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Study on Coaxially Electrospinning Nanofibers for Deep Partial-thickness Burns
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ABSTRACT: OBJECTIVE To observe the effect of alginate/polyvinyl alcohol (PVA)/chitosan coaxial nanofibers on healing
of deep partial-thickness burn in rats. METHODS Coaxial nanofibers composed of sodium alginate/PVA/chitosan were
prepared with coaxial electrospinning technology, Scanning electron microscopy, transmission electron microscopy and X-ray
diffraction techniques were used to characterize morphology and composition. Water absorption and antibacterial ability in vitro
were evaluated. Sprague-Dawley rats with deep partial-thickness burns were randomly divided into 2 groups, the model group
without treatment and the coaxial nanofiber treatment group. Wound healing and pathological slides were observed. The
expression of vascular endothelial growth factor (VEGF), differentiation cluster 31 (CD31) and proliferating cell nuclear antigen
(PCNA) were determined by immunohistochemical staining. Tumor necrosis factor-o (TNF-a) and interleukin-6 (IL-6) were
determined by ELISA. RESULTS Obvious core-shell structure of coxial nanofibers were observed. Coaxial nanofibers were
highly absorbent and had good effect in bacterial inhibition. Low infiltration of inflammatory cells and much collagen formation
in the wound tissue were observed by H.E. staining and Masson staining on the 5th, 14th and 21st day after burn. Compared with
the model group, coaxial nanofiber group shortened wound healing time, increased wound healing rate (P<0.01) with less
inflammatory cell infiltration and promoted collagen production. Coaxial nanofibers could effectively increase expression of
VEGF, CD 31, PCNA, and decrease TNF-a and IL-6 levels (P<0.01). CONCLUSION Sodium alginate/PVA/chitosan coaxial
nanofibers can effectively promote the healing of deep burn wounds by promoting the proliferation of wound cells and synthesis
of collagen. It can be used as a novel wound dressing for treatment of deep partial-thickness burns.
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Introduction

Burns are the severe diseases with enormous
cost of treatment, mortality and considerable
morbidity. Millions of patients suffer from burns,
where deep partial-thickness burns are common
involving destruction of the entire epidermis and a
substantial part of the dermis. Healing speed and
extension of burned tissues predominantly depend on
the depth of injured skins. Superficial burns can
re-epithelialize very fast with minimal scars,
whereas, deep partial-thickness burns may take a few
weeks to heal and tend to form severe scars .
Currently, treatment challenges of deep partial-
thickness burns are how to protect wounds from
bacterial infection, absorb the exudates from burn
and hinder the formation of scars.

Previously, asiaticoside-loaded coaxially electros-

wounds,

pinning nanofibers showed good treatment efficacy
in deep partial-thickness burns’®). However, it’s not
clear if the blank electrospinning nanofibers have the
same or better effect.

A typical electrospinning instrument works with
a high voltage source that adds charges to a polymer
solution or melt. The charged polymer solution or
melt is accelerated toward a collector of opposite
polarity under a high-voltage electrostatic field due
to the strong electrostatic attraction. At the same
time, intra-liquid strong electrostatic repulsions
happen. A fiber jet is ejected from the leading-edged
Taylor cone as the electric field strength exceeds the
surface tension of the liquid. The fiber jet travels
through the atmosphere to allow solvent evaporating,
leading to the deposition of solid polymer fibers on
the collector”®. Fiber produced with this process has
diameters on the order of a few micrometers down to
the tens of nanometers™!. A spinner composed of two
coaxial capillaries was developed for simultaneously
electrospinning of two different polymer solutions
into core-shell structured nanofibers™. The coaxially
electrospinning technique can make non-electrospun
polymers being electrospun as the core layer.

