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Bacterial infections often hinder the wound-healing process. Antibiotics are commonly used to eradicate bac-
teria, but long-term use can lead to the development of drug-resistant bacteria. Photothermal therapy (PTT) is a
promising technology that utilizes a photothermal agent (PTA) to convert near-infrared radiation into heat,
which can eliminate bacteria and has the advantages of being highly effective, controllable, and low drug
resistance. In this study, we obtained silk fibroin-copper sulfide nanoparticles(SF/CuS NPs)in situ with excellent
photothermal responsive properties by a green synthesis strategy using silk fibroin proteins as biological tem-
plates. Then, the SF/CuS NPs were mixed with PVA solution, and the photothermal nanofiber membrane (PVA-
SF/CuS) was prepared using the electrostatic spinning technique. The synthesized SF/CuS NPs endowed the
nanofiber membrane with excellent photothermal sterilization properties. In addition, the constructed PVA-SF/
CuS nanofibrous membranes had good cytocompatibility and haemocompatibility. Meanwhile, in vivo experi-
ments confirmed that PVA-SF/CuS nanofibrous membrane could inhibit the expression of pro-inflammatory
factor (IL-6), promote the expression of angiogenic factor (VEGF), and accelerate collagen deposition and neo-
vascularization under near-infrared light irradiation, which could then promote the healing of infected wounds.
Thus, the PVA-SF/CuS nanofiber membrane provides a new candidate material for treating bacterially infected
wounds.

1. Introduction

As the human body’s largest organ, the skin covers the body surface
and directly contacts the external environment [1,2]. It is both the
barrier that protects body tissues and organs from external threats and
the most vulnerable body organ to external aggression. Skin wounds are
a common problem in daily life, and the accompanying accumulation of
bacteria at the wound site can lead to serious infections and even
life-threatening conditions [3,4]. Currently, infected wounds are
managed clinically, mainly through debridement and antibiotic

treatment [5]. However, the misuse of antibiotics may lead to the
emergence of various drug-resistant bacteria, which is not conducive to
building a safe, harmonious healthcare environment [6-8]. Wound
dressings are an effective strategy to protect wounds from external
damage, but most of the existing wound dressings are not sufficiently
antimicrobial to establish a favorable external environment for wound
healing [9]. Therefore, developing a dressing with high antimicrobial
efficacy and promoting wound healing is imperative to minimize or
control wound-related infections.

In recent years, photothermal therapy (PTT) has shown an
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Fig. 1. Schematic diagram of the PVA-SF/CuS composite nanofiber membrane preparation and its application in bacterial infection wound healing. (A) Synthesis of
SF/CuS nanoparticles and PVA-SF/CuS composite nanofiber membrane preparation. (B) Application of composite nanofiber membrane in bacterial infection

wound healing.

increasingly broad prospect in antimicrobial treatment due to its mini-
mally invasive nature, deep tissue penetration, and immediate thera-
peutic effect [10,11]. Therefore, adding photothermal agents (PTA) with
photothermal effect to existing scaffold materials to kill bacteria around
the wound by inducing high temperature through near-infrared (NIR)
light irradiation has become a highly effective, drug-resistant, and low
systemic toxicity therapeutic method [12,13]. At present, various types
of PTAs have been developed, such as indocyanine green [14], poly-
dopamine [15], and inorganic nanoparticles (copper sulfide nano-
particles, gold nanoparticles, carbon-based nanoparticles) [16-18].
Among them, copper sulfide nanoparticles (CuS NPs) are capable of
absorbing light in the NIR region (700-1100 nm) and converting it into
thermal energy due to the jump between the d-d energy levels of its
electrons, which makes it a photothermal agent with good stability, high
conversion efficiency and efficient biocompatibility and degradability
[19,20]. Moreover, CuS NPs are more easily integrated into biopolymer

matrices, such as hydrogels, nanofibrous membranes, and 3D scaffolds.
Their small size ensures uniform distribution within the biopolymer
matrices, maintaining their structural integrity and functionality.
Meanwhile, it has also been shown that copper is an essential trace
element, and a specific concentration of Cu?>* can promote the prolif-
eration and differentiation of endothelial cells and enhance vasculo-
genesis, thereby promoