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Abstract

The failure of wound healing is majorly attributed to uncontrolled bleeding and bacterial infections. However, developing a
wound plaster that can stop bleeding, resist blood extravasation, and realize directional transportation of drugs to promote
wound healing remains a significant challenge. Herein, a superhydrophilic/hydrophobic polyvinyl alcohol/chitosan/silver @
Thermoplastic polyurethane (PVA/CS/Ag@TPU) Janus membrane with structural and wettability gradients is developed.
In this newly developed membrane, water is absorbed from blood via the superhydrophilic layer, which is attached to the
wound, and the charge interactions between platelets and the introduced chitosan (CS) promote blood clotting. The capillary
pressure resistance (Ap > 0) of the superhydrophilic layer toward the hydrophobic layer prevents blood permeation, thereby
reducing blood loss. The favorable Ap (<0) of the membrane based on its structural and wettability gradients can realize
the directional transportation of drugs that promote wound healing from the hydrophobic to the superhydrophilic layer. The
incorporation of CS and silver endows the Janus membrane with intrinsic antibacterial properties (99.9%). The formation of
the hydrated layer on the hydrophilic layer imparts a resisting effect, further endowing the membrane with antiadhesion and
antibacterial properties. Experiments involving mice with full-thickness skin wounds revealed that the wound-healing rate
increased from 87.65% to~100% when the Janus membrane was loaded with the prehealing drug. Moreover, the dressing
accelerated wound healing, regenerated epidermal and granulation tissues, promoted collagen formation, and reduced scar
size. Thus, this gradient design strategy opens an avenue for the development of next-generation wound dressings.
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1 Introduction

Uncontrolled bleeding and infections can lead to the failure
of wound healing [1-6]. Uncontrolled traumatic and surgi-
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healing, leading to severe complications, such as bacteremia,
septicemia, amputation, and even death [15, 16].

Unhealed wounds from traumatic accidents cause severe
discomfort and vulnerability. Generally, wound healing is
considered to comprise four stages: hemostasis, inflamma-
tion, proliferation, and remodeling [17, 18]. Therefore, an
ideal wound dressing must support all the stages, conse-
quently requiring hemostatic, antibacterial, cell proliferation,
and regeneration properties.

Hemostasis is the first and most important stage of wound
healing, and hence, it is vital to stop the bleeding in time.
Substances that have been used to promote hemostasis in
conventional wound dressings include chitosan, glue, aero-
gel, foam, hydrogel, and powder [19-27]. However, they
are inconvenient owing to their need to be reapplied daily.
Notably, a novel Janus membrane material with a wettability
gradient that reduces blood loss, thus overcoming the afore-
mentioned inconvenience, has recently emerged as a wound
dressing [28-33]. Zhu et al. prepared a Janus hemostatic
fabric by spraying paraffin wax on superhydrophilic gauze
[34]. This Janus fabric effectively controlled bleeding and
reduced blood loss by >50% compared with ordinary fabric.

Wound protection against bacterial infection throughout
the wound-healing process is also imperative [35-38]. Previ-
ous studies have reported that antibacterial fibrous wound
dressings include, but are not limited to, intrinsic antibacte-
rial, inorganic antibacterial agent—incorporated, antibiotic-
loaded, and biological extract—containing dressings [39—41].
However, the latter two antibacterial dressings have some
disadvantages: the overuse of antibiotics has resulted in the
emergence of multidrug-resistant bacteria and the biological
extract cannot maintain its biological activity.

Although eliminating wound infection is essential for
wound healing, the subsequent cell proliferation and skin
tissue remodeling are also important [42—45]. An external
supply of wound-healing drugs is effective when the body
exhibits poor internal repairing ability, including poor cell
proliferation and skin tissue remodeling. Therefore, it is nec-
essary to endow a wound dressing with excellent antibacte-
rial and drug delivery properties to promote wound healing.

Recently, electrospinning technology has attracted con-
siderable interest owing to its ability to prepare fibrous
wound dressings with a large surface area, high porosity, and
excellent gas permeability [46, 47]. Fibrous wound dressings
mimic the native extracellular matrix, providing additional
support for the adherence and migration of fibroblasts and
keratinocytes, thereby promoting the regeneration of new
tissues [48]. More importantly, the Janus structure gradient
can be easily constructed through electrospinning technol-
ogy with precisely controllable wettability and different pore
structures in different layers. In addition, the construction
of porous and breathable hemostatic wound plaster fiber
membrane by electrospinning technology requires a series
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of biocompatible materials such as polyvinyl alcohol (PVA)
or chitosan hydrogels and thermoplastic polyurethane (TPU)
[49, 50], and nanomaterials with good antimicrobial prop-
erty such as silver nanoparticle [51, 52].

This study proposes a strategy for the directional trans-
portation of liquid drugs using a Janus plaster based on
structural and wettability gradients. A PVA/CS/Ag@TPU
Janus composite membrane was prepared via electrospin-
ning technology with multifunctions including hemostasis,
antiextravasation, antibacterial and bacterial antiadhesion
properties, and directional transportation of drugs. Rapid
hemostasis and good antiextravasation were realized via the
wettability gradient of the Janus membrane, capillary pres-
sure resistance (Ap), and coagulation effect of chitosan.
Excellent antibacterial ability was obtained by combining
the intrinsic antibacterial polymer and inorganic particles.
A high level of bacterial antiadhesion was exhibited owing
to the strong antibacterial ability, low underwater oil adhe-
sion, and hydration layer formation of the membrane. The
Janus composite membrane also allowed the directional
transportation of drugs because of its Ap, which is based
on its structural and wettability gradients. High wound-
healing efficiency was achieved using the Janus plaster
with prehealing drug droplet directional transportation.
This study provides insights into the design of next-gener-
ation wound plaster.