Here a novel coaxially electrospinning
[6] composed of
chitosan-core/sodium alginate-shell was prepared to

cure burns. Chitosan is difficult for electrospinning if
7-8]

nanofiber with core-shell structure

alone used' However, this work make it

electrospun in this coaxial nanofiber. Therefore, the
could take a combinatorial

coaxial nanofibers
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function of chitosan and alginate, including strong
water adsorption and antimicrobial ability, which
would benefit wound healing. The in vitro and in
vivo properties of the coaxial nanofibers were
explored.
1 Experimental
1.1 Materials

Sodium alginate (Lot# S20527, viscosity of
200+20 mPa-S) and chitosan (Lot# YZ 20081126,
degree of deacetylation of 89%, MW of 60 kDa)
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Polyvinyl alcohol (PVA,
Lot# 20150429, MW of 77 000 kDa) was purchased
from Beijing Yili Fine Chemicals Co., Ltd., China.
Organic solvents were of analytical grade. The other
chemicals were of reagent grade. The ELISA Kkits
(Lot# R180906-002a , Lot# R180116-102a) for
determination of interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) were purchased from
Neobioscience Technology Co., Ltd., Wuhan, China.
1.2 Animals

Healthy male Sprague-Dawley rats (weight of
180-200 g) were obtained from the Vital River
Laboratory Animal Technology Co., Ltd. (Beijing,
China). All the animals had free access to standard
diet and water. The animals were sacrificed to obtain
tissues. Principles in good laboratory animal care
were followed and people taking part in the animal
experiments owned the licenses for animal surgery.
Animal experiments were conducted in accordance
with the Guidelines for the Care and Use of
Laboratory Animals in the institute, and the National
Institute of Health (NIH) guide for the care and use
of laboratory animals. License number of labotatory
animal was SCXK (Jing) 2016-0006.
1.3 Electrospinning

A mixture of sodium alginate/PVA was added
into the 10% acetic acid solution and agitated for 5 h
at 90 ‘C to obtain the shell-forming solution. The
core-forming solution was prepared after chitosan
was dissolved in the 2% acetic acid solution. Coaxial
nanofibers were prepared with an electrospinning
equipment (SS-2535H, Beijing Ucalery Technology
Development Co., Ltd., China) installed with the
coaxial injectors. During electrospinning, a voltage
of 23 kV was applied between the needle and the
collector. The acceptance distance was 15 cm and the
pushing rate of the shell and core solutions was 0.8,
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0.2mL-h™", respectively. The alginate/PVA nanofibers
were also prepared as above with 7% PVA and 0.8%
alginate in the electrospun solution and the pushing
rate of 0.8 mL-h™'. So was the chitosan/PVA
nanofiber with 7% PVA and 3% chitosan in the
solution.
1.4 Characterization of nanofibers

The morphologies of nanofibers were observed
on a scanning electron microscope (SEM, 5 kV,
S-4800, Hitachi, Japan) and a transmission electron
microscope (TEM, 80 kV, H-7650, Hitachi, Japan).
The diameters of nanofibers were analyzed with the
image analysis software (Image J, NIH, USA). The
average diameter of nanofibers was statistically
calculated with at least 100 randomly selected fibers.

The coaxial nanofibers and the physical mixture
of alginate/PVA/chitosan were characterized by the
X-ray diffraction (XRD, DS8§-advance,
Germany) with diffraction angle from 5° to 45° for

Bruker,

their structural properties and the Fourier transform
infrared spectrum (FTIR, Nicolet 6700, Thermo
Fisher Co., USA).
1.5 Water absorption of nanofibers

A piece of films (2 cmx2 cm) containing
nanofibers was weighed (#;). It was immersed into
deionized water (5 mL). At the predetermined time
points of 0.5, 1, 2, 4, 6, 8, 10, 12, 48 h, the sample
was lifted off followed by removal of water with a
filter paper. The hydrated nanofibers were weighed
(W)). Water absorption capacities of the following
three types of nanofibers were calculated as Eq.
(HP' including the coaxial nanofibers of
alginate/PVA/chitosan, the nanofibers of alginate/PVA,
and the nanofibers of chitosan/PVA.

Water absorption=(W;—W)/Wyx100% (D)

1.6 Antibacterial assessment of nanofibers''
A Gram-positive bacterium, Staphylococcus
(ATCC 25923) and a
bacterium, Pseudomonas aeruginosa (ATCC 27853)

aureus Gram-negative
were used for antibacterial assessment. S. aureus and
P. aeruginosa were precultured in the Luria-Bertani
Broth (LB) overnight in a rotary shaker at 37 C.
The concentration of bacterial suspension was
determined by the counting method with a blood cell
counting plate. An aliquot (100 pL) of diluted
bacterial suspensions (1 010 CFU-mL™") was seeded
on the LB agar media using a spread plate.
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Antibacterial assessment was tested with the disk
diffusion method"*"*!. Both of the alginate/PVA/
chitosan and the alginate/PVA nanofibers were cut to
8 mm-in-diameter discs that were then put on the
surfaces of the petri dishes. The plates were
37 C for 24h followed by

determination of inhibition zones.

incubated at

1.7 Pharmacodynamics study
1.7.1 Animal model of deep partial-thickness burns

Fourteen rats were anesthetized with the 10%
chloral hydrate solution and the dose of 4 mL-kg™".
Deep partial-thickness burn wounds were established
with a specially designed electric heating instrument
(YLS-5Q, Bio-will Co., Ltd., Shanghai, China) that
was able to control the heating cylinder temperature
and pressing pressure. The wounds were confirmed
after staining with hematoxylin and eosin (H&E).
1.7.2 Treatment prorocols of wounds

Fourteen burned rats were randomly divided
into two groups: the model group without treatment,
the coaxial nanofiber group with the alginate/PVA/
chitosan coaxial nanofibers (30 mg) being covered
on the wounds once every day. On days 1, 5, 10, 14
and 21 the wounds
photographed and the wound area was analyzed with

following burning, were
an image analysis software (Image Pro Plus 6.0,
Media Cybernetics, USA). The percentage of wound
healing was defined as Eq. 2.
Wound healing=(4,-4,,)/A,%100% 2)

Where 4, was the wound area on a given day
after burns, and 4, was the wound area on the first
day.
1.7.3 Pathological investigation

The full-thickness wound skins were taken on
days 5, 14 and 21 following burning. The tissue
samples were fixed in the 10% formaldehyde
solutions, embedded in paraffin and cut into 5 pum
thick sections. The sections were stained with H&E
and Masson’s trichrome. The slides were observed
on an optical microscope (BDS200-FL, Chongqing
Optec Instrument Co., Ltd., China).
1.7.4

Expression of vascular endothelial growth factor
(VEGF), cluster of differentiation 31 (CD31), and
proliferating cell nuclear antigen (PCNA) in the

Immunohistochemical investigation

wounded tissues were determined with
immunohistochemical staining. The sections of
Chin J Mod Appl Pharm, 2019 April, Vol.36 No.7 <775 -



wounds were initially embedded in paraffin, and
then deparaffinized, rehydrated, and microwave-
heated for 15 min in the EDTA antigen retrieval
solution (pH 8.0) for antigen retrieval. Then, a 3%
hydrogen peroxide solution was applied to block the
endogenous peroxidase activity. Furthermore, the
tissues were blocked with bovine serum albumin
(BSA) for 15 min. The primary antibody of
CD31/VEGF/PCNA (Goodbio, Wuhan, China)
diluted with a 3% BSA solution was added to the
above tissues and incubated overnight at 4 ‘C. The
sections were washed with PBS for three times and
5 min once. The secondary antibody of primary
antibody was added and incubated for 30 min at
room temperature followed by interval PBS washing.
The sections were immersed for 5 min in the
coloring substrate 3,3’-diaminobenzidine (DAB,
0.4mgmL™"', DAKO, USA) containing 0.003%
hydrogen peroxide, rinsed with water, counterstained
with hematoxylin, dehydrated, and coverslipped. The
sections were further observed on a microscope.
1.7.5 Detection of inflammatory factors

The full-thickness wound skins of about 0.2 g
were taken out on days 5, 14 and 21 after burning.
They were smashed into homogenates in an ice-cold
bath with a high-speed tissue homogenizer (IKA T10
BS25, Staufen, Germany). The homogenates were
centrifuged at 3 700 g. A 2 mL aliquot of supernatants
was withdrawn for the ELISA determination of
TNF-a and IL-6 according to the instructions.
1.8 Statistical analysis

The data were treated statistically with the
SPSS software (Version 16.0, SPSS Inc., Chicago, IL,
USA) and data were expressed as x 5. LSD test
was employed to identify significant differences
(P<0.05, or P<0.01) between data sets.
2 Results
2.1  Characteristics of coaxially electrospinning
nanofibers

The final formulation of coaxially electros-
pinning nanofibers consisted of 7% PVA and 0.8%
sodium alginate in the shell-forming solution and 3%
chitosan in the core-forming solution. The coaxial
nanofibers showed smooth surfaces, and uniform
diameter distribution (Fig. 1). SEM
images could not reveal the inner structures of
In this study,
structure of coaxial nanofibers was

However,

coaxial nanofibers. the typical

core-shell
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observed with the TEM (Fig. 2).
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Fig. 1
distribution of alginate/PVA/chitosan coaxial nanofibers
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Fig. 2 TEM image of the coaxial nanofiber with the
obvious core-shell structure
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For the physical mixture did not interact with
each other, the XRD graphs showed the crystal
region with obvious diffraction peaks at 26=12°,
19.5°, 23°, 40.5°, respectively. And the diffraction
intensity at 260=19.5° was the highest. The diffraction
peaks of the coaxial nanofibers at 26=12° and 19.5°
became very weak compared to that of the physical
mixture. It demonstrated that the composition of the
coaxial nanofibers was no longer a simple physical
mixture. The crystal structure changed during the
electrospinning process (Fig. 3A).

As for physical mixture of FTIR, typical
absorbance peaks appeared at 3 405 cm™' (flexible
vibration of O-H and N-H), 2 938 cm™' (flexible
vibration of C-H), 1 654 cm' (carbonyl group),
1088 cm™' (flexible vibration of C-O and bending
vibration of O-H), 853 cm™' (B-glucoside bonds of

chitosan), respectively. After nanofibers were
electrospun, the typical absorbance peak at
3423 cm™'  became sharper and stronger. It
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suggested that hydrogen bond might form between
hydroxy and amino groups. Hydrogen bond might
decrease the impedence of amino groups on
electrospinning and favorable for electrospinning.
Crystal structure of chitosan weakened due to the
peak at 1 092 cm™' decreased (Fig. 3B).

A B [Physical mixture

Coaxial nanofibdrs

Intensity
Intensity

Physical mixture

Coaxial nanofibers

1020 30 40 4000 3000 2000 1000
20/(°) Wavenumber/cm™!

Fig. 3 XRD graphs(A) and FTIR spectra(B) of the coaxial
nanofibers and physical mixtures of alginate/PVA/chitosan
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TEM images showed that the coaxial nanofiber
had a uniform core-shell structure with the outer and
inner layers at nanoscale. The XRD and FTIR
analyses indicated the physical status and bonding
interaction of the components in the physical
mixture and the coaxial nanofibers. Both of the
results showed the components in the coaxial
nanofibers were different from those in the physical
mixture. It demonstrated that interactions might
appear.

2.2 High water absorption of coaxial nanofibers

Compared to the alginate/PVA or chitosan/PVA
nanofibers, the water absorption capacity of alginate/
PVA/chitosan coaxial nanofibers was significantly
higher (Fig. 4). Water absorption ratio increased with
prolonged time and reached nearly saturation after
12 h. The water absorption capacity of the coaxial
nanofibers was a little higher than that of the
alginate/PVA nanofibers (Fig. 4). According to the
results of water absorption, the coaxial nanofibers
and the alginate/PVA nanofibers were selected for
the further exploration.

2.3 Aantibacterial ability of coaxial nanofibers
ability of the alginate/PVA/
chitosan coaxial nanofibers were better with the

Antibacterial

clear inhibition zones for S. aureus (12 mm in
diameter) and P. aeruginosa (11 mm). In comparison,
the alginate/PVA nanofibers did not
antibacterial effect (Fig. 5).

The water absorption in vitro and antibacterial

show
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experiments had preliminarily reached the design
aim of alginate/PVA/chitosan coaxial nanofibers, i.e.,
excellent

absorption of wound exudates and

antibacterial function.
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Fig. 4 Water absorption of different nanofibers
Compared with the chitosan/PVA nanofibers, 1)P<O.05, 2p<0.01.
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S.aureus P.aeruginosa

6

I . Alginate/PVA nanofibers
II. Alginate/PVA/chitosan coaxial nanofibers

Fig. 5 Bacterial inhibition effect of alginate/PVA and
alginate/PVA/chitosan coaxial nanofibers on S. aureus and P.
aeruginosa
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2.4 Enhanced wound healing effect of coaxial
nanofibers

The wounds treated with the coaxial nanofibers
did not show any significant healing ratio compared
to the burn wounds without any treatment within 5
days. From the 5th day, the edema of treated wound
tissues began to diminish and the scabs were
gradually formed (Fig. 6). New skin and hairs
appeared on 10th day. On 14th day, the scabs felled
off, and the new pink skin and hairs were remarkable.
However, the model rats kept the large and coarse
scabs at the same time. On 21st day, the treated rats
had the nearly complete skins but the model rats still
had the large wounds and the incomplete new skin.
Wound healing was also quantified. From 5th day,
the wound healing of the coaxial nanofibers was
significantly higher than that without treatment

Chin J Mod Appl Pharm, 2019 April, Vol.36 No.7 <777 -



(P<0.01, Fig.6). Therefore, the enhanced wound
healing effect of the alginate/PVA/chitosan coaxial
nanofibers was confirmed.

100 2 i
60 K Model
il
Coaxial

40
20
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40 | N
1
00 J ~
nanofibers
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100 } . B

o

Wound healing/%

t/d
Fig. 6 Wound healing effects of the coaxial nanofibers
(x *s,n=6)
Compared with model, "P<0.01.
El6 FHMKTERGDAEGNUR(XLs, n=6)
SRS, VP<0.01.

2.5 Low infiltration of inflammatory cells and
much collagen formation induced by coaxial
nanofibers

The burn wounds without any treatment showed
the severe infiltration of inflammatory cells, and
degenerated and necrotic collagens on 5th day
(Fig. 7). On 14th day, the severe infiltration of
inflammatory cells and the unordered skin structure
still existed. However, the nanofiber-treated rats had
little infiltration of inflammatory cells from 5th day,
and the edema nearly disappeared and the new

Model Coaxial nanofibers Model

s B AP r
Lol o tNGY
AN T

PR Wy
3 ~-":.,I:f k1) y &
~“~u;"h‘éﬁl ke 2
VEGF
Immunohistochemical images of deep partial- thickness burns treated with the coaxial nanofibers(400x)

Fig. 8

Arrows indicate positive changes.
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i kR PE
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vessels formed on 14th day (Fig. 7). On 21st day,
collagens were produced. The epidermal structures

were basically complete and similar to normal skins.
H.E. staining Masson’s trichrome staining

Coaxial nanofibers Model

Model Coaxial nanofibers

NS

H&E staining(100)

O Infiltration of inflammatory cells A Degenerated and necrotic collagen
Regenerative epidermal structure gxNeovasculation

Fig. 7 Histopathological images of burned wounds after
treatment with the coaxial nanofibers
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2.6 Effects of coaxial nanofibers on cytokines

In this study, the coaxial nanofibers remarkably
up-regulated the expression of VEGF, CD31 and
PCNA (Fig. 8). The coaxial nanofibers significantly
decreased the levels of IL-6 and TNF-a after 5 d,
indicating little inflammatory reactions (Fig. 9). The
normal levels of IL-6 and TNF-a were
(304.09+14.04)pg'mL " and (516.83+20.19)pg'mL ",
respectively. After 21-day treatment, the levels of
IL-6 and TNF-a were approximate to the normal.
The coaxial nanofibers improved wound healing by
decreasing infiltration of inflammatory cells and
facilitating formation of collagens proved by the
above results.

Coaxial ne}nofibers Model Coaxial nanofibers
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Fig. 9 Pro-inflammatory factor level profiles after the
treatment of deep partial-thickness burns with the coaxial
nanofibers( X £ s, n=6)

Compared with model, Dp<0.05, 2p<0.01.
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3 Discussion

One important feature of deep partial-thickness
burns is with much fester. So alginate in the shell to
absorb fester and chitosan in the core released in a
sustained profile to inhibit bacteria growth. In
addition, alginate is favorable for cells migration,
adhesion and proliferation. As a result, alginate in
the shell facilitated wound healing.

Viscosities and conductivities were the major
factors to affect the morphologies and size of
electrospinning nanofibers!"*"*!. High concentrations
of alginate and chitosan in the electrospinning
solution resulted in large nanofiber diameters and
wide distribution of the coaxial nanofibers, probably
because of high viscosities and conductivities!'®.
The interaction of PVA, alginate, and chitosan might
affect the crystal structures of the components based
on XRD results, possibly resulting from high
compression in the coaxial nanofibers. FTIR spectra
indicated that hydrogen bonding formed due to
association of hydroxyl and amino groups in the
coaxial nanofibers. Burns are characterized with a lot
of exudates!'”. Therefore, higher water absorption
capacity was advantageous for wound healing. On
one hand, the diameter of alginate/PVA/chitosan

o EBACR 252 2019 4F 4 H 55 36 555 7

coaxial nanofibers with core-shell structure was
larger than that of alginate/PVA or chitosan/PVA
nanofibers without core-shell structure. On the other
hand, both of alginate!'*"’
good
absorption capacity of alginate/PVA or chitosan/PVA
nanofibers were lower to some extent. The loose and
porous nanofibers film changed to the viscous and

I and chitosan® have

absorption capacity. Obviously, water

soft one following water absorption.

Wound healing is a fundamental response to
tissue injuries. Healing involves overlapping steps of
inflammation, cell migration and proliferation,
neovascularization, extracellular matrix production
and remodeling. An optimal wound dressing should
facilitate healing. Nanofibers own very high specific
surface area, leading to their high absorption
capacity of water. The intense and soft film
composed of nanofibers can protect the wounds from
infection and over-drying. Moreover, the nanofibers
film is ventilated and comfortable. The clean
breeding condition of animals could make wound
recover quickly. In the outdoor condition, the wound
would be infected easily. If that, the antibacterial
function of the coaxial nanofiber wound dressing
become important. The antibacterial mechanism of
the coaxial nanofibers should attribute to the
interaction of the positively charged quaternary
ammonium groups of chitosan and the negatively
charged bacterial cell membranes, leading to loss of
membrane permeability and leakage of intracellular

(2122 Modulation of pro-inflammatory

components
factors (e.g., IL-6, TNF-a) is important in wound
healing. The levels of IL-6 and TNF-o increase
sharply after burn. The nanofibers could make them
nearly return to the normal levels after 21-days
treatment. This may be due to the anti-inflammation

effect of alginate!®!
[24]

and anti-oxidation effect of
chitosan
4 Conclusion

Chitosan has good antibacterial ability and
alginate has strong water absorption capability.
Furthermore, chitosan and alginate were combined
together with the coaxially electrospinning technique
to form the alginate/PVA/chitosan coaxial nanofibers.
The nanofibers showed good water absorption
capacity, antibacterial function, and improved wound
healing effect. The coaxial nanofibers may directly
or indirectly stimulate many factors, including
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improvement of angiogenesis and vasculogenesis,

inhibition of inflammatory factors,

increase of

fibroblast proliferations and collagen synthesis.

These factors are important for proliferation of

keratinocytes

and fibroblasts, epithelialization,

collagen synthesis, extracellular matrix remodeling

and angiogenesis, leading to accelerated wound

healing. The merits of chitosan and alginate are

sufficiently demonstrated in the coaxial nanofibers.

Therefore, alginate/PVA/chitosan coaxial nanofibers

might be used as a novel wound dressing for

treatment of deep partial-thickness burns.
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