few fibroblasts and collagen fibres had
been generated. The wounds in the control group were still
in the granulation tissue repair state, with new granulation
tissue and many capillaries, fibroblasts and inflammatory
cells; the epidermis still had some crust and was completely

FIGURE 5 (A) Dead/live

staining immediately after cell

electrospinning. (B) Dead/live

staining at 24 hours after cell

electrospinning. (C) Dead/live

staining at 7 days after cell

electrospinning

FIGURE 6 General evaluation of wound healing. Photos of

non-treated, polyvinyl alcohol (PVA)-treated and PVA/cell fibre

membrane–treated wounds at days 0, 3, 7 and 14
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replaced by epithelial cells; the number of new fibroblasts
and collagen fibres were significantly lower than those in the
other groups and a few skin appendages had regenerated.

3.6 | Masson staining

Masson staining reflects the process of collagen deposi-
tion during granulation tissue formation and matrix
remodelling (Figure 8). The intensity of blue staining cor-
responds to the relative amount of total collagen fibre
deposition, as collagen is bluish purple. During the 3 to
14 days of postoperative skin collagen repair process, the
skin wounds gradually shrank. In the early stage, the
number of collagen fibres was small, the fibres were thin,
their structure was irregular and flocculent and there
were many capillaries. Over time, the collagen fibres

gradually thickened and arranged themselves in an
orderly way, there were fewer capillaries and the regener-
ation of skin appendages was detected. The wound repair
in the PVA-cell group was faster than that of the PVA
and control groups, and its collagen deposition was sig-
nificantly faster. On post-operative day 14, a dense and
mature collagen fibre structure parallel to the epidermis
had formed in the PVA-cell group, suggesting that the
PCA-cell group had better and faster wound repair.

3.7 | IHC staining for VEGF and PCNA

IHC staining for VEGF showed that on postoperative day
3, strong VEGF expression was found in the new granula-
tion area in the PVA/cell group, which was around the
brown blood vessel tissue of the lesion area (Figure 9). The

FIGURE 7 H&E staining showing the wound healing and skin regeneration of the control group, PVA group and PVA/cell group on

the 3rd, 7th and 14th days. (N represents normal tissue and R represents repaired tissue, i represents the magnification of day 14, the red

arrow represents appendages, the black arrow represents capillary, the green arrow represents fibrocytes, the triangle represents

inflammatory cells, scar bar = 500 μm, 100 μm)

FIGURE 8 Masson staining

showing the wound healing and skin

regeneration of the control group,

polyvinyl alcohol (PVA) group and

PVA/cell group on the 3rd, 7th and

14th days. (N represents normal

tissue and R represents repaired

tissue, scar bar = 500 μm)
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VEGF expression in the PVA and control groups was weak.
On day 7, the VEGF expression in the PVA/cell group was
stronger than on day 3 and was mainly distributed in the
blood vessel area. On day 14, VEGF immunolabelling in all
groups was lower than on days 3 and 7.

PCNA immunolabelling was relatively intensce in the
dermis and areas near fibroblasts and sebaceous glands
(Figure 10). On the 3rd and 7th days after injury, PCNA
immunolabelling in the PVA and control groups was sim-
ilar, while the PVA/Cell group exhibited the most intense

FIGURE 9 Vascular endothelial growth factor (VEGF) expression in the control group, polyvinyl alcohol (PVA) group and PVA/cell

group on the 3rd, 7th and 14th days

FIGURE 10 Proliferating cell nuclear antigen (PCNA) expression in the control group, polyvinyl alcohol (PVA) group and PVA/cell

group on the 3rd, 7th and 14th days
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PCNA immunolabelling. The immunolabelling was more
intense in all groups on day 7 than day 3. On the 14th
day, the immunolabelling in each group was reduced.

4 | DISCUSSION

Portable electrospinning devices are suitable for depositing
fibres directly to a target site.8 In the dressing applications,
fibres are deposited in situ onto wounds, especially trau-
matic wounds, chronic wounds and irregular wounds
because these dressings can be customised for patients,16

which allows the fast management of the wound site and
effectively promotes wound healing. Additionally, a small,
portable, and battery-powered handheld electrospinning
device can be used in most locations and situations, includ-
ing out-of-hospital first aid, in-hospital surgery, clinics,
households and outdoors, and it also enables immediate
wound dressings in remote areas with poor resources and
in war zones.

