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� A bilayer asymmetric dressing was
developed to mimic the gradient
structure of epidermis and dermis.

� The dense outer layer with better
water repellency was made of PCL/
PLA by electrostatic spinning.

� The porous inner layer with water
absorbing capacity was made of SA/
PVA adding HACC by 3D printing.

� The bilayer asymmetric dressing has
similar mechanical properties to
natural human skin.
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Ideal wound dressings provide optimal microenvironment for the reconstruction of damaged tissue. In
this work, we fabricated a bilayer asymmetric dressing to mimic gradient structure of epidermis and der-
mis of skin by combining electrostatic spinning and 3D printing method with properties including surface
hydrophilic and hydrophobic, porosity, mechanical as well as antibacterial properties. The outer layer
was prepared by optimized PCL/PLA (PP) via electrostatic spinning to mimick epidermis with water repel-
lency and against bacterial penetration, which has a tensile modulus of 19.69 ± 0.66 MPa. While, the inner
layer was 3D printed by optimized sodium alginate/polyvinyl alcohol/chitosan quaternary ammonium
salt (SPH). The tensile modulus of SPH with a porosity of 70–90% is 0.82 ± 0.01 MPa, and the water con-
tent can be achieved above 85%. The antibacterial efficacy of inner layer was tested against Staphylococcus
aureus indicating forming inhibition zone with a diameter of 1.61 ± 0.35 cm. In addition, Cell Counting
Kit-8 and Live/Dead assay was used to test the viability of human dermal fibroblasts (HFBS), which
showed that PP/SPH with 6% PVA had not significant cytotoxic effects. The double-layer asymmetric
dressing meets the requirements of skin mechanical properties and provides an effective repair strategy
for clinical skin trauma.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction [30,31]. But the printability of SA needs to be improved by adding
The skin is the body’s first defense barrier from external circum-
stances [1]. After the occurrence of a skin injury, to avoid further
infection, a skin substitute is needed to protect the underlying tis-
sues and prevent the loss of body fluids [2,3]. Wound dressing is a
covering or a protective layer for wounds, which can provide tem-
porary protection and control wound infection during wound heal-
ing, providing a suitable healing environment on the traumatized
surface [4]. Trauma dressings are divided into traditional dressings
[5], biological dressings [6], synthetic dressings [7] and growth fac-
tor dressings [8,9] depending on their different materials. Depend-
ing on the complexity of the wound, wound dressings have been
designed in different forms and properties, including closure dress-
ings, non-bonded dressings, absorbent dressings and dressings in
the form of sheets, foams, powders and gels [10]. Although some
dressings are cheap and readily available, they usually have disad-
vantages such as poor affinity to the wound area and insufficient
water vapor permeability, leading to exudate accumulation, tissue
maceration or the development of infection [11]. Ideal wound
dressings are often derived from natural materials with skin-like
properties, should adhere closely to the injured tissue, maintain
water balance, allow gas exchange, and absorb secretions, support
cell proliferation, mechanical compatibility, and inhibit bacterial
growth, thus ensuring an optimal microenvironment to improve
wound healing to a more humanistic level [12,13,14,15].

Therefore, asymmetric membrane has attracted the attention of
researchers in recent years because of their flexible design for sim-
ilarity to the natural skin structure. Asymmetric membranes are
usually composed of a dense outer layer and a porous inner layer,
similar to the epidermal and enderonic layer of the skin. The dense
outer layer protects the wound tissue from external threats (phys-
ical, chemical agents and bacteria) and controls gas exchange (wa-
ter vapor, O2 or CO2) [16]. On the other hand, the inner layer with a
porous structure can absorb exudates and support cell adhesion
and proliferation [17,18]. Moreover, asymmetric membranes can
be fabricated using multiple techniques such as wet, dry/wet phase
inversion, scCO2-assisted phase inversion, electrostatic spinning,
and 3D printing [19].

Meanwhile, there are a variety of materials used for skin repair.
Polycaprolactone (PCL) has been widely used to promote skin tis-
sue regeneration or trauma dressings because of its high mechan-
ical flexibility, inherent non-toxicity, low biodegradability, high
biocompatibility, and high ECM mimicry [20]. In addition, the
low hydrophilicity of PCL makes it a unique biopolymer used to
mimic the skin surface and act as a hydrophobic barrier [21]. How-
ever, Soft PCL’s modulus is nearly one order of magnitude lower
than that of PLA, so polylactic acid (PLA) with excellent mechanical
properties is introduced to meet the needs in other study [22,23].
PLA is a semi-crystalline thermoplastic polymer with relatively
high modulus of elasticity and brittle, low elongation [24]. PLA/
PCL composite have good synergistic and complementary proper-
ties, and by adjusting the ratio of PLA and PCL, making for the
improvement on mechanical properties of the composite [25].
There are research on PLA/PCL electrostatic spinning film used
for skin regeneration but is rarely reported to conbine 3D printed
porous layer simultaneously improving water absorption, as well
as antibacterial properties [26,27].

Sodium alginate (SA) is a natural polymer that is widely used in
3D printed tissue regeneration to construct a porous structure [28].
It has high biocompatibility, low toxicity and excellent rheological
properties [29]. Furthermore, SA has a water absorption capacity of
20–30 times its weight and releases encapsulated drugs and mole-
cules when in contact with moist environments, and can absorb
wound secretions due to its high water absorption properties
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some biopolymers. There are some study on SA/PVA skin substitute
[32]. Polyvinyl alcohol (PVA) has good hydrophilic and biocompat-
ible properties, as well as adjustable mechanical properties suit-
able for dressings, and can be crosslinked by being frozen and
thawed at low temperature without the addition of any chemical
agent to make PVA molecules tightly bound by van der Waals
forces [33,34,35]. In order to prevent skin infection, chitosan qua-
ternary ammonium salt (HACC) can be used as antibacterial agent.
HACC is a natural quick-water-soluble cationic polysaccharide,
which is an advanced derivative of chitosan made by chemical
modification of marine chitosan [36]. The antimicrobial perfor-
mance of HACC is better than chitosan and other chitosan deriva-
tives [37].

Herein, a novel asymmetric membrane was developed to mimic
the gradient structure of epidermis and dermis of natural skin
combining electrostatic spinning and 3D printing technology for
wound dressing in this study. Furthermore, the fabrication of two
layers of gradient material structure takes into account the differ-
ences in physiological functions mainly performed by the epider-
mis and dermis, such as the surface hydrophilic and
hydrophobic, pore structure, mechanical property as well as the
requirements to promote skin cell growth. To be specific, a dense
electrostatic spinning membrane with better mechanical property
and water repellency was made of optimized PCL/PLA as a protec-
tive barrier against microbial penetration, which was served as the
epidermal layer of the skin. For dermis layer, the porous 3D printed
construct with water absorbing capacity was designed to provide
an antibacterial environment for wound healing, which is printed
by optimized SA/PVA adding HACC. The complementarity of gradi-
ent material properties and structure would achieve an optimal
microenvironment to accelerate the healing process. As a whole,
this study would provide an enhanced material design strategy
for future clinical skin wound repair.
2. Materials and methods

2.1. Materials

N, N-dimethylformamide (DMF) and dichloromethane (DCM)
were purchased from Shanghai Titan Scientific Co., Ltd, China.
The polycaprolactone (PCL) (Mw: 80,000) were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd, China and polylactic acid
(PLA) (Mw: 44,000) were obtained from Kooer Biotech Co., Ltd,
China. Sodium alginate (SA) (viscosity: 200–500 mp�s) was pur-
chased from Shanghai Yien Chemical Technology Co., Ltd, China.
Polyvinyl alcohol (PVA-124) (viscosity: 54–66 mp�s) was obtained
from Xilong Scientific Co., Ltd, China. And Chitosan quaternary
ammonium salt (HACC) has been obtained from MackLin, China.
All other chemicals and reagents used were of analytical grade.
2.2. Methods

2.2.1. The preparation of electrostatic spinning film
A blend solution of 12% PCL (w/v) and 6% PLA (w/v) was pre-

pared by dissolving in a 7:3 (v/v) ratio mixture of DCM and DMF.
Afterwards, the solution was placed in a special syringe (20 mL)
and electrospun at a constant flow rate of 0.003 mm/s under KH-
1089 electrostatic spinning equipment with spinning needle
(21G), at 25 �C (humidity of 25%), using a working distance of
18 cm. Meanwhile, PCL/PLA electrostatic spinning nanofiber film
was obtained at a drum speed of 300 r/min and an applied voltage
of 24 kV.
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2.2.2. Preparation of inner 3D printed hydrogels
The 6% of PVA (w/v) was dissolved in 20 mL of deionized water,

and placed in a magnetic stirrer at 92 �C until PVA was completely
dissolved. After PVA solution was naturally cooled to room temper-
ature (25 �C), 1% HACC (w/v) powders were added, and then stirred
magnetically at 25 �C until the HACC was completely dissolved.
Increasing the temperature to 45 �C, 5% SA (w/v) was slowly added
and dissolved in the solution to obtain the 3D printing ink. The
materials were all printed using a bio-3D printer (SunP BioMaker
1) at an ambient temperature of 25 �C, humidity of 40%. The
obtained SA/PVA/HACC bioink was placed in a special syringe
(BD-5 mL) with a needle (0.25G/0.3G) attached at temperature of
37 �C and platform temperature of 10 �C with printing speed of
6 mm/s, extrusion speed of 7 mm/s. The printed 3D model was
designed using a CAD/CAM software (Solid Works). The infill
geometry of model is grid, and the infill density is 22%. The model
is at size of 10 � 10 mm or 15 � 15 mm with line spacing of
1.2 mm, layer height of 0.2 mm and scaffold height of 0.8 mm.
After the SA/PVA/HACC hydrogels were crosslinked by immersion
in 4% CaCl2 (w/v) solution for 2 h, the scaffolds were frozen at
�20 �C for 12 h and thawed at �4 �C for 12 h, and repeated the pro-
cess of freeze–thaw by three times.
2.2.3. Preparation of double-layer asymmetric scaffold
The SA/PVA/HACC ink with 500 lL was used to coat on between

electrostatically spun membrane of PCL/PLA and 3D printed hydro-
gel of SA/PVA/HACC uniformly. Then the obtained double-layer
asymmetric scaffold of PP/SPH were incubated at 37 �C for 2 h until
the solution formed a hydrogel to bond the two layers.
2.3. Physicochemical properties of the asymmetric scaffold

2.3.1. Scanning electron microscopy
The surface structure of electrostatically spun films and 3D

printed hydrogels were observed by field emission scanning elec-
tron microscopy (SEM) (JEOL JSM-7100F, Japan). Prior to testing,
samples were dried in a vacuum freeze dryer at �90 �C for 24 h
to remove moisture, and each sample was sputtered with platinum
(Pt).
2.3.2. Printability evaluation
When the printing ink is in an ideal gelation state, the extruded

filament will exhibit a clear morphology with smooth surface and
constant width in the three-dimensional space, forming a regular
grid of square pore structure. In addition, when the printing ink
is in the under-gel state, the extruded filament will exhibit a dro-
plet state and the lines between the upper and lower layers appear
to fuse [38]. The Pr value is calculated using the following formula.
Herein, L represents perimeter and A represents area. For the ideal
printability, the interconnected channels of the constructs are
square with a Pr value equal to 1.0 [39]. To calculate the Pr value,
images of the printed constructs were analyzed by Image-J soft-
ware to determine the perimeter and area of the interconnection
channel (n = 5).

Pr ¼ L2

16A
ð1Þ
2.3.3. Fourier infrared spectroscopy
Fourier transform infrared (FTIR) spectra of the scaffolds was

recorded using a FTIR spectrometer (Bruker Alpha, Germany). FTIR
spectra of different samples were prepared by using potassium
bromide (KBr, Aladdin, USA) pellet method.
3

2.3.4. Determination of wettability and porosity
The water contact angle (WCA) of the nanofiber membrane was

measured by a water contact angle meter (AST VCA Optima S,
China) in range of 0 � 180�, resolution of 0.01� and speed mode
of 30 � 300 frames/sec to determine the hydrophobicity of the
material, and the PCL/PLA sample was cut into smaller pieces for
testing.

The porosity of the material was measured via using the liquid
displacement method. PCL/PLA and SA/PVA/HACC samples were
freeze-dried prior to testing. The specific gravity bottle filled with
ethanol is weighed as Z1; the mass of the sample is weighed as Z2
and then was put into the bottle, soon ethanol was added to fill the
bottle and weighed, and the mass is Z3; the sample (sample pores
filled with ethanol) is removed from the bottle, the bottle remain-
ing ethanol was weighed as Z4. The porosity K% of the material is as
follows:

K ð%Þ ¼ Z3 � Z4 � Z2

Z1 � Z4
� 100 ð2Þ
2.3.5. Swelling rate and water content
The swelling behavior and water absorption capacity of the

hydrogels in physiological saline were determined by gravimetric
method. Preprinted grid hydrogels (n = 5, d = 10 mm,
h = 0.8 mm) were pre-frozen in a refrigerator at �20 �C and then
freeze-dried in a freeze-dryer (Bilon FD-1A-80, Shanghai, China)
to obtain lyophilized hydrogels with the weight recorded as W0.
The hydrogels were immersed in saline at 37 �C for a certain time,
and then the surface liquid was removed and the weight W of the
swollen hydrogel was measured to calculate the swelling ratio of
the hydrogel [40]. The swelling ratio of the hydrogel was calculated
by equation (3) as follows.

Swelling ratio ð%Þ ¼ W�W0

W0
� 100 ð3Þ

The water content of the hydrogel (n = 5) was calculated by
equation (4). After removing the surface liquid with filter paper
and weighing the swollen hydrogel (W), the hydrogel was dried
in a vacuum freeze dryer at �90 �C for 24 h and weighed as W0.

Water content ð%Þ ¼ W�W0

W
� 100 ð4Þ
2.3.6. Mechanical test
The tensile mechanical properties of dumbbell-shaped speci-

mens of hydrogel and electrostatic spinning film were determined
using a universal testing machine (Instron 5544, US) and a 50 N
load cells at a loading rate of 20 mm�min�1 according to ASTM
D882 Standard. The compressive mechanical properties of the
hydrogels were determined at a loading rate of 0.3 mm�min�1

using 5000 N pressure elements according to ASTM D3410-75
Standard. The stress (rt) was measured by the following equation
(5):

rt ¼ F
S

ð5Þ

where rt is the nominal stress and S is the cross-sectional area of
the material. The strain (et) is defined by equation (6):

et ð%Þ ¼ DL
L0

� 100 ð6Þ

where, DL is the amount of change in length relative to the standard
length of the independent specimen and L0 is the standard length of
the independent specimen [41]. Tensile strength and elongation at
break are the tensile stress and strain at break respectively, and
compressive strength is 60% of the strain strength. Tensile and com-
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pressive moduli of elasticity were calculated in the strain range of
5 � 10%, which the relationship of stress–strain is linear. Three
duplicate samples were tested in triplicate.

2.4. Proliferation of cells on scaffolds

2.4.1. Culture of human dermal fibroblasts (HFBS)
All samples were lyophilized and sterilized under UV light.

Samples were then washed three times with Dulbecco ’s Modified
Eagle medium (DMEM, Gibico, USA) before use. HFBS cells (Shang-
hai Cell Bank, Chinese Academy of Sciences) were incubated in
DMEM supplemented with 10% fetal bovine serum (FBS, Gibico,
USA) and 1% antibiotics (Gibico, USA) at 37 �C with 5% CO2 (Thermo
Forma 311 direct heat CO2 incubator, USA). HFBS cells were
digested with 0.05 % trypsin and then suspended in fresh medium.
The pretreated hydrogel samples were placed on the bottom of 24-
well cell culture plates, on which 1 � 104 cells were inoculated. In
addition, spun film samples were inoculated with 5 � 103 cells on
the bottom of 48-well cell culture plates to observe the cell adhe-
sion on each sample. The spun bond samples were circular plates
with a diameter of 6 mm and a thickness of 0.5 mm, and the grid
hydrogel samples had a side length of 10 � 10 mm and a thickness
of 0.8 mm. The morphological changes of cells were observed by
fluorescent inverted microscope (Nikon, TiS, Japan) at 1, 3 and
5 days, respectively.

2.4.2. CCK-8 proliferation assay
Cell Counting Kit-8 (CCK-8) was used to detect the proliferation

of HFBS cells on 1, 3 and 5 days (n = 3). Each sample was inoculated
with cells in well plates, containing 1 mL of DMEM with 10% fetal
bovine serum and 1% antibiotics in per well. At each time point, the
culture mediumwas replaced with DMEMmedium containing 10%
CCK-8 solution and incubated for 2 h. At the end of the incubation,
300 lL of culture medium was removed from each well into a new
96-well plate. The absorbance at each time point was measured
with an enzyme marker at 450 nm (Bio-Rad iMark, USA).

2.4.3. Live-Dead staining
Samples were washed three times in DMEM before use. The cell

viability of the samples was measured using the LIVE/DEAD viabil-
ity/cytotoxicity kit. LIVE/DEAD staining was performed using
calcitanin-AM and ethidium-1, with which live cells were stained
green and dead cells were stained red. A concentration of
1 � 104 cells/mL was inoculated on hydrogel scaffold samples in
24-well plates, and spun membrane samples were inoculated with
5 � 103 cells on the bottom of 48-well cell culture plates for 1, 3,
and 5 days. After the medium in the well plates was removed, each
sample was rinsed with DMEM, and then 200 lL of calcitanin-AM
and ethidium-1（1:2, v/v）with DMEM was injected into the well
plates. The well plates were immediately placed in the dark at
37 �C with 5% CO2 for 30 min. After that, all samples were rinsed
three times with DMEM and observed with a fluorescent inverted
microscope, and spun membrane samples were operated similarly.

2.5. Antimicrobial properties of the asymmetric scaffold

The antimicrobial activity of the SA/PVA/HACC printed hydrogel
inner layer was determined using the inhibition loop method [42].
Firstly, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)
were used as Gram-positive and Gram-negative bacteria models,
and purified and diluted to 106 cfu/mL. The 100 lL of bacterial
solution was coated evenly after solidification of the solid medium,
and round plate samples with a diameter of 6 mm were taken and
placed in Petri dishes, respectively, and then incubated in a con-
stant temperature incubator at 37 �C for 24 h. After the inhibition
ring appeared around the samples, the diameter of the inhibition
4

ring was measured by vernier calipers and recorded. Three parallel
tests were performed for each group of samples.

2.5.1. Analysis of bacterial penetration into the outer layer of the PCL/
PLA membrane

In addition, the ability of the PCL/PLA composite nanofiber
membrane to provide a barrier to external microorganisms on
the trauma surface was also evaluated by with bacterial models
(S. aureus and E. coli), and then the bacteria on surface of the upper
and bottom of the fiber membranes were observed by SEM. S. aur-
eus and E. coli were used to evaluate the ability of hindering bacte-
rial penetration from upper layer of the membrane to bottom layer
respectively. The 1 � 106 cfu/mL of bacterial suspension was inoc-
ulated on PCL/PLA (n = 3) membranes at 37 �C for 24 h. In addition,
the presence of microorganisms on the upper and bottom surfaces
of samples was observed by SEM.

2.5.2. The antibacterial activity of 3D printed hydrogels
The antibacterial properties of the 3D printed SA/PVA/HACC

hydrogels were characterized using a modified Kirby-Bauer tech-
nique [43]. For this purpose, round hydrogels (n = 3) with van-
comycin (VCM) and HACC were placed on the surface of agar
plates containing S. aureus or E. coli (1 � 106 cfu/mL) and incubated
for 24 h at 37 �C. Then, the image analysis software of Image J
(Scion Corp., Frederick, MD) was used to photograph the inhibition
ring around the samples and to determine the diameter of the ring.

2.6. Statistical analysis

All experiments were repeated three times. The data results
were expressed as the mean ± standard deviation. One-way
ANOVA was used to determine the significant difference by using
SPSS, version 23 (IBM), and values were considered statistically
significant at p < 0.05.
3. Results and discussion

3.1. The morphology and structure of optimized asymmetric dressing

The structure and morphology of asymmetric dressing was
shown in the SEM of Fig. 1 and Fig. 2. Fig. 1(a) shows a 3D printed
4-layer model with a height of 0.2 mm. The inner 3D printed layer
of SA/PVA/HACC appears macro-pore structure with a mean diam-
eter of 842.76 ± 103.65 lm in Fig. 1(b), which would facilitate the
exchange of nutrients to the regenerating tissue. Fig. 1(c) � (f)
shows the macroscopic morphology of 3D 4-layer printed SA/
PVA/HACC scaffolds tuning by different PVA concentrations. It
can be seen that the printed scaffolds have more obvious line spac-
ing and less line fusion to reach the moderate gel state with the
increase of PVA concentration. Accordingly, the printability was
introduced to optimize the printed inks. Fig. S1 (see supplemen-
tary) shows the Pr value of 2-layer printed constructs with concen-
tration of PVA changing from 0% to 6%. The results show that the Pr
value reaches 0.92 ± 0.01 as the PVA concentration is 6% (w/v),
which exhibits the best shape fidelity. However, the ink cannot
be extruded normally, even easy to block the needle as the concen-
tration of PVA continues to increase from 6%. Therefore, the opti-
mized scaffold obtained was prepared by choosing the PVA
concentration of 6% (w/v), and four-layer of 3D printed hydrogel
was controlled to simulate the skin dermis thickness of 0.6–
3 mm [44] as the inner scaffold with SA/PVA/HACC (5:6:1, w/w/w).

Fig. 2(a) � (c) shows the outer layer of membrane with different
PCL/PLA ratios, all of which exhibited a densely connected mesh
structure. For the concentration of 18 wt% PCL, some beads
appeared in Fig. 2(a). Smooth and bead-free fibers with larger



Fig. 1. (a) Schematic diagram of the software modeled print; (b) SEMmorphology of the 3D printed SA/PVA/HACC substrate; the macro morphology of the underlying support
with different PVA concentrations (c) 0 wt% (d) 2 wt% (e) 4 wt% (f) 6 wt% by 3D printing.

Fig. 2. SEM morphology of electrostatic spun PCL/PLA nanofiber membranes with different materials (a) 18 wt% PCL; (b) 12 wt% PCL/6 wt% PLA; (c) 18 wt% PLA; (d) average
fiber diameter of different membranes; (e) water contact angle of electrostatically spun nanofiber membranes.
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diameter were obtained with a higher PLA concentration (no<6 wt
%) in Fig. 2(b) and (c). Fig. 2(d) shows that the average diameter of
PCL/PLA composite membrane fibers was 755.9 ± 107.1 nm, com-
5

paring to pure PCL membrane of 202.6 ± 32.4 nm and pure PLA
membrane of 1158.3 ± 207.5 nm. The average diameter of PCL/
PLA composite membrane fibers increases with the increase of
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PLA ratio, indicating that the concentration of PLA regulating the
diameter of nanofibers. According to previous studies, the increase
in solution viscosity is due to the increase of solution concentra-
tion, which is responsible for the increase in the average diameter
of the fibers [45]. For an ideal wound healing material, bead-free
fibers with smaller diameter are preferred [46], therefore 12 wt%
PCL/6 wt% PLA (PCL/PLA (2:1, w/w)) was selected for electrospin-
ning in this study. The hydrophilic polymer chains of the 3D
printed hydrogel layer can effectively absorb high concentrations
of aqueous exudates and maintain a moist environment at the
wound site while absorbing excess exudates [47]. The nanofibrous
layer also acts as a barrier to microbial infiltration with novel
structure that allow exudate drainage and gas exchange, which
Fig. 3. SEM images of composite scaffold cross-sections afte

Fig. 4. SEM morphology of 3D printed SA/PVA/HACC substrate scaffolds with different
electrostatically spun PCL/PLA nanofiber membrane with different materials (e) 18 wt%

6

are crucial to prevent skin infections and the occurrence of wound
dehydration [48].

As shown in Fig. 3, the nanofiber membrane can be well fixed on
the hydrogel inner layer, and the two parts are bonded tightly. It
can be seen in SEM that the cross sections of the bilayer dressing
are still visible after 1, 3, and 5 days of incubation, and remain
intact shape.

The materials were characterized by FTIR spectra in the range of
4000 � 500 cm�1 with a resolution of 4 cm�1 as shown in Fig. S2
(see Supplementary). It can be seen that no new bonds are
appeared or obviously shifted, indicating that there is no strong
interaction occurred between PCL and PLA, and only physical com-
bination in Fig. S2(a) [49]. The result suggested that PCL/PLA could
r incubation in NaCl saline (pH = 7) for 1, 3 and 5 days.

PVA concentrations (a) 0 wt% (b) 2 wt% (c) 4 wt% (d) 6 wt%; SEM morphology of
PCL (f) 12 wt% PCL/6 wt% PLA (g) 18 wt% PLA; (h) porosity of different materials.
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perform their properties of hydrophobicity of PCL and mechanical
strength of PLA after electrostatic spinning, which may contribute
to up to epidermis-like properties such as water-proof ability and
mechanical resistance [25]. For inner 3D printed layer of SA/PVA/
HACC, Fig. S2(b) shows that the SA/PVA/HACC hydrogel was
marked at 1742.8 cm�1 (absorption band shifted from
1730.8 cm�1 referred to the C = O groups in PVA) indicates that
the PVA are cross-linked by Freeze-thaw [50,51]. Compared with
SA, PVA, and HACC groups, the SA/PVA/HACC group shows a broad-
ening of the absorption peaks near 3300 cm�1 and a red-shifted
trend, indicating that SA, PVA, and HACC interact with each other
and form hydrogen bonds.
3.2. The wettability and porosity of scaffolds

The surface wettability represents the ability of the liquid to
spread on the solid phase surface [52]. The wettability of wound
dressings can be evaluated by measuring the WCA [53,54]
(Fig. 2e). The WCA value of PCL/PLA film was 119.1 ± 0.72�, show-
ing a hydrophobic contact angle (90� < WCA < 180�). The
hydrophobicity of the solid surface is closely related to its surface
energy, with a low solid surface energy and a large static water
contact angle, showing significant hydrophobicity when the WCA
is greater than 90� [55]. This result can be caused by the high per-
centage of hydrophobic groups, such as hydrocarbon and ester
groups on the chains of PCL and PLA polyesters, which allow
wounds to avoid the risk of wet water.
Fig. 5. Evaluation of the properties of 3D printed SA/PVA/HACC substrate scaffol

7

Fig. 4(a)�(d) shows the SEM images of the cross section struc-
ture of SA/PVA/HACC hydrogels with different PVA ratios. As seen
from the figures, the hydrogels show a uniform three-
dimensional porous structure, and the pore size becomes larger
with the increase of PVA content. It can be seen that the internal
pores of SA/PVA/HACC hydrogels are interconnected with each
other, which can be speculated as the interaction of hydrogen
bonding and crystalline regions to produce physical crosslinking,
thus forming a three-dimensional porous structure. Fig. 4(e)�(g)
shows the SEM images of different component ratios of PCL/PLA
composite membranes. It can be seen that the surface structure
of the composite membranes possess interconnected porous struc-
ture at all three ratios, which would be conducive to gas exchange
for wound healing [56].

The porosity of both the electrostatic spun outer layer and the
3D printed inner layer is between 70 � 90% as shown in Fig. 4
(h), which is consistent with the porosity values reported in the lit-
erature [57]. These connected pores facilitates the exchange with
external gases as well as the transport of nutrients and metabolic
waste [58].
3.3. The swelling rate and moisture content of the scaffolds

The healing process is associated with the production of wound
exudate, and excess exudate can prevent cell migration to the
wound surface, thereby prolonging the wound healing period
[59]. In this study, the swelling rate and water absorption rate of
ds. (a) swelling process (%); (b) swelling ratio (%); (c) water absorption (%).
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hydrogel inner layer was tested in equilibrium state at each time
point, which represents its ability to absorb trauma exudate. In
order to simulate the neutral physiological environment of human
body, 0.9% NaCl (w/v) solution with neutral was chosen as the
swelling environment in this experiment to study the swelling
and water content characteristics of SA/PVA/HACC hydrogel in 37
�C (Fig. 5).

The SA/PVA/HACC (cross-linked) hydrogels reached equilibrium
swelling (1041.4 ± 11.2) % for about 60 min (Fig. 5a), and the swel-
ling rate of the hydrogels with PVA was reduced compared to the
SA/HACC hydrogels due to the increase of hydrophilicity. But
freeze–thaw crosslinking of PVA may increase binding sites and
crosslinking degree, resulting in a more compact and strong struc-
tural bonding within the hydrogel, which leads to lower swelling.
It can be seen that the equilibrium swelling rate of SA/PVA/HACC
(cross-linked) is the lowest (Fig. 5b), which may be due to the
increase in the matrix density of the hydrogel with cross-linking
of PVA [60]. Therefore, the lower swelling rate and good water
absorption properties facilitate the absorption of wound exudate
and maintain the environmental humidity while promoting the
healing process. In addition, all hydrogels were in swelling equilib-
rium, there was no significant difference in the water absorption
rate of hydrogels (Fig. 5c), and the water content was above 85%.
Therefore, the SA/PVA/HACC hydrogels prepared in this study have
good swelling properties and water absorption ability.
Fig. 6. Tensile properties of electrostatically spun PCL/PLA nanofiber films (a) stress–stra
(MPa).
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3.4. The mechanical properties of scaffolds

To investigate the mechanical properties of the samples, elec-
trospun PCL/PLA nanofiber films and SA/PVA/HACC hydrogel scaf-
folds were performed tensile test in a humid environment,
respectively, and the results are shown in Fig. 6 and Fig. 7. Fig. 6
shows that the tensile modulus and tensile strength of the compos-
ite PCL/PLA nanofiber membranes was (19.69 ± 0.66) MPa and (1.
24 ± 0.03) MPa, respectively, and the elongation at break could
reach (50.21 ± 3.03) %. PCL and PLA blends have better results than
PCL or PLA alone in improving the mechanical properties of the
scaffolds by adjusting the ratio of PLA and PCL in the composite
[25]. Therefore, the optimized PCL/PLA composite filmwith moder-
ate average fiber diameter and good mechanical strength was
selected as the outer layer of the dressing in this study. While
the elongation at break of 3D printed SA/PVA/HACC scaffold
increased with the increase of PVA content, the elongation at break
of SA/PVA/HACC composite scaffold with 6% PVA (w/v) could reach
(74.54 ± 1.71) %, which was significantly higher compared to SA/
HACC scaffold (56.01 ± 2.74) % in Fig. 7. This could be attributed
to the increased concentration of PVA and degree of cross-linking
within the hydrogel, resulting in the subsequent enhancement of
mechanical properties. These results confirm that the dressings
made in this study have good mechanical properties, which con-
form to the mechanical range for natural skin of tensile strength
in (MPa); (b) tensile modulus (MPa); (c) elongation at break (%); (d) tensile strength



Fig. 7. Tensile properties of 3D printed SA/PVA/HACC hydrogel substrates (a) stress–strain (MPa); (b) tensile modulus (MPa); (c) elongation at break (%); (d) tensile strength
(MPa).
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(5 � 30 MPa), Young’s modulus (4.6 � 20 MPa) and elongation at
break (35 � 115 %) [61,62,63].

In addition, the compressive property was characterized in
Fig. 8. It can be seen that the compressive modulus and strength
of the scaffold were (0.53 ± 0.01) MPa and (0.75 ± 0.02) MPa with
6% PVA (w/v) respectively, which significantly higher than those of
the SA/HACC scaffold (0.4 ± 0.01) MPa, (0.45 ± 0.01) MPa, respec-
tively (p < 0.001), and increasing significantly with the increase
of PVA content. This may be due to the improvement of mechanical
strength of the hydrogels through cyclic freeze thawing, which
caused by the formation of physical crosslinks between PVA and
SA in the composite hydrogels by inter- or intra-molecular hydro-
gen bonding and crystallization regions [64,65]. In addition, the
compressive strength values of SA/PVA/HACC composite hydrogels
were close to those of natural skin (0.2–7 MPa) [66], indicating that
the SA/PVA/HACC composite scaffold prepared in this study pos-
sess mechanical compatibility for the inner layer of wound
dressings.

There are some commercial wound dressings, and 3 MTM Tega-
dermTM Alginate Ag Silver Dressing is a highly absorbent nonwoven
antimicrobial dressing, composed of high guluronic acid calcium
alginate, carboxymethylcellulose, and an ionic silver complex (sil-
ver sodium hydrogen zirconium phosphate) developed by 3 M
Medical (USA). It has a tensile strength of 0.14 MPa and an elonga-
9

tion of 27.4% [67 68]. Whereas, the tensile strength of the compos-
ite PCL/PLA nanofiber membranes was (1.24 ± 0.03) MPa, and the
elongation at break could reach (50.21 ± 3.03) % in this study.
The tensile strength and the elongation of SA/PVA/HACC composite
scaffold with 6% PVA (w/v) could reach (0.38 ± 0.02) MPa and (74.
54 ± 1.71) %, respectively. Therefore, the PP/SPH have higher tensile
strength and elongation than the 3 MTM TegadermTM Alginate Ag Sil-
ver Dressing in this study.

3.5. In vitro cell culture studies

3.5.1. Cytotoxicity screening for bilayered scaffolds
Biocompatibility is an important characteristic in the study on

biomedical materials for tissue or organ repair [45]. The asymmet-
ric bilayer scaffolds prepared in this experiment were co-cultured
with HFBS for 1, 3, and 5 days and used to assess their cytotoxicity.
In Fig. 9(a), the proliferation of HFBS on nanofibrous membranes
was assessed using the CCK-8 test. The experimental group was
PCL/PLA composite membrane with different proportions, while
the blank control group was without material group. The differ-
ences between the experimental and blank control groups at each
time point (1, 3 and 5 days) were statistically significant, and the
absorbance values of the experimental groups increased signifi-
cantly with the increase of the incubation time. At the same time



Fig. 8. Compression properties of 3D printed SA/PVA/HACC hydrogel substrates (a) stress–strain (MPa); (b) compression modulus (MPa); (c) compressive strength (MPa).

Fig. 9. CCK-8 test to detect proliferation of HFBS cells co-cultured with PP/SPH bilayer scaffolds (a) electrostatic spun PCL/PLA nanofiber membrane; (b) 3D printed SA/PVA/
HACC hydrogel substrate, error bars indicate standard deviation of the mean, *p < 0.05,**p < 0.01,***p < 0.001 (n = 3).
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point, there was no significant difference in absorbance values
between the PCL/PLA group and the blank control group. In the
PLA membrane group, the low wettability and lack of specific func-
tional groups for cell growth on the surface of PLA may cause poor
cell proliferation, resulting in lower absorbance value compared
with other experimental groups [69]. Fig. 9(b) shows the prolifer-
ation of HFBS cultured on 3D printed hydrogel layer for 1, 3 and
5 days. Herein, the experimental groups were SA/PVA/HACC hydro-
gels with PVA concentrations of 0, 2, 4, 6% (w/v), and the blank con-
trol group was without material group. The absorbance values of
the experimental groups increased significantly with the increase
of incubation time. However, the absorbance values of SA/HACC
Fig. 10. Live/dead staining images of HFBS after co-culture with PP/SPH bilayer scaffolds
HFBS co-cultured with different ratios of nanofibrous membranes for 5 days; (c) HFBS co-
and 5 days; (d) HFBS co-cultured with hydrogel substrates of different PVA ratios for 5

11
group were lower compared with other groups containing PVA,
may due to the easier decomposition of SA/HACC comparing to
other group and then producing gel fragment in this study. Large
molecular debris may occupy the living space of cells, hindering
the cell culture space and limiting cell proliferation [70,71]. With
the increase of PVA concentration, the hydrogel structure is stron-
ger and the gel fragments are reduced or even disappeared, which
provides a friendly environment for cell growth and proliferation is
obvious. At the same time point, there was no significant difference
between the absorbance values of SA/PVA/HACC group with 6%
PVA (w/v) and blank control group. Therefore, when HFBS were
co-cultured with the asymmetric bilayer scaffold prepared in this
. (a) HFBS co-cultured with PCL/PLA nanofiber membranes after 1, 3, and 5 days; (b)
cultured with SA/PVA/HACC hydrogel substrates with 6% PVA (w/v) content for 1, 3,
days.



Fig. 10 (continued)
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experiment, the cells all showed significant proliferation with the
extension of the culture time, indicating that the material has good
cytocompatibility and can maintain normal growth and prolifera-
tion of HFBS.

3.5.2. Cytoskeletal staining
The Live/Dead assay (LDA) is a two-step staining method in

which live cells are stained green and dead cells are stained red,
12
and is used to study the viability of cells on bilayer scaffolds for
24, 72 and 120 h. As seen in Fig. 10, HFBS proliferated and still sur-
vived well on the substrate by observing cellular morphology
under fluorescence microscopy, and the density of live cells
increased with the increase of culture time. At 72 h, the cell density
on the bilayer scaffold was significantly greater than that at 24 h. A
small number of dead cells were detected by low bright red fluo-
rescence, which was similar to that of the control group, indicating



Fig. 11. Outer layer of electrostatically spun PCL/PLA nanofiber membrane blocking microorganisms (a1) E. coli attached to the upper of the membrane (a2) bottom of the
membrane (a3) cross section of the membrane; S. aureus attached to (b1) upper of the membrane (b2) bottom of the membrane (b3) cross section of the membrane; (c)
inhibition circle of S. aureus (d) inhibition circle of E. coli on the bottom layer of 3D printed hydrogel; (e) diameter analysis of the inhibition circle.
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that the asymmetric bilayer scaffold prepared in this experiment
without obvious cytotoxic effects on HFBS. And the asymmetric
scaffold had good cytocompatibility, which was consistent with
the result of CCK-8 test mentioned above.

3.6. Antibacterial activity of scaffolds

Most infections of body tissues are mainly caused by S. aureus
and E. coli accompanied by implanting materials [72]. Gram-
positive S. aureus is found in the initial stages of the infection pro-
cess, and Gram-negative E. coli is involved in the later stages of the
infection process [73]. Therefore, S. aureus and E. coli were chosen
as template bacteria to evaluate the blocking ability of the fibrous
membrane for bacteria in this study, and the results are shown in
Fig. 11(a) (b). As seen in Fig. 11(a1) (a2) (b1) (b2), although some
bacteria could attach to the upper surface of the nanofiber layer
and even form a biofilm, a clear demarcation between the upper
and bottom layers can be seen in the cross section in Fig. 11(a3)
(b3), and the bacteria did not penetrate from the upper to the bot-
tom of the PCL/PLA nanofiber layer. It shows that the porous fiber
membrane on the outer surface layer acts as a protective barrier
and hinders the penetration of both bacteria.
13
In addition, the ability of SA/PVA/HACC hydrogel to provide an
antibacterial environment was also evaluated. In Fig. 11(c), both
the hydrogel loading VCM and the hydrogel scaffold with HACC
appeared inhibition ring of 2.71 ± 0.29 cm and 1.61 ± 0.35 cm in
diameter for S. aureus, respectively, whereas the SA/PVA hydrogel
without VCM and HACC did not show any obvious inhibition circle
around the inhibition plate. SA/PVA/HACC hydrogel has certain
inhibition of S. aureus, in which the inhibition of HACC can achieve
obvious inhibition effect and avoid the use of antibiotics. The
results in Fig. 11(d) showed that HACC did not show resistance
to E. coli, and no obvious inhibition circle was seen around the
material, while VCM had little inhibitory effect on E. coli. The data
in Fig. 11(e) also showed that HACC showed some inhibition
against S. aureus, but not against E. coli. This fact is due to the HACC
polymer is generally more active against Gram-positive bacteria
than against Gram-negative bacteria. The surface of bacteria is
mostly negatively charged proteins and lipopolysaccharides,
whereas HACC is a kind of cationic polymer, will interact electro-
statically with bacterial surfaces to disrupt cell membranes, lead-
ing to leakage of K+ and other cytoplasmic components from
inside to outside the cell membrane, thus hindering bacterial
growth and reproduction [74].
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4. Conclusion

In this study, we fabricated a novel asymmetric bilayer wound
dressing scaffold by optimizing composites with composition of
PCL/PLA (2:1, w/w) and SA/PVA/HACC (5:6:1, w/w/w) through
electrostatic spinning and 3D printing method, mimicking the
inherent gradient structure and function of the epidermis and der-
mis of natural skin [75]. In the developed bilayer wound dressing,
the outer layer of the asymmetric dressing was made by a dense
and interconnected polymeric nanofibrous PCL/PLA membrane
with hydrophobic properties, which act as physical protective bar-
rier to the wound site. It was able to resist the microorganisms’
infiltration and present excellent mechanical properties including
tensile strength, young modulus, and elongation at break, similar
to natural human skin. On the other side, the 3D printing technique
was used to construct the dermis structure with larger pore size by
promoting the sequential layer-by-layer deposition of the SA/PVA/
HACC. This layer acts as a porous structural template with good
printability, also exhibiting better mechanical properties, keeping
a moist wound environment, good water absorption ability as well
as inhibiting the S. aureus growth. Furthermore, in vitro cell culture
results showed that the PCL/PLA and SA/PVA/HACC scaffolds were
non-toxic to HFBS, favorable to cell proliferation. Overally, this
study fabricates wound dressings with excellent mimicking gradi-
ent multifuctional properties, and it would be an efficient as well
as safe regeneration strategy in skin repair.
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