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Abstract
Background:Considerable advances have been made in developing materials that promote wound
healing and inhibit scar formation in clinical settings. However, some challenges, such as cumbersome
treatment processes and determination of optimal treatment time, remain unresolved. Thus, developing a
multifunctional wound dressing with both wound healing and scar inhibition properties is crucial. Here,
we present an integrated electrospun fibrous composite membrane (MPC12) for wound healing and scar
inhibition, consisting of aquaternized chitosan-loaded inner membrane (PCQC5) and quaternized siliconeloaded outer membrane (MQP12).
Results:The inner membrane effectively coagulates blood and promotes wound healing, and the outer
membrane moisturizes, resists bacteria, and inhibits scar formation. In vivo evaluation in a rabbit ear
model revealed that MPC12 treatment results in faster wound healing and better alleviation of scar
hypertrophy than treatment with commercial products (KELO-COTE, MSSG).
Conclusions:Our strategy offers an excellent solution for the potential integration of wound healing and
scar inhibition.

Background
The skin is the largest organ in the human body [1]. It is the first barrier against any damage from the
environment [2–4]. According to the National Center for Health Statistics, human skin wounds have
become a major threat to public health and the economy [5]. Wound healing is a complex process
affected by internal and external factors, and an appropriate environment is needed to achieve
accelerated healing [6]. However, tissue scarring, connective tissue response to surgery, trauma,
inflammation, or burn injuries are intractable challenges for dermatologists and plastic surgeons [7–9].
Moreover, patients with excessive cell proliferation, abnormal cell growth, and aberrant deposition of
collagen generally experience physical and psychosocial consequences [10].
Advances in medical technology have enabled the development of several effective materials for wound
dressing to achieve rapid wound closure; these include materials of animal or herbal origin and synthetic
dressings [11–13]. These wound dressings control bleeding quickly but lead to excessive collagen
deposition during wound healing. Thus, they neither maintain the balance between collagen secretion
and degradation nor provide the necessary moist environment to help scar inhibition [14]. Current
approaches for preventing scars generally include scar dressing after wound healing because its use
before wound healing is highly inflammatory. Additionally, the best time to use scar dressing after wound
healing is difficult to determine, which limits its clinical applications. Wound dressing technology is not
commensurate with the current level of medical care provided. Thus, there is a need for a multifunctional
wound dressing with wound and scar repair functions.
Materials with properties, such as skin adhesion, limited water vapor penetration, stratum corneum
hydration, and oxygen penetration, help inhibit scar formation [9, 15–18]. Polydimethylsiloxane (PDMS),
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the main component in silicone, has been accepted as a biomaterial for scar suppression owing to its
excellent hydrophobicity, non-toxicity, and non-irritant behavior [19, 20]. However, its strong inflammatory
properties restrict its widespread application to newly formed wounds, as the suitable time for its
application to facilitate scar repair can be easily misinterpreted. Moreover, PDMS cannot effectively resist
bacterial invasion and is prone to wound infection. The structure of PDMS is stable and difficult to
modify. Therefore, improving the antibacterial properties of PDMS and reducing the associated skin
irritation have become important issues.
Quaternary ammonium salts (QASs) possess biocidal activities and have been widely used for more than
half a century to control microbial growth [21, 22]. The mechanism involves electrostatic and lipophilic
interactions with the cell wall of various microorganisms. In addition, the chemical structure of QASs
plays an important role in antibacterial activity because the effect of QASs with long hydrophobic chains
on the outer membrane of gram-negative bacteria is more profound than that of short-chain analogs [23,
24]. Previous investigations have demonstrated that surfaces coated with a polymer containing QAS kill a
variety of microorganisms, including gram-positive bacteria, gram-negative bacteria, yeasts, and molds
[25–27].
Considering that polymethyl hydrogen siloxane (PMHS) has a structure similar to that of PDMS with
good water retention and is gas permeable and chemically inert, it has been widely used as a scar
suppression material. The electrospinning technique is a fabrication method widely used to generate
tissue-engineering scaffolds owing to their nanoscale morphology, high porosity, and large specific
surface area [28–30]. We synthesized quaternized silicone (QP12) based on PMHS by introducing QAS
into the polymer side chain to resist bacterial invasion. The outer layer (poly(ε-caprolactone) [PCL]/QP12,
MQP12) of the composite membrane with antibacterial invasion and water-retaining functions, based on
QP12 and PCL, was prepared via electrospinning (ES). Chitosan (CS) has been widely used as a
functional biopolymer in biological scaffolds, pharmaceutical engineering, bone healing materials, and
wound dressings owing to its excellent biocompatibility, antibacterial activity, and biodegradability.
Recently, we prepared a wound repair membrane PVC/COL/QAS-CS (PCQC5) based on polyvinyl alcohol
(PVC), collagen (COL) and quaternized chitosan (QAS-CS) with rapid hemostatic and anti-inflammatory
functions [28]. Hence, we performed ES with MQP12 and PCQC5 to produce a double-layer nanofiber
dressing (MPC12) for integrated wound repair and scar suppression. We aimed to successfully produce
and test MPC12 for cytocompatibility and skin irritant properties using both in vitro and in vivo
therapeutic evaluations to simultaneously achieve wound healing and scar suppression with a higher
therapeutic index and fewer adverse effects (Fig. 1).