The cell electrospinning device used in this study is a
technology based on existing electrospinning technology
and can produce fibres with living cells embedded.17 The
main difference between the two is the use of living cells.
To make a cell/fibre composite by cell electrospinning,
the cells and fibres are distributed evenly, which solves
the problems of poor infiltration, cell growth on the
surface of the scaffold, difficulty penetrating inside the
scaffold and uneven cell distribution that marred the tra-
ditional cell dripping technology.18 Cell electrospinning
can overcome the above shortcomings and can produce
fibres containing living cells. Many kinds of cell, such as
adipose stem cells, osteoblasts and cardiomyocytes, along
with biocompatible materials (including PVA, alginate
and collagen) have been used in studies of cell electro-
spinning.19-21 Due to their cytotoxicity, organic solvents
such as chloroform, tetrahydrofuran and acetone cannot
be used for cell electrospinning, especially instant electro-
spinning by a handheld electrospinning device.

The viscosity and surface tension of the solution have
an important impact on cell electrospinning. Generally, a
solution with low viscosity is advantageous because a
higher viscosity could lead to greater shear stress, which
will have a negative effect on the cells.22 Kim et al found
that when the collagen content was greater than 7 wt%,
the cell viability decreased significantly (<80%), but when
the collagen content was less than 5 wt%, the cell viability
reached 93%.23 A too low viscosity will cause spraying of
solution droplets instead of generating fibres, especially
with handheld electrospinning devices.

The electric field also has an important impact on cell
electrospinning. The electric field affects not only fibre
generation but also cell viability, as a strong electric field

can kill cells.24 For example, when the electric field range is
0.05 to 0.075 kV/mm, the cell survival rate is as high as
90%, but when the electric field is stronger, the cell viability
decreases significantly. A weak electric field (0.1 kV/mm)
can result in a high cell survival rate (90%), but the obtained
microfiber structure is poor.25 In this study, PBS was used to
dissolve PVA to prepare an 8% PVA solution, and stem cells
were mixed with this solution to be spun using the hand-
held electrospinning device. In this study, the spinnability
of the cell electrospinning can be clearly detected, and the
stem cells were evenly distributed on the fibre filaments.
The low voltage of the handheld electrospinning device did
not affect cell viability, and multiple postoperative examina-
tions showed that the cell viability was above 90%.

Wound healing is a dynamic process that includes cell
migration, proliferation, angiogenesis, deposition of extra-
cellular matrix and tissue remodelling.26 In the early stage
of wound healing, angiogenesis occurs, capillaries accom-
panied by fibroblasts and macrophages replace coagulat-
ing fibrin, granulation tissue forms and the distribution of
type I and type III collagen secreted by fibroblasts
increases. VEGF plays an important regulatory role in this
process.27 VEGF stimulates angiogenesis by inducing
fibroblasts and endothelial cells to proliferate and promot-
ing angiogenesis, re-epithelialisation and collagen deposi-
tion.28 In the later stage of wound healing, fibroblasts
synthesise and deposit collagen; new epithelial cells,
unnecessary blood vessels, fibroblasts and inflammatory
cells undergo apoptosis; the scar matures and fibrous
repair finally begins.29 Stem cells can promote collagen
synthesis and angiogenesis at the skin wound to acceler-
ate skin healing.11 When stem cells are used for treating
mouse skin wounds, there is less scarring and more tissue
regeneration. BMSCs can secrete and release many fac-
tors, such as epidermal growth factor, platelet-derived
growth factor, transforming growth factor beta, VEGF,
hepatocyte growth factor and insulin-like growth factor-1,
to promote angiogenesis.30 BMSCs regulate the prolifera-
tion, migration and gene expression of dermal fibroblasts
to accelerate wound healing, and they play a role in the
orderly transition of matrix and tissue to reduce scar for-
mation.31 BMSCs produce high amounts of collagen, basic
fibroblast growth factor and VEGF to accelerate the
healing process. BMSCs promote skin healing by acceler-
ating tissue re-epithelialisation, increasing angiogenesis
and directly differentiating into epithelial cells expressing
keratinocyte-specific markers.9