2 Materials and methods
2.1 Materials

Thermoplastic polyurethane (TPU) was purchased from
Dongguan Yisike Plastic Co. Chitosan (M, =200,000,
with an 80% degree of deacetylation), polyvinyl alcohol
(M,, =195,000), N,N-dimethylformamide (DMF), acetic
acid (99%), glutaraldehyde (50%), silver nitrate, hydrochlo-
ric acid (HCl), sodium chloride (NaCl), anhydrous calcium
chloride (CaCl,), sodium hydroxide (NaOH), and dichlo-
roethane were obtained from Shanghai Macklin Biochemi-
cal Co., Ltd. Trisodium citrate (Na;C4H;0O,) was supplied
by Sinopharm Chemical Reagent Co., Ltd. Sodium boro-
hydride (NaBH,) was procured from the Tianjin Damao
Chemical Reagent Factory. All reagents were of analyti-
cally pure grade and were used directly without further
purification. Anticoagulant rabbit blood (12 wt%) sodium
citrate was purchased from Henan Yuechi Biotechnology
Co., Ltd. Medical gauze and medical tape were acquired
from Haishihainuo Bio-engineering Co., Ltd. The prehealing
liquid drug was obtained from Chengdu Chaoji Technology
Co., Ltd. The polytetrafluoroethylene tube was supplied by
Sanniu Electronic Material Co., Ltd. Staphylococcus aureus
[CMCC(B) 26003], Escherichia coli [CMCC(B) 44102],
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and phosphate-buffered saline (PBS) were obtained from
the Guangdong Institute. Nutrient agar and nutrient broth
were purchased from Sigma-Aldrich. A live/dead Baclight
bacterial viability kit was purchased from Invitrogen (Carls-
bad, CA, USA). The medical drug used to promote wound
healing was purchased from Chengdu Chaoji Technology
Co., Ltd.

2.2 Synthesis of triangular silver nanoprisms

Triangular silver nanoprisms were prepared via the pho-
toinduced method [53, 54]. In brief, 250 pL silver nitrate
(AgNO;) (10 mmol/L) and 250 pL Na;C;HsO, (10 mmol/L)
were added to 24.25 mL ultrapure water in a beaker, rapidly
and vigorously stirred using a magnetic stirrer for 10 min
to ensure complete mixing of AgNO; and Na;C,Hs0,.
Subsequently, 250 pL of a mixture of NaBH, (8 mmol/L)
and NaOH (0.125 mol/L) was added dropwise to produce

Fig.1 Schematic diagram of
the preparation process of Janus
PVA/CS/Ag@TPU composite
membrane and its wound plaster
application
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2.3 Preparation of the Janus composite membranes
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3 wt% CS (6.3 g) and 9 wt% PVA (2.7 g). TPU (1.5 g) was
added to DMF (8.5 g) to obtain a 15 wt% TPU solution.
For the PVA/CS/Ag@TPU Janus composite membrane, the
PVA/CS/Ag hydrophilic layer was produced via electro-
spinning the PVA/CS/Ag solution using an electrospinning
machine (HZ-11, Shandong Huizhi electrospinning, Co.,
Ltd., China). A hydrophobic TPU layer was subsequently
produced by electrospinning a TPU solution on the hydro-
philic layer to obtain a PVA/CS/Ag@TPU Janus compos-
ite membrane. For the PVA/CS@TPU Janus composite
membrane, the PVA/CS hydrophilic layer was produced
by electrospinning a PVA/CS solution. The hydrophobic
TPU layer was then electrospun on the hydrophilic layer
to obtain a PVA/CS@TPU Janus composite membrane.
The PVA hydrophilic membrane was produced by electro-
spinning a PVA solution. The electrospinning parameters
were as follows: the abovementioned solution, apart from
TPU, was added to a 20-mL injection syringe using a 23-G
metal needle at 0.6 mL/h, and a high direct current voltage
of 26 kV was applied to each needle tip. The TPU solution
was pumped at 2 mL/h, and a high direct current voltage of
12 kV was applied to each needle tip. The electrospun mem-
branes were collected on the aluminized paper of the drum
setup at a rotating speed of 100 rpm. The distance between
the needle tips and drum setup was 15 cm. The stability of
the hydrophilic electrospun membranes was improved via
crosslinking using glutaraldehyde vapors generated from
10 mL 25 wt% glutaraldehyde solution in a vacuum drying
oven at 60 °C for 10 h.

2.4 Characterization and measurements

The characteristic absorption peaks of the triangular sil-
ver nanoprisms were measured using an ultraviolet—visible
spectrometer (UV, UV-2550, Nanjing Kejie Analytical
Instrument Co., LTD, China). The morphology, dispersion,
and particle size of the triangular silver nanoprisms were
characterized via transmission electron microscopy (TEM,
FEI Tecnai F20, FEI, USA). The micromorphology of the
Janus composite membrane was observed via field emis-
sion scanning electron microscopy (FESEM, JSM-7001F,
JEOL, Japan). One hundred fibers were selected randomly
and measured using ImagelJ software to calculate the mean
fiber diameter. Fourier-transform infrared (FT-IR) spectros-
copy was performed using an FT-IR spectrometer (Thermo
Scientific Nicolet iS5, USA). The elemental components of
the Janus composite membrane surface were examined using
X-ray photoelectron spectroscopy (Thermo ESCALAB
250XI, USA). The element distribution on the Janus com-
posite membrane surface was analyzed using energy dis-
persion X-ray spectroscopy (EDX, Model Inca400, Oxford
Instruments, UK). The crystal structures of the Janus com-
posite membrane were characterized via X-ray diffraction
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(Ultima VI, Rigaku, Japan). The mean pore size of the fibers
was measured using a capillary pore-flow apparatus (CFP-
1500AE, PMI, USA). The silver content of the CS/PVA/Ag
membrane was measured using inductively coupled plasma
optical emission spectrometry (PerkinElmer 8300, USA).
The water contact angle in air and the oil contact angle
underwater were measured using a contact angle—measuring
instrument (OCA40-Micro, Date physics, Germany). Under-
water oil adhesion was measured using an interfacial tension
tester (K100, KRUSS, Germany). The zeta potential was
determined using a zeta potential analyzer (90Plus PALS,
Brookhaven Instruments Corporation, USA). Fluorescence
staining was performed to evaluate the number bacterial dis-
tribution in the feed and filtrate. The dead and live states of
bacteria after dyeing were observed via fluorescence micros-
copy (Olympus BX51, Japan), and the excitation/emission
wavelength was 440-480/515-540 nm.

2.5 Evaluation of the blood coagulation potential

The blood coagulation potential of the Janus composite
membrane was evaluated by adding 10 pL distilled water
dropwise on the surface of the hydrophilic and hydrophobic
membranes, respectively, and the absorption of the drop-
lets was observed. Subsequently, 10 pL anticoagulant rabbit
blood with 15 wt% sodium citrate was added dropwise to the
hydrophilic surface of the Janus composite membrane. The
clots generated on the hydrophilic and hydrophobic surfaces
of the Janus membrane were photographed.

2.6 Liquid absorption

First, a salt solution closely resembling the composition of
body fluid was prepared. The solution comprised sodium
chloride (0.8298, w/v) and calcium chloride (0.0368%, w/v)
solutions. The Janus composite membrane was completely
immersed in a salt solution and cultured for 0, 10, and 30
min, and 1 and 2 h. Excess liquid was removed, and the
sample was weighed to assess the absorption ratio. Each
measurement was repeated thrice. The absorption ratio was
calculated using Eq. 1.

M = Mo 100
—Y X (1)

Absorption ratio(%) = Y7
0

where M, and M, represent the weight of dry and wet Janus
composite membranes, respectively.

2.7 Invitro blood coagulation test

The samples (medical gauze as the control, PVA membrane,
and Janus composite membrane) were sectioned into circles
with a 1-cm diameter and preheated in a glass plastic Petri
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dish (37 °C in a water bath). Anticoagulant rabbit blood con-
taining 15 wt% sodium citrate was used for the coagulation
test. The anticoagulant rabbit blood was mixed with 0.2 M
calcium chloride at a 10:1 volume ratio to induce blood
coagulation, and 25 pL blood was immediately dropped
onto the center of the circular samples of the medical gauze,
PVA membrane, and Janus composite membrane (hydro-
philic layer upward). As a control, 25 pL blood was placed
in an empty Petri dish without the samples. The blood on
the different samples was coagulated at 37 °C for 5 min,
and 10 mL deionized water was gently added to the Petri
dishes to terminate the coagulation without disturbing the
clots. The uncoagulated red blood cells (red blood cells not
trapped in the blood clots) were hemolyzed, and hemoglobin
was released into the water. The optical density (OD) of the
hemoglobin solution was measured at 540 nm using a spec-
trophotometer (UV-2550, Nanjing Kejie Analytical Instru-
ment Co. Ltd., China). Each measurement using the same
batch of blood was repeated thrice. The hemoglobin content
in water at the clotting time (t) and hemoglobin content in
water was calculated using Eq. 2.

Hemoglobin content(g/L) = OD X 367.7 )

where OD represents the absorbance value of the sample.

The blood absorption capacity was measured by com-
pletely immersing the samples (medical gauze, PVA mem-
brane, and Janus composite membrane) in the anticoagulant
rabbit blood (15 wt% sodium citrate). Blood absorption was
calculated using Eq. 3.

Blood absorption(%) =

M,_M,
x 100 3)
MO

where M, represents the weight of the dry medical gauze,
PVA film, or Janus composite film, and M, represents the
weight of the samples after absorbing the anticoagulant
rabbit blood. The clotting time was measured by adding
2 mL of anticoagulant rabbit blood to test tubes contain-
ing 20 mg of medical gauze (control), PVA membrane,
and Janus composite membrane. Subsequently, 60 pL of
calcium chloride (0.25 mol/L) solution was added to the
test tube. The tube was tilted every 15 s, and the time when
there was no blood flow was recorded. Each measurement
was repeated three times.

2.8 Hemostasis test of in vitro vascular injury model

An opening (5 X 8 mm) was made on the polytetrafluoroeth-
ylene tube (inside diameter: 10 mm) to simulate the vascular
tissue of the wound. The opening was covered with medical
gauze or Janus composite film (the hydrophilic layer adhered
to the opening, and the hydrophobic layer faced outward)
and fixed with medical tape. The entire vessel model was

attached to a pre-weighed Petri dish. A 2-mL sample of
anticoagulant rabbit blood (mixed with calcium chloride to
cause clotting) was added to each tube. After the tube was
removed, the increased weight of the Petri dish was recorded
as the amount of blood lost in this vascular model. Each
measurement was repeated three times.

2.9 Water droplet directional transportation

Blue ink was used as a test droplet to characterize the liq-
uid directional transport capability of the Janus membrane.
Droplets of 25, 50, or 100 uL. were placed on the hydropho-
bic or superhydrophilic layer surface of the Janus compos-
ite membrane (a square with a side length of 3.5 cm). The
diffusion process of the ink on the hydrophobic and hydro-
philic layer surfaces of the Janus composite membranes was
recorded by video. The relationship between the diffusion
diameters and the time when droplets with different volumes
were dropped onto the hydrophobic and hydrophilic layer
surfaces of the Janus composite membranes were measured.

2.10 Prehealing drug droplets directional
transportation

The directional transportation of prehealing drug droplets
on the Janus wound plaster was investigated. A drop of the
prehealing drug was placed on the hydrophobic layer, and
the transportation performance of the prehealing drug was
observed. The prehealing drug transport capacity of the
Janus composite membrane was measured by sectioning
the sample into a square with a side length of 2.3 cm and
attaching it to the inner side of a funnel filter. A 2-mL sam-
ple of the prehealing drug was fed into the funnel filter. The
filtered drug liquid that passed through the Janus composite
membrane was collected. A 1-mL sample of filtered drug
liquid was collected and placed into a drying oven until the
drug liquid had evaporated. The weights of the prehealing
drug were calculated before and after drying, and the solid
content was calculated using Eq. 4.

M
Solid content(%) = —L %100 4)
M,

where M, and M, represent the weights of the prehealing
drug before and after drying, respectively.

2.11 Antibacterial test and live/dead bacteria
fluorescence staining

The antibacterial ability of the samples was evaluated
using E. coli (gram-negative bacteria) and S. aureus
(gram-positive bacteria). In brief, 50 mL sterilized PBS
and 1 mL 107 CFU/mL bacterial suspension were placed
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in a conical flask. Subsequently, 20 mg PVA/CS@TPU or
PVA/CS/Ag@TPU samples were added, and the flask was
shake-incubated at 37 °C for 8 h at 180 rpm. A test with no
sample was used as the control. Following cultivation, the
bacterial solution was diluted tenfold. A 100-uL sample of
the bacterial solution was spread over the surface of solid
nutrient agar in a Petri dish, and the dish was incubated
at 37 °C for 12 h. The experiment was repeated thrice
for each group. The antibacterial rate (%) was calculated
using Eq. 5.

N =N 100 5
N 5)

Antibacterial rate(%) =

where N, and N, represent the number of colonies for the
control and after sample incubation, respectively.

To assess the live/dead state of the bacteria following
cultivation, 100 pL bacterial suspension was spread on a
microscope slide, and 25 pL fresh SYTOO9/PI fluorescent
stain solution was added to it dropwise. Then, the slide
was covered with a glass coverslip. The bacteria were thor-
oughly stained in the dark for 15 min, and the live/dead
states of the bacteria were observed under fluorescence
microscopy.

2.12 Bacterial antiadhesion test and live/dead
bacteria fluorescence staining

The bacterial antiadhesion properties of the samples were
evaluated using a slightly modified version of a method-
ology reported by Lin et al. [S5-61]. Briefly, the PVA
and Janus membranes were sectioned into 1-cm diameter
disks and separately placed in test tubes where the hydro-
philic layer of the Janus membrane was placed toward the
mouth of the tube. Subsequently, 100 uL 10’ CFU/mL
bacterial suspension was added dropwise to the samples
and into the test tube not containing a sample (control).
Then, the tubes were incubated under static conditions for
1 h at 37 °C. Following incubation for 1 h, 10 mL PBS
was added to each test tube, and the tubes were further
incubated in an incubation shaker at 180 rpm for 30 min at
37 °C. following incubation, the bacterial suspension was
diluted 10 times. Next, 100 pL diluted bacterial solution
was spread onto the surface of solid nutrient agar in a Petri
dish, which was incubated at 37 °C for 12 h. The experi-
ment was repeated thrice for each group. The colony count
following incubation was measured to determine the extent
of the bacterial antiadhesion of the membrane.

Following the bacterial antiadhesion test, the live/
dead state of the bacteria was observed by adopting the
same bacterial fluorescence-staining method described in
Section 2.11.

@ Springer

2.13 Animal experiments

Male C57BL/6 mice, weighing ~20 g, were divided into four
groups before surgery. The mice were anesthetized with an
intraperitoneal injection of 1 wt% sodium pentobarbital. The
back area was shaved and disinfected with 70 wt% alcohol
and covered with gauze to isolate the skin from the external
environment. A hole punch was used to produce a circular,
full-thickness wound (diameter of 7 mm) on the back of each
mouse. The wound was treated with the following wound
dressings: medical gauze (control), PVA membrane, Janus
composite membrane (hydrophilic layer stuck to the wound),
and Janus composite membrane (hydrophilic layer stuck to
the wound), following which 10 drops of the prehealing drug
liquid was added. The wound dressing was changed every
2 days. On days 4, 7, and 10, the wounds were photographed
using a digital camera, and the mice were weighed. The per-
centage of healed wound area was calculated using Eq. 6.

S
Wound area(%) = S_2 x 100 6)
1

where S, represents the original wound area (day 0), and S, rep-
resents the wound area following treatment at different times.

2.14 Histological and immunofluorescence staining

For histological and immunofluorescence analyses, the
wound tissues of the mice were sliced into 4-pm sections
on days 4, 7, and 10, respectively. Subsequently, the tis-
sue sections were fixed using 4 wt% paraformaldehyde and
embedded in paraffin. Finally, they were subjected to hema-
toxylin and eosin (H&E), Masson trichromatic, and immu-
nofluorescence staining. The stained sections were imaged
and analyzed, and quantitative analysis was performed using
ImagelJ software.

2.15 Statistical analysis

The quantified results were reported as the mean =+ standard
deviation. Data analysis was performed on the histological
and immunohistochemical tissues. The differences between
different groups were assessed using Student’s #-test, and p
values of <0.05 were considered significant.

2.16 Mechanical performance measurement
of wound plaster

Tensile testing of wound plaster was performed using a uni-
versal testing machine (AG-1S Shimadzu, Schimadzu Corp.,
Tokyo, Japan), the sample was cut into strip with dimension
similar to that of commercially available hemostatic strip, its
thickness was measured using a digital calliper. The tensile
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strength and elongation at break could be obtained after per-
forming tensile testing.

3 Results and discussion

3.1 Characterization of superhydrophilic/
hydrophobic Janus membranes with structural
and wettability gradients

A cross-section of the Janus composite membrane revealed
that the hydrophilic layer was thicker than the hydrophobic
layer (~250 vs.~25 pm) alongside a clear boundary between
the two layers and good bonding between them (Fig. 2a). A

Fig. 2 Field emission scanning
electron microscopy (FESEM)
images of the a cross-section of
the Janus composite membrane
and its b superhydrophilic
(PVA/CS/Ag) and ¢ hydro-
phobic layers (TPU). The fiber
diameter distribution of the d
superhydrophilic (PVA/CS/Ag)

B
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higher magnification image showed differences in the fiber
and pore sizes between the two layers. The nanofiber sur-
face of the superhydrophilic layer (Fig. 2c) was smoother
than that of the hydrophobic layer (Fig. 2b), and the aver-
age diameter of the hydrophilic layer nanofiber (138 nm)
was considerably smaller than that of the hydrophobic layer
nanofiber (1,116 nm) (Fig. 2d). Similarly, the pore size of
the hydrophilic layer (PVA/CS/Ag) (223.4 nm) was substan-
tially smaller than that of the hydrophobic layer (2,191 nm)
(Fig. 2e), and a gradient of morphologically controllable
pore size was established between the two layers, which
was conducive to directional transportation of the preheal-
ing drug liquid [62—64]. Thus, a structural gradient from
large to small fiber size of the membrane channels from the
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hydrophobic to superhydrophilic layers was created, which
provided sufficient conditions for the directional transporta-
tion of droplets through the membrane. FESEM-EDX con-
firmed that the expected elements were well distributed on
the PVA/CS/Ag or TPU composite membranes (Fig. S1).

The surface wettability of the Janus composite membrane
surfaces exhibited substantial differences, with water contact
angles (WCAs) of 128° (Fig. 2f) and 0° (Fig. 2g) on the
hydrophobic and superhydrophilic surfaces, respectively.
The results demonstrated that the Janus membrane exhibited
structural and wettability gradients.

3.2 Invitro hemostasis of Janus composite membrane
based on structural and wettability gradients

When 10 pL anticoagulant rabbit blood (containing 12%
sodium citrate) was added dropwise to the superhydrophilic
layer of the Janus composite membrane, as shown in Fig. 3a,
the anticoagulant blood was slowly absorbed by the superhy-
drophilic layer and then condensed into black clots. Further-
more, no blood exuded from the surface of the hydrophobic
layer, indicating that the hydrophobic layer plays a role in
antiextravasation. The coagulation property is closely asso-
ciated with surface wettability, volume and weight of the
samples, and anticoagulant and calcium chloride contents
in the blood. The blood absorption capacity of the samples
was further evaluated. High blood absorption capacity is
suitable for stopping large amounts of bleeding. The blood
absorption capacity of the Janus composite membrane was
10.21 times its weight, which was higher than that of the
PVA membrane (9.32 times) and medical gauze (7.13 times)
(Fig. 3b). The blood absorption capacity of the Janus mem-
brane was higher than that of PVA because the hydrophilic
fiber of the Janus membrane absorbs water from the blood,
and chitosan coagulates blood.

The in vitro hemostasis speed of the samples was evalu-
ated by determining the coagulation time. When the Janus
composite membrane group was completely coagulated,
some blood still flowed in the PVA membrane group. More
than half the blood in the medical gauze had not completely
coagulated (Fig. 3c). The blood coagulation speed results
(Fig. 3d) revealed that the coagulation time of the Janus
composite membrane (403 + 10 s) was shorter than that of
medical gauze (511 +12 s) and PVA membrane (460 + 14 s),
indicating that the Janus composite membrane has advan-
tages in promoting coagulation rapidly owing to the water
absorption of the hydrophilic layer from the blood and
the positive charge of chitosan, which synergizes with the
negative charge of platelets to accelerate hemostasis. The
coagulation capacity of the samples was evaluated by meas-
uring the concentration of hemoglobin released by unco-
agulated blood using a dynamic whole-blood coagulation
model (Fig. S2a). Human blood coagulation was stimulated
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(Fig. 3e) by placing the samples into a Petri dish at 37 °C,
and anticoagulant blood that contained calcium chloride was
added dropwise to the samples. After 5 min, 10 mL water
was slowly added from the edge of the Petri dish. Unco-
agulated blood released hemoglobin into the water. In the
control group (medical gauze), the water around the medical
gauze turned red owing to uncoagulated blood, indicating
that the coagulation ability of the medical gauze was low.
In the PVA membrane group, the water turned slightly red.
Conversely, the water around the Janus composite membrane
(superhydrophilic upward) remained almost transparent,
suggesting that the blood was almost entirely coagulated,
and the Janus composite membrane had a coagulation effect.

The hemoglobin concentration of the uncoagulated blood
of the different samples was quantitatively analyzed, and the
hemoglobin concentration (g/L) of 25 pL blood was con-
sidered a reference. A lower hemoglobin concentration is
associated with better coagulation ability. Compared with
the control (102.1 g/L, 14.98%) and PVA (86.1 g/L, 28.3%)
groups, the hemoglobin concentration of the Janus compos-
ite membrane (46.5 g/L, 61.24%) was the lowest (Fig. 3f),
indicating optimal coagulation ability. The vascular injury
bleeding model was used to measure the hemostatic effect
of the Janus membrane in massive bleeding emergencies.
A hole was made on the side of polytetrafluoroethylene
hoses to simulate a wound similar to that on blood vessels.
The wound was covered with medical gauze and the Janus
composite membrane (superhydrophilic layer stuck to the
wound and the hydrophobic layer facing outward) and fixed
with medical tape. Blood containing calcium chloride was
then injected into the hole (Fig. 3g). The blood loss in the
Janus composite membrane group was 0 g, with no blood
exudation (Fig. 3h). Conversely, the average blood loss in
the medical gauze group was 94.3% +2.2%. These results
indicate that the Janus composite membrane exhibits excel-
lent hemostasis and antiextravasation properties.

The absorption rate of the Janus membrane per unit
weight increased with time (Fig. S2b), which was condu-
cive to hemostasis. Therefore, the superhydrophilic layer
absorbed water from blood, while the hydrophobic layer
prevented blood permeation. The reason for this is that
the PVA/CS/Ag layer is superhydrophilic. The chitosan
in the superhydrophilic layer plays an important role in
blood coagulation because the zeta potential of the chi-
tosan solution (3 wt%) is positive (56.6 mV) (Fig. S2c¢).
A positive charge can have electrostatic interactions with
the negatively charged platelets in the blood [65], causing
platelet aggregation, resulting in blood coagulation and
promoting hemostasis.

The intrinsic clotting mechanism of the Janus compos-
ite membrane was analyzed (Fig. 3i). The water in the
blood can be rapidly absorbed by the superhydrophilic
layer of the Janus composite membrane, leading to the



Advanced Composites and Hybrid Materials (2023) 6:193

Page90of19 193

Fig.3 Blood coagulation a
photograph of a superhy-
drophilic (CS/PVA/Ag) and
antiextravasation photograph of
b hydrophobic layers (TPU) of
the Janus composite membrane
when blood was dropped onto
the superhydrophilic layer (CS/
PVA/Ag). b Blood absorp-

tion capacity of the samples.

¢ Photographs of the blood
clotting formation process.

d Blood clotting time of the
samples. e Photographs of a
dynamic whole-blood clotting
model were used to evaluate the
in vitro hemostatic properties.

f Concentration of hemoglobin
not trapped in the clots of the
samples. g Vascular injury
model. h Blood loss with medi-
cal gauze and Janus composite B o N
membrane in the in vitro vas- . Ny, A

cular injury model. i Schematic D) Janus
diagram of the coagulation

mechanism of the Janus com-

posite membrane. Statistical

diagrams represent mean +SD g
of three separate experiments

and significance was determined

by one-way ANOVA, *p <0.05,

**p <0.01, ***p <0.001
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aggregation of the red blood cells, platelets, and clotting
factor. Therefore, the absorption of water is beneficial for
blood coagulation. When blood arrives at the interface
of the superhydrophilic/hydrophobic layers, a capillary
pressure difference (AP) is generated. AP was calculated
using Eq. 7.
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where D, and D, represent the diameters of the macro-
and micron-sized pores and 6, (128°) and 0, (0°) are the
corresponding WCAs of the inner surface of the capillary
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pores, respectively. The capillary pressure of the micron-
sized pores (P; ;) was considerably larger than that of the
macro-sized pores (P,). Thus, AP (> 0) plays a key role
in the resisting force that prevents the blood from directly
contacting the superhydrophilic layer and permeating into
the hydrophobic layer. During the process of blood absorp-
tion from the wound into the hydrophilic layer, the positively
charged chitosan in the superhydrophilic (PVA/CS/Ag) lay-
ers bind to the negatively charged platelets, and the latter
accumulate to promote hemostasis. Therefore, the potential
coagulation mechanism of the Janus composite membrane
was due to the water absorbed by the superhydrophilic layer,
coagulation effect of chitosan, and capillary pressure differ-
ence resistance (AP), which prevented blood extravasation.

3.3 Directional transportation of drugs in the Janus
composite membrane

The Janus composite membrane with a designed wettability
gradient is useful for the regular administration of drugs by
adding drug droplets to the surface of the hydrophobic layer
to promote wound healing after hemostasis. A prehealing
drug liquid was considered the research object. The drug
liquid added dropwise to the hydrophobic layer of the wound
plaster was initially spherical (I), which then collapsed and
was transported from the hydrophobic layer to the superhy-
drophilic layer (II), further penetrating and diffusing down-
ward (II) until the droplet on the surface of the hydrophobic
layer completely penetrated the dressing (IV) (Fig. 4a). The
drug liquid completed the directional transportation from the
hydrophobic to the superhydrophilic layer. To verify that the
Janus composite membrane exhibited no blocking effect on
the drug liquid, the transported drug liquid from the hydro-
phobic to the superhydrophilic layer was collected, and the
solid content of the drug liquid before and after transporta-
tion was measured (Fig. S3). The solid content of the origi-
nal drug liquid (2.47%) was slightly lower than that of the
drug liquid following transportation through the Janus com-
posite membrane (2.66%). This result was attributed to the
hydrophilic layer of the Janus membrane absorbing some
water from the drug liquid. For further observation and
analysis of the directional transportation within the Janus
composite membrane, ink was adopted, as shown in Fig. 4b.
The ink droplet on the hydrophobic layer began to collapse
after 5 s. After 15 s, the wet area of the superhydrophilic
layer was larger than that of the hydrophobic layer, and the
wet area gradually increased until 65 s had elapsed. This
suggests that the droplets permeate and diffuse into the supe-
rhydrophilic layer. After 65 s, the droplets on the surface of
the hydrophobic layer disappeared, but they left a wet mark
that was slightly larger than the initial droplet. When the
droplets of different volumes (25, 50, or 100 pL) were added
to the hydrophobic layer, their spreading diameter remained
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unchanged after 5 s; the largest spreading diameters were
0.36, 0.5, and 0.629 cm, respectively (Fig. 4c). When the
droplets were added on the superhydrophilic layer, the ini-
tial spreading diameter of the droplet with the same volume
on the superhydrophilic layer was larger than that on the
hydrophobic layer. The spreading diameters of 25, 50, and
100 pL droplets on the hydrophilic layer were 0.84, 1.45, and
1.77 cm, respectively (Fig. 4d), and the droplet spreading
diameter significantly increased with larger droplet volumes.
Therefore, the drug liquid can be transported directly from
the hydrophobic to the superhydrophilic layer and can extend
to a certain area to be administered to the wound (Fig. 4e).

The underlying mechanism of this process was analyzed
(Fig. 4f). Combining the above discussion, the directional
transport of water can be explained by the following theo-
retical quasi-static model. In the first stage, a droplet was
added to the hydrophobic layer and initially retained a Wen-
zel-Cassie state. In the second stage, the drug droplet per-
meated downward owing to the downward capillary force
and gravity. When the drug droplet arrived at the interface
of the hydrophobic/superhydrophilic layers, the generated
capillary pressure difference (AP) was calculated using
Eq. 7, AP (P;,—P; ;) <0; thus, AP plays a crucial role in
the driving force that transports the drug droplet directly
from the hydrophobic layer into the superhydrophilic layer.
Once the drug droplet enters the superhydrophilic layer, it
rapidly diffuses.