Results And Discussion

Synthesis and characterization of QP12
To improve antibacterial properties and biocompatibility of the outer composite membrane, the structure
of PMHS was first modified by introducing a quaternary ammonium salt into the side chain, which
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resulted in PMHS derivatives (QP12). As depicted in Scheme S1, QP12 was prepared following a threestep procedure, where LA12 was first synthesized using diethanolamine and 1-bromododecane. Next, the
PMHS side chain was extended through a hydrolyzation reaction to obtain MHSB. Subsequently, MHSB
was successfully reacted with the self-made tertiary amine LA12 to prepare QP12 with the active group at
the end of the side chain. We determined the structures of PMHS, MHSB, and QP12 via FT-IR
spectroscopy based on the vibration of different chemical bonds (Fig. 2A). The absorption peak of PMHS
at 2162 cm− 1 was assigned to the Si-H stretch. This peak disappeared in MHSB and QP12, indicating
that 1-bromododecane was successfully grafted onto PMHS. Compared with MHSB, the intensity of the
C-Br peak near 560 cm-1 in QP12 was substantially reduced, and the characteristic peak of the long-chain
alkyl group appeared at 730 cm-1, which proved that QP12 was successfully formed via the reaction of
LA12 with MHSB. The structures of PMHS, LA12, and QP12 were further determined by 1H NMR
according to different chemical environments, in which the H atom was located. It is evident from Fig. 2B
that the Si-H chemical shift at 4.5 ppm in PMHS disappeared in QP12 and the hydrogen on Si-CH2- at 0.5
ppm appeared, confirming the successful hydrolyzation reaction. In addition, the presence of hydrogen
with a chemical shift similar to that of LA12 in QP12, such as the hydrogen of -CH2- in the dodecyl chain
at 1.3 ppm, proved that PMHS was successfully quaternized. The grafting rate of QP12 was obtained
using the elemental analysis, and the results showed that LA12, containing N, was successfully grafted to
MHSB at a grafting rate of 15–23% (Table S1).
As the main component of the outer layer of the composite membrane, the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) of QP12 were determined. Grampositive bacteria (S. aureus and α-hemolytic Streptococcus), gram-negative bacteria (E. coli,

Pseudomonas aeruginosa, and Proteus vulgaris), and a fungus (C. albicans) were used to evaluate the
antibacterial and antifungal activities. As shown in Fig. 2C, the antibacterial performance of QP12
significantly improved compared with that of MHSB without quaternization. Two drugs, chlorhexidine
acetate (CA) and benzalkonium chloride (BZK), were also used as positive controls. Although QP12
showed weaker antibacterial activity than CA and BZK, it showed enhanced antibacterial activity against
the gram-positive bacterium S. aureus and fungus C. albicans compared with that against other bacteria
with MBC values of 100 and 200 µg mL− 1, respectively, and MIC values of 50 and 100 µg mL− 1,
respectively.
QP12 was intended to be used as one of the main raw materials for the composite membrane in this
study. Therefore, HaCaT and LO2 cell lines were selected to evaluate the epidermal and liver cytotoxicity
of QP12 (Fig. 2D). The IC50 values of QP12 in both cell lines were increased by 100 folds or more
compared with those of the two positive controls. This indicated that QP12 was safer for normal
mammalian cells than CA and BZK.