This study produced biological dressings by cell
electrospinning using a handheld electrospinning device
and confirmed that the PVA/cell dressings had excellent
biocompatibility in vitro and strongly promoted cell pro-
liferation. The findings from full-thickness skin wounds
in rats confirmed that the composite fibre membrane in
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the PVA-cell group achieved excellent wound repair and
rapid healing. Compared with the control and PVA
groups, the PVA-cell group showed significantly better
healing time of the skin wound and the change in wound
area. In the PVA-cell group, the wound reduction was
significantly faster, and the wound closure time was sig-
nificantly shortened. Evaluation of the wound healing
process by histological examination showed that a thick
epithelialised area was found in the PVA-cell group at
postoperative day 7, and the epidermis of the closed
wound was almost the same as normal skin on the 14th
day, indicating a better skin regeneration.

VEGF is involved in wound healing and is secreted by
platelets, macrophages, fibroblasts and keratinocytes.32

Increasing the VEGF level in the granulation tissue early
can significantly increase the number of newly formed and
mature blood vessels and promote faster dermis regenera-
tion.33 VEGF has shown promising results as a topical ther-
apy for skin wounds, contributing to the inflammatory
phase, the proliferation of fibroblasts and reorganisation of
collagen fibres. The VEGF level decreased after 14 days
because the skin had entered the structural remodelling
phase. PCNA is a marker of cell proliferation, and
increased PCNA expression was observed on the 3rd and
7th days in the PVA/cell group, indicating intense repair of
the dermis, fibroblasts and sebaceous glands. After the
wound had basically closed, on the 14th day, the PCNA
expression was lower. In the control group, due to the lack
of the regeneration function of stem cells, the repair of
granulation tissue was slow, so it was still in the stage of
granulation repair on the 14th day, and the expression
levels of VEGF and PCNA were still high.

This kind of biological dressing produced by a handheld
electrospinning device can be used to cover different types
of wounds, can firmly attach to the wound surface without
adhesives, can effectively protect the wound surface from
bacterial contamination and can absorb wound exudate,
thereby providing a suitable environment for wound
healing. The use of cell electrospinning enables the effective
application of stem cells for skin wound repair, which
shortens the wound repair time and promotes wound
healing. Some electrospun dressings, such as polymers,34,35

proteins36 and biohydrogels,37 have shown good effects in
promoting wound healing. Compared with the dressings
reported in the literature, this novel PVA/stem cell dressing
showed the following advantages in wound healing: 1) it
has excellent biocompatibility and promotes cell prolifera-
tion; 2) these individualised in situ electrospun dressings
are suitable for all types of wounds and 3) stem cell–driven
repair is included by the cell electrospinning, which has not
been reported in previous studies. Its portable operation,
individualised structure, good biocompatibility, stem cell–
driven repair and excellent skin regeneration capabilities

make it a promising method for wound repair. Other than
that, functional wound dressing can be prepared using this
system by adding materials with antibacterial, hemostatic
and other substances into PVA, such as antibacterial
Ag nanoparticles. Then, the composite wound dressings
have antibacterial properties. Therefore, we can prepare
multifunctional wound dressing by portable handheld
electrospinning apparatus conveniently. This research laid
the foundation for future animal experiments and clinical tri-
als. And it is expected to play a positive role in wound repair,
haemostasis, fracture healing and cartilage regeneration.

We have achieved good experimental results with cell
electrospinning using portable handheld electrospinning
instrument, but several problems still need to be
addressed: (1) Even the skin wound repair reached a sim-
ilar effect to that of primary healing, but the underlying
mechanism is unclear and (2) relative low electrospinn-
ing efficiency and inaccurate deposition of fibre were
observed in this research using portable handheld
electrospinning instrument. In our future studies, it is
necessary to further clarify the wound repair promotion
mechanism of cell electrospinning.

5 | CONCLUSIONS

In this study, the PVA/stem cell fibre dressings prepared by
cell electrospinning with a handheld electrospinning device
can be deposited onto target sites in situ. By stem cell–driven
repair, the dressing had an excellent effect of promoting the
repair of full-thickness skin wounds in rats. This proposed
electrospinning technology is expected to have great poten-
tial in household, outdoor and battlefield first aid.
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