3.4 Antibacterial properties and bacterial
antiadhesion of the Janus composite membrane

Bacterial infections can delay wound healing. Therefore,
it is necessary to use wound plaster that have antibacte-
rial properties. The antibacterial effect of the Janus com-
posite dressing was derived from chitosan and triangular
silver nanoprisms. A PVA/CS@TPU membrane without
silver was compared with the Janus composite membrane
containing chitosan and silver. A large number of bacteria
were observed in the control group (Fig. S4). Conversely, a
small number of bacteria were observed in the PVA/CS@
TPU membrane group. Almost no bacteria were detected on
the Petri dish in the Janus composite membrane (PVA/CS/
Ag@TPU) group. The antibacterial rates of E. coli and S.
aureus in the PVA/CS @ TPU membrane group were 95.87%
and 97.91%, respectively (Fig. 5a). The antibacterial rates
of the Janus composite membrane (PVA/CS/Ag@TPU)
were further enhanced to 99.9% and 99.9%, respectively.
Live/dead bacteria were observed via fluorescence-staining
microscopy where green and red fluorescence represented
the live and dead bacteria, respectively. In the control group,
the samples mainly comprised live bacteria. In the Janus
composite membrane (PVA/CS/Ag@TPU) group, there
were a large number of dead bacteria and a small number
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Fig.4 Photographs of a

unidirectional transportation a
behavior on the Janus composite
membrane (hydrophobic layer

upward). b The water transpor-

tation behavior on the Janus

membrane after adding a water
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water droplet’s spreading diam- b
eter with time when droplets of 0s Ss
different volumes were dropped
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d superhydrophilic layer of the
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Schematic diagram of the direc-
tional transportation of drug
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membrane. f Illustration of the
directional transport mechanism
of the drug liquid (AP: capillary
pressure difference)
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of live bacteria. In the fluorescence images of E. coli and
S. aureus in the Janus composite membrane group (PVA/
CS/Ag@TPU), all bacteria were dead (Fig. 5b). The above
antibacterial comparison experiments revealed that chitosan
and silver nanoprisms introduced by the Janus composite
membrane exhibit good antibacterial activity against E. coli
and S. aureus, and the silver nanoprisms further improved
the antibacterial rate of the membrane.

In addition to its antibacterial properties, the wound
plaster needs to prevent bacteria from adhering because
even a small number of bacteria can cause wound inflam-
mation and bacterial infection. The bacterial antiadhesion
ability of the PVA membrane and superhydrophilic layer
of the PVA/CS/Ag membrane was consequently assessed.
The bacterial counts of E. coli and S. aureus on the plates
in the PVA membrane and PVA/CS/Ag membrane groups

10 20 30 40 50 60 70 80
Time(s)

@ Hydrophobic nanofiber

0 1020304050607080
Time(s)

® Hydrophilic nanofiber

were lower than those in the control group (tenfold dilution
of 10’ CFU/mL bacterial solution three times), consistent
with the fluorescence microscopy results (Fig. Sc, d). The
bacterial antiadhesion property of the PVA/CS/Ag mem-
brane was better than that of the PVA membrane, which
was attributed to the antibacterial effects of PVA/CS/Ag.
The excellent bacterial antiadhesion ability of the PVA/
CS/Ag membrane is related to oil adhesion and underwa-
ter hydrophobicity. A certain adhesion force (0.00589 mN)
was observed on the surface of the PVA membrane, and the
underwater oil contact angle was 136.7° (Fig. 5e). Further-
more, the adhesion force of the PVA/CS/Ag membrane to
oily substances was almost zero, and the underwater oil con-
tact angle was 143.2° (Fig. 5f). The bacterial antiadhesion
mechanism of the Janus composite membrane was further
analyzed (Fig. 5g). When the PVA/CS/Ag superhydrophilic
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Fig.5 a Antibacterial rate of
different samples against E. coli
and S. aureus. b Fluorescence
microscopy images after the
antibacterial test of different
samples against E. coli and S.
aureus. Bacterial colonies after
the bacterial antiadhesion test
of different samples against ¢ E.
coli and d S. aureus. Adhesive
force curve and underwater oil
contact angle of the e PVA and
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bacterial cell walls are lipophilic. The bacterial antiadhesion
effect of the hydration layer has also been reported in the
previous works [57, 58, 66, 67]. In addition, the synergistic
antibacterial action of chitosan and silver can reduce the
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total amount of bacteria. Chitosan has a positively charged
amino group, which can inhibit bacterial activity. Triangu-
lar silver nanoprisms release Ag* to interfere with cellular
respiration enzymes, preventing the reproduction of bacteria
and reducing bacterial adhesion to the membrane surface.

3.5 Animal wound-healing experiment

Animal experiments were conducted on mice to replicate
wound healing in the human body. A circular wound with
a 7-mm diameter was made on the back of each mouse.
The wounds were treated with different dressing sam-
ples to promote wound healing (Fig. 6a). Subsequently,
wound healing in each group was observed over a period
of 10 days. The wound area decreased gradually in the
order of medical gauze < PVA membrane < Janus compos-
ite membrane < Janus composite membrane + liquid drug
(Fig. 6b). The wound-healing rate was the fastest in the
first 4 days (Fig. 6). The percentage of the wound area

Fig.6 a Schematic diagram of
the animal experiment process. a
b Photographs of wounds after
treatment with different samples.
¢ The wound area and d weight
of mice were measured at differ-
ent times (days). Data are rep-
resented by mean + SD of three
repeats, *p <0.05, **p <0.01,
*#%p <0.001 as compared with
the control, #p <0.05 as com-
pared with designated group

=

in the mice treated with medical gauze, PVA membrane,
Janus composite membrane, and Janus composite mem-
brane plus liquid drug were 55.04%, 50.48%, 41.22%, and
24.67%, respectively. After 4 days, the wound-healing rate
slowed down. Until the 10" day, the wound-healing rates
of the mice treated with the Janus composite membrane
plus liquid drug were almost 100%. On the 10" day, the
percentage of the wound area in mice treated with medi-
cal gauze, PVA membrane, Janus composite membrane,
and Janus composite membrane plus liquid drug were
21.39%, 16.68%, 12.35%, and 2.39%, respectively. The
weight of the mice treated with the medical gauze and
PVA membrane exhibited a slightly decreasing trend, indi-
cating that the wound affected their health. Conversely,
the weight of the mice treated with the Janus composite
membrane or Janus composite membrane plus liquid drug
exhibited an increasing trend, indicating wound healing.
On the 10" day, the percentage of body weight gain of the
mice treated with medical gauze, PVA membrane, Janus
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composite membrane, and Janus composite membrane
plus liquid drug were — 0.98%, 0.29%, 2.22%, and 1.68%,
respectively (Fig. 6d). Overall, the therapeutic effect of
the PVA membrane was better than that of medical gauze,
which proves the superiority of the electrospun nanofiber
structure in promoting wound healing. The treatment
effect of the Janus composite membrane was greater than
that of the PVA membrane, which confirms the coagula-
tion and antibacterial effects of chitosan and triangular
silver nanoprisms on promoting wound healing. The effect
of the Janus composite membrane plus liquid drug therapy
was greater than that of the Janus composite membrane
alone, which proved that the Janus membrane allows the
directional transport of the liquid drug, which promotes
wound healing.

Fig.7 a H&E-stained section of a
regenerated skin tissue treated
with the different materials

at different timepoints (days)
(Scale bar=50 pm); b epidermal
and ¢ granulation tissue thick-
nesses after treatment with the
different materials at different
times (days). Data are repre-
sented by mean + SD of three
repeats, *p <0.05, **p <0.01

as compared with the control,

#p <0.05 as compared with
designated group

Enlarged Day4
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wound-healing degree of the mice treated with the Janus
composite membrane plus liquid drug was optimum
(Fig. 7a). On day 4, new hair follicles appeared in the sub-
cutaneous tissue of the mice treated with the Janus com-
posite membrane plus liquid drug. Therefore, the Janus
composite membrane plus liquid drug treatment formed a
good wound bed environment for the mice. On day 7, intact
tissue layers appeared in some healed areas. On day 10, the
subcutaneous tissue of mice in this group was intact, and
the thickness of the epidermis and granulation tissues was
lower than that of the other groups (Fig. 7b, c). Conversely,
the other groups required a longer time to complete wound

Janus+Liquid drug

= Ctrl

i

Epidermal thickness (mm) & Enlarged Dayl0 Enlarged Day7

Janus
= PVA [ Janus+Liquid drug

800

=3 Ctrl =3 Janus
= PVA 3 Janus+Liquid drug

600

400 = kx

200+

Day 4

@ Springer

£
£
-
[}
3
# c
=
)
=
et
(]
=}
Hk n
2
-
# S
. ©
*K ek S
(=
L S oA
(U]

Day 4 Day 7



Advanced Composites and Hybrid Materials (2023) 6:193 Page 150f19 193

Fig. 8 Masson-stained sections
of regenerated skin tissue
treated with different samples
for different times (days) (Scale
bar=50 pm)
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remodeling. Hypertrophy of the epidermis and granulation The Masson-stained sections of the regenerated tis-
tissue creates scar formation, and the scar size of the mice  sues were used to analyze the changes in collagen content
treated with the Janus composite membrane plus liquid drug ~ during wound healing. Masson staining revealed that the
was the smallest. collagen content in each group gradually increased with
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treatment time (Fig. 8). On day 10, the collagen fibers of
the mice treated with the Janus composite membrane plus
liquid drug were aligned. Furthermore, this group exhibited
higher collagen content than the other groups (Fig. S5),
indicating a higher quality of regenerated tissue. These
results demonstrate that the coagulation, antibacterial, bac-
terial antiadhesion, and liquid drug directional transporta-
tion properties of the Janus composite membrane promotes
rapid wound healing.

3.6 Mechanical performance of wound plaster

As a wound plaster, it usually needs to have good mechanical
properties in many aspects in order to facilitate its use, and it
is required to fit with the skin wound to reflect its comfort,
for this reason, its basic physical mechanical properties are
investigated. As shown in Fig. 9, PVA/CS/Ag/@TPU wound
plaster displays not only outstanding stretching, bending,
twisting physical performance, but also superior mechanical
properties with tensile strength of 34.6 MPa and elongation
at break of 31.1%, which can be considered close to the
human skin, with a tensile strength of 21.6 + 8.4 MPa and
failure strain of 54 +17% [48].

4 Conclusions

A novel fibrous Janus membrane wound plaster (PVA/CS/
Ag@TPU) with superhydrophilic/hydrophobic wettability
was produced using electrospinning technology, which real-
ized the functional integrations of hemostasis, antibacterial
synergistic antiadhesion, and directional transportation of
liquid drugs to promote wound healing. The efficient hemo-
stasis of this membrane was attributed to the rapid water
absorption by the hydrophilic layer from the blood, capil-
lary pressure difference (Ap > 0) that prevented the extrava-
sation of blood, and coagulation promoted by chitosan.
Thus, wound healing can be achieved through the effective
combination of antibacterial synergistic antiadhesion and
directional transportation of liquid drugs. Chitosan and sil-
ver imparted the Janus membrane with high antibacterial
(99.9% against E. coli and 99.9% against S. aureus) and
bacterial antiadhesion properties because of low underwa-
ter oil adhesion, hydration layer formation, and excellent
antibacterial ability. The excellent directional transporta-
tion of the liquid drug was attributed to the favorable Ap
from the hydrophobic to the superhydrophilic layer. After
10 days, the regenerated skin tissue of mice treated with
the Janus composite membrane plus liquid drug exhibited
smaller scar size and more suitable lamellar structure com-
pared with the tissues in the other groups. The small scar
size and intact tissue layer structure of the Janus composite
membrane and liquid drug—assisted regenerated skin tissue
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effectively promoted collagen growth. The wound-healing
rate of the mice reached 97.61% in this group. Therefore, the
Janus composite membrane exhibits good clinical applica-
tion potential and provides design inspiration for the devel-
opment of next-generation wound plaster.
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