Preparation And Characterization Of Mqp12
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ES technology has attracted considerable attention as an effective method to fabricate continuous and
uniform nanofibers for wound dressing due to its merits, such as high surface-area-to-volume ratio,
flexibility, and high attachment rate [14, 31, 32]. To obtain a better double-layer composite MPC12, we first
optimized the conditions to prepare the outer membrane MQP12. Due to the poor ES of the QP12
solution, PCL, which is approved by the US Food and Drug Administration as an ES fiber scaffold, was
added into the solutions to assist MQP12 nanofiber formation. It is known that the polymer solution
properties considerably influence the morphology and diameter of the nanofibers [33–35]. Adjusting the
properties of the spinning solution to an appropriate range is important to obtain uniform electrospun
nanofibers. Thus, we first focused on the ratios and concentrations of the ingredients in the spinning
solution. The scanning electron microscopy (SEM) results shown in Figs. 3A and S2 revealed that the
best mass ratio of PCL/QP12 was 70:30, and the best concentration of the spinning solution was 7%
(w/v). The viscosity of the spinning solution was evaluated using a viscometer with an average viscosity
of 74 cP. The surface tension of the spinning solution was evaluated using a surface tension measuring
device, and the surface tension value was 22.012 mN/m. The electric conductivity of the spinning
solution measured using a conductivity meter was 75.1 µS/cm at 24.4 ℃. Moreover, the uniform
nanofiber membrane prepared under these conditions was reproducible with an average fiber diameter of
149.0 ± 3.33 nm (Figs. 3B and S3).
To explore PCL/QP12 co-existence in the nanofiber membrane MQP12 and evaluate the specific heat
capacity and transition heat, differential scanning calorimetry (DSC) was performed. We noticed that the
melting point of PCL was approximately 62°C, and the thermal decomposition temperature was 405.7°C.
After the addition of QP12, there was no distinct change in the characteristic peaks (Fig. 3C), indicating
that the incorporation of QP12 did not significantly change the structure of PCL. We further characterized
the functional groups in PCL, QP12, and MQP12 by FT-IR spectroscopy. As shown in Fig. S4, almost all
characteristic peaks in the infrared spectra of PCL and QP12 corresponded to the infrared spectra of
MQP12, and no new characteristic peaks appeared for MQP12. These results proved that PCL and QP12
in the MQP12 fibers did not form a new chemical bond but existed in the fibers as a mixture. We next
investigated the thermostability of MQP12 via thermogravimetric analysis (TGA). The decomposition
temperatures (Td) of PCL and MQP12 with 5% weight loss were 333.2 and 254.0°C, respectively (Fig. 3D).
Thus, the electrospun nanofiber membranes of PCL and MQP12 were sufficiently stable to be used for
high-temperature sterilization (usually < 120°C) and adhesion to human skin (usually ~ 37°C).
For the outer layer of the composite membrane, the resistance of the nanofiber membrane to the
microbial invasion was determined by comparing the permeation ability of the MQP12 membranes in S.
aureus, E. coli, and C. albicans to that of the PCL/MHSB membranes. As the SEM images (Fig. 3E)
indicate, only a small number of microorganisms was found on the inner surface of MQP12 after
culturing for 24 h, although this number was substantially increased on the outer surface. In contrast, all
three microbial species had penetrated the PCL/MHSB nanomembrane inner surface after 8 h of culture,
and as the culture time was prolonged, the microorganisms on the inner side of the PCL/MHSB
membrane proliferated to form a biofilm. Notably, the inner surface of the MQP12 membrane was still
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sterile after 24 h of incubation with S. aureus, suggesting that the MQP12 membrane prevented S. aureus
invasion, which was consistent with the antibacterial effect of QP12 on S. aureus in Fig. 2C and D.

Preparation And Characterization Of Mpc12
The excellent complementary properties of MQP12 and PCQC5 encouraged us to combine them as a
composite membrane that integrates wound healing and scar suppression. Therefore, we added MQP12
to the outer surface of our previously prepared PCQC5 to obtain MPC12, using ES according to the
optimized conditions [28]. SEM images showed that both inner and outer layers of MPC12 were fibrous
and had a uniform diameter; atomic force microscopy (AFM) images showed that Ra values of the outer
and inner membranes of MPC12 were 72.8 and 95.1 nm respectively, which had a certain degree of
roughness suitable for cell adhesion (Fig. 4A).
As mechanical properties have attracted attention because of their capability to modulate biological
processes and determine cell fate [36], we evaluated the mechanical properties of the MPC12 composite
membranes. Three parts of the MPC12 nanofiber composite membrane were randomly selected. As
shown in Fig. 4B, the average tensile strength of the three parts was 4.67 ± 1.06 MPa, revealing that the
MPC12 nanofiber composite films were uniform. Moreover, the fracture extension rate of the three parts
(45.83 ± 2.96%) was similar to that of normal human skin (35–115%), which provided a good
microenvironment for cell attachment (Fig. 4C) [3, 37].
The surface properties of the inner membrane and the outer membrane are among the main contributing
factors in integrated wound healing and scar suppression [38]. Therefore, we characterized the wettability
of the inner membrane and the hydrophobicity of the outer membrane using water contact angle (WCA)
analysis (Fig. 4D and E). The results showed significant differences in the WCA of the two layers of the
MPC12 nanofiber composite film. The average WCA of the inner layer was 82.56 ± 3.37°, whereas that of
the outer layer was 36.43 ± 3.16°. Thus, the inner layer of MPC12 had excellent surface wettability,
whereas the outer layer had a certain degree of hydrophobicity. A self-designed water permeation
experiment and corresponding quantitative results of water permeation also revealed similar results
(Fig. 4F and G). The inner membrane of MPC12 had superior permeability, which could promote cell
adhesion and proliferation, as well as wound repair. The outer membrane displayed a water retention
effect to prevent water volatilization, which can avoid excessive loss of skin moisture during wound
repair to inhibit excessive fibroblast proliferation and collagen secretion.
We also evaluated blood coagulation on the nanofiber membranes by testing the blood-clotting index and
hemostatic ability. Only PCQC5 and PCQC5-containing MPC12 showed a low blood-clotting index,
indicating better clotting capacity (Fig. S5). This was likely because our previously prepared wound
healing dressing, PCQC5, had excellent coagulation properties. In addition, we established rabbit arterial
auricular and liver hemorrhage models to investigate the hemostatic ability of MPC12. Compared with
medical gauze and medical gelatin sponge, MPC12 effectively reduced bleeding (Fig. S6).
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Biosafety Evaluation Of Mpc12
Toxicity evaluation of MPC12 is critical for its further clinical application. We assessed cytotoxicity, blood
compatibility, and skin irritation to evaluate any potential biohazards associated with the prepared
composite membrane. According to the cytotoxicity evaluation grade (GB/T 16886.5) (Table S2), the
cytotoxicity of different composite membranes on the immortalized epidermal cell HaCaT was graded
(Fig. 5A). The relative growth rate of HaCaT cells on the MPC12 nanofiber composite membrane extract
was 100.5% similar to that of the control. MPC12 showed 0-grade cytotoxicity, indicating that it was
suitable for biological applications.
Although the cells cultured in MPC12 extract proliferated slowly in the first 24 h, HaCaT cell proliferation
increased significantly after 72 h of culture (Fig. 5B). The HaCaT cells gradually spread on the surface of
MPC12 over time and almost formed a cell monolayer after 7 days of culture (Fig. 5C). This indicated
that MPC12 with low cytotoxicity and strong cell adhesion might have potent efficacy in promoting cell
proliferation. The cell migration on MPC12 was characterized (Fig. 5D). The results showed that HaCaT
cells could cross the scratches after 7 days of culture, indicating that the membrane is beneficial to cell
migration.
To further ensure the feasibility of MPC12 in vivo, its blood compatibility was evaluated using H2O as a
positive control and 0.9% NaCl as a negative control (Fig. S7). The hemolysis rate of the membranes in
all experimental groups was lower than 5%, which met the standards of GB/T16886.4 for biomedical
material.
Before testing the MPC12 composite membranes in the integration of wound repair and scar suppression,
we also assessed skin irritation in vivo. For this purpose, the dorsal skin of four healthy rabbits was
injected with 0.9% NaCl extract of different membranes and cottonseed oil (CSO) extract of different
membranes, and 0.9% NaCl and CSO were used as controls. As shown in Fig. 5E, skin redness and
swelling were observed 24, 36, and 72 h after injection and were scored (Fig. 5F-H) according to the
degree of skin erythema and edema at each injection site (GB/T16886.10) (Table S3). As shown in Fig. 5I,
the difference in the comprehensive average scores of PCQC5, MQP12, and MPC12 at the three time
points for the two solvent extracts and the control group was less than one. Thus, MPC12 did not cause
any obvious skin irritation as a skin dressing. Overall, these results demonstrated that MPC12 had
superior biosafety and caused extremely low skin irritation.

Wound Healing And Scar Inhibition In Vivo
Next, we evaluated the integrated efficiency of the PCM12 membranes in promoting wound healing and
inhibiting wound scar formation in a rabbit ear model and compared it with that of related commercial
products (KELO-COTE and MSSG) (Fig. 6A) [38, 39]. Full-thickness skin wounds were created on each ear,
and the rabbits were randomly divided into the following six groups: control, KELO-COTE, MSSG, PCQC5,
MPQ12, and MPC12. The size of the wounds was recorded after the operation using a digital camera. As
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shown in Fig. 6B, the wounds treated with PCQC5 and MPC12 were already covered by neotissue 14 days
after the treatment, whereas the wounds in all other groups still had an obvious defect. The changes in
the wound area during the treatment were also measured using calipers as an indicator of the wound
healing progress (Fig. 6C). Two weeks post operation, the wound healing rates of PCQC5 and MPC12
were 97.47% ± 3.56 and 96.20% ± 4.29%, respectively, whereas those of the control, KELO-COTE, MSSG,
and MPQ12 groups were 79.58% ± 7.98%, 51.74% ± 13.79%, 72.52% ± 7.54%, and 73.47% ± 12.90%,
respectively (Fig. 6D). Overall, the rabbits treated with PCQC5 and MPC12 exhibited significantly higher
treatment efficiency at the end of the therapy (Fig. 6E). In contrast, the rabbits treated with KELO-COTE,
MSSG, and MPQ12 exhibited lower healing efficiency, indicating that scar-inhibiting membranes with
moisturizing functions were not conducive to wound healing.
It is worth noting that the surface of the wounds treated with MPC12 was smooth and the entire amount
of the newly formed skin did not significantly increase after approximately 7 weeks of continuous
treatment. Thus, we further evaluated the state of scar formation via hematoxylin and eosin (H&E)
staining using samples resected at 38, 44, and 50 days, as the histopathological analysis provides a
microscopic view of the scar formation process [40]. The microscopic evaluation indicated that the
wound sites showed different tissue arrangements after treatment with different dressings. As shown in
Fig. 7A, the internal fibers in the groups treated with MQP12 and MPC12 were arranged tightly and orderly,
whereas the tissue fibers were disordered and accompanied by mild chronic inflammation in the groups
with a scar where the tissue protruded from the skin surface. Thus, MPC12 promoted regularized tissue
repair and avoided the formation of hyperplastic scars. As scar formation is always accompanied by
inflammation, the expression of the inflammatory factor TNF-α in the wound tissues was detected via
immunohistochemistry to indirectly reflect the state of scar suppression [41–43]. The expression of TNFα was high in the control, KELO-COTE, MSSG, and PCQC5 groups, and it did not significantly decrease
within 50 days, whereas the inflammatory response in the MQP12 and MPC12 groups was negligible
(Fig. 7B). We finally observed collagen deposition in the newly formed tissues via Masson staining, as
abnormally excessive collagen deposition is an important feature of scar formation [44, 45]. From 38 to
50 days post operation, the expression of collagen type I in the tissues of the MQP12 and MPC12 groups
gradually decreased, with many muscle fibers appearing in the tissues. In contrast, all other groups
showed excessive secretion of collagen type I with some muscle fiber production (Fig. 7C). All histology
results were consistent with the macroscopic evaluation in Fig. 7A, indicating that the MPC12
membranes not only promoted wound healing but also had excellent scar suppression ability.

Conclusions
Based on the integration of wound healing and scar repair, we successfully fabricated an MPC12
nanofiber composite membrane by adding MQP12 on the outer surface of our previously prepared
PCQC5 using ES. Mechanical properties of the MPC12 composite membrane are similar to those of the
skin, and the membrane offers suitable hydrophobicity/hydrophilicity for wound healing and scar repair.
Antimicrobial invasion and hemostatic experiments proved that the outer membrane of the composite
membrane effectively resists bacterial invasion, whereas the inner membrane has a rapid hemostasis
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function in vitro. Safety evaluation of MPC12 demonstrated superior biosafety and extremely low skin
irritation, which is promising for its in vivo use. In vivo evaluation of wound healing and scar inhibition
demonstrated that the MPC12 membrane can accelerate wound repair and inhibit scar formation. Our
method is safer and more effective than traditional methods of treating hypertrophic scars, such as
KELO-COTE and MSSG. We envision that MPC12 will provide an innovative approach for the integration
of wound healing and scar inhibition and that it has a high potential for clinical translation.

Materials And Methods

Materials
Chitosan, PMHS, diethanolamine, CA, and BZK were purchased from Shanghai Macklin Biochemical. 1Bromododecane and hexafluoroisopropanol were obtained from Shanghai Aladdin Biochemical. 6Bromo-1-hexene and PCL were obtained from Sigma-Aldrich. Yeast powder, tryptone, and Sabouraud agar
medium were obtained from the British OXOID company. Fetal bovine serum and 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) were procured from Gibco. Dulbecco's modified Eagle medium
(DMEM), Roswell Park Memorial Institute 1640 (RPMI 1640), and trypsin were purchased from American
Hyclone Company. All reagents were used without further purification unless otherwise specified.

Preparation And Characterization Of Mqp12 And Mpc12
Membranes
PCL and QP12 were mixed with hexafluoroisopropanol at different proportions (PCL/QP12 = 100:0, 80:20,
75:25, 70:30, 60:40, 55:45, 50:50, and 40:60) to yield a 6 wt% solution or mixed at an indicated ratio
(PCL/QP12 = 70:30) to yield solutions of different concentrations (4, 5, 6, and 7 wt%). During the ES
process, the precursor solution was pulled into a spinneret using a nozzle with a diameter of 0.6 mm. The
spinneret was fixed to a precision pump and connected to the positive electrode of the high-voltage power
supply to maintain a steady flow rate of 1.0 mL h-1. The ES voltage applied between the spinneret and the
collector was 15 kV, and the distance was 13 cm. The prepared MQP12 nanomembrane was stored in a
vacuum drying cabinet and dried at 25°C for 3 days to remove residual solvent. MPC12 nanofiber
composite membrane was obtained by spinning MQP12 onto PCQC5 membrane under the same
conditions. The morphology and diameter of the MQP12 and MPC12 membranes were characterized
using SEM and AFM. The existence of PCL and QP12 in MQP12 was determined via DSC and FT-IR
spectroscopy. The thermal stability of MQP12 was characterized using TGA. Mechanical properties of
MPC12 were evaluated using a tensile mechanical analyzer at a fixed speed of 10 mm min− 1 at 25°C and
50% relative humidity. The surface wettability of the inner and outer layers of the MPC12 membranes was
evaluated using the WCA analysis. Water droplets of diameter 6 µm were separately dripped onto the
surface of the nanofibrous membranes at 25°C and measured within 5 s.
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Microbial Invasion On The Membrane
The nanomembrane was cut into small square pieces (1 cm × 1 cm) and placed in a solid medium after
sterilization in such a way that one side was close to the culture medium. Representative strains of grampositive bacteria (Staphylococcus aureus), gram-negative bacteria (Escherichia coli), and fungi (Candida

albicans) were selected. Microbial solution (100 µL) at a concentration of 1.5 × 108 CFU mL-1 was
inoculated on the outer side of the nanomembrane and incubated in an inverted culture for 8, 12, and 24
h. For SEM, the nanomembranes were uncovered and fixed with 2.5% glutaraldehyde for more than 4 h at
4°C. After washing three times with PBS, the nanomembranes were dehydrated through sequential
treatments with 50%, 75%, 85%, 95%, and 100% ethanol. The final samples were dried in a vacuum
freezing/drying oven before SEM analysis.

Wound Healing And Scar Inhibition In Vivo
In vivo experiments were conducted following guidelines approved by the ethics committee of Yantai
Raphael Biotechnology Co., Ltd. (SYXK(Lu) 2017 0026). Female rabbits were used in this experiment.
Three circular wounds with a full-thickness skin defect were created on the ventral surface of each ear
and kept under sterile conditions. After thoroughly disinfecting the wounds, the animals were randomly
divided into six groups. The negative control group was treated surgically, and then medical gauze was
applied. The positive control drugs (KELO-COTE and MSSG) were evenly applied to the wounds. The
experimental drugs (MQP12, PCQC5, and MPC12) were applied as 2.0 × 2.0 cm square membranes to the
wound surface and medical bandages were used for fixation. The drugs in all groups were changed every
24 h. Digital camera images and rulers were used to record wound healing and scar suppression.

Statistical analysis
All experimental data are presented as the mean ± standard deviation (SD), and the statistical
significance between different groups was analyzed using two-tailed unpaired Student's t-test with values
of *p < 0.05, **p < 0.01, and ***p < 0.001.

Abbreviations
PDMS, polydimethylsiloxane; QASs, quaternary ammonium salts; PMHS, polymethyl hydrogen siloxane;
QP12, quaternized silicone; PCL, poly(ε-caprolactone); ES, electrospinning; PCQC5, PVC/COL/QAS-CS; CA,
chlorhexidine acetate; BZK, benzalkonium chloride; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide; DMEM, Dulbecco's modified Eagle medium; RPMI 1640, Roswell Park
Memorial Institute 1640; SEM, scanning electron microscopy; DSC, differential scanning calorimetry; TGA,
thermogravimetric analysis; MIC, minimum inhibitory concentration; MBC, minimum bactericidal
concentration; MHSB, PMHS grafted with bromohexane; HaCaT, human immortalized epidermal cells;
LO2, normal human liver cells; MQP12, integrated electrospun fibrous composite membrane; Td,
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decomposition temperature; WCA, water contact angle; CSO, cottonseed oil; H&E, hematoxylin and eosin;
SD, standard deviation.
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Figures

Figure 1
Schematic illustration of MPC12 nanofiber composite membrane design. The design for the integration
of wound healing and scar inhibition in a rabbit ear wound model.
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Figure 2
Characterization of QP12. (a) FT-IR spectra of PMHS, MHSB, and QP12. (b) 1H NMR spectra of PMHS,
LA12, and QP12. (c) MIC (μg/mL) and MBC (μg/mL) of CA, BZK, and QP12 in S. aureus, α-H. tococcus, E.
coli, P. aeruginosa, P. vulgaris, and C. albicans. (d) Cytotoxicity of QP12 toward HaCaT and LO2 cell lines
after 24 h of culture. Data are presented as the mean ± SD, ***p < 0.001 (t-test). FT-IR, Fourier transform
infrared; PMHS, polymethyl hydrogen siloxane; MHSB, PMHS grafted with bromohexane; QP12,
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quaternized silicone; 1H NMR, proton nuclear magnetic resonance; LA12, N,N-dihydroxyethyl-N-dodecyltertiary amine; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; CA,
chlorhexidine acetate; BZK, benzalkonium chloride; HaCaT, human immortalized epidermal cells; LO2,
normal human liver cells; SD, standard deviation.

Figure 3
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Synthesis and characterization of the MQP12 nanofiber membrane. (a) SEM image of the MQP12
membrane. (b) Fiber diameter distribution of MQP12. (c) DSC curves of PCL and MQP12 membranes. (d)
TGA curves of PCL and MQP12. (e) SEM imagesshowing the penetration ability of PCL/MHSB and
MQP12 in S. aureus, E. coli,and C. albicans after culturing for 8, 12, and 24 h. SEM, scanning electron
microscopy; MQP12, integrated electrospun fibrous composite membrane; DSC, differential scanning
calorimetry; TGA, thermogravimetric analysis; PCL, poly(ε-caprolactone); MHSB, PMHS grafted with
bromohexane.

Figure 4
Synthesis and characterization of the MPC12 nanofiber composite membrane. (a) SEMand AFMimages
of the inner and outer layers of the MPC12 composite membrane. (b) Strain versus stress of MPC12
membranes was evaluated three times. (c) The average value of the strain and stress of the MPC12
membrane. (d) WCA analysis of MQP12 and PCQC5 nanofiber membranes. (e) Differences in the WCA
analysis of MQP12 and PCQC5 nanofiber membranes. (f) Analysis of the water permeability of different
membranes. (g) Quantification of the water passing through different membranes. Data are presented as
the mean ± SD, ***p < 0.001 (t-test). SEM, scanning electron microscopy; AFM, atomic force microscopy;
MPC12, electrospun fibrous composite membrane; MQP12, integrated electrospun fibrous composite
membrane; WCA, water contact angle; SD, standard deviation.
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Figure 5
Biosafety evaluation of the nanofiber composite membrane. (a) Toxicity of different membranes to
HaCaT cells after 24 h of incubation. (b) Relative growth rate of HaCaT cells after culturing with different
membrane extraction liquids for 24, 48, and 72 h. (c) SEM images of HaCaT cellproliferation
andmorphological analysis of MPC12 nanofiber membranes after 1, 3, and 7 days. Red arrows indicate
the cell monolayer boundary. (d)Microscopic images of HaCaT cell migration on the MPC12 nanofiber
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membranes after 1, 3, and 7 days. (e) Images of dorsal skin in different treatment groups at 0, 24, 48, and
72 h. Clinical score vs. time for each rabbit in groups treated with PCQC5 (f), MQP12 (g), and MPC12 (h).
(i) Average clinical scores of the rabbits in each treatment group at the end of therapy. Data are presented
as the mean ± SD, *p < 0.05, ***p < 0.001 (t-test). HaCaT, human immortalized epidermal cells; SEM,
scanning electron microscopy; MPC12, electrospun fibrous composite membrane; MQP12, integrated
electrospun fibrous composite membrane.

Figure 6
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Wound healing and scar inhibition in the rabbit ear model. (a) Experimental outline of wound healing and
scar inhibition. (b) Photographs of the wounds in different treatment groups at different time points. (c)
Changes around each wound in the first 14 days of treatment in the control, KELO-COTE, MSSG, PCQC5,
MQP12, and MPC12 groups. (d) Wound healing rates in each group. (e) Average wound healing rate in
each treatment group at the end of therapy. Data are presented as the mean ± SD, **p < 0.01 (t-test).
MQP12, electrospun fibrous composite membrane; MQP12, integrated electrospun fibrous composite
membrane; SD, standard deviation.

Figure 7
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Histological appearance of newly formed skin tissues in each group at different time points. (a) H&E
staining of tissue sections after 38, 44, and 50 days. (b) Immunohistochemical staining for TNF-α at 38,
44, and 50 days. Red arrows indicate positivity. (c) Masson staining of newly formed skin around the
wound after 38, 44, and 50 days. H&E, hematoxylin and eosin.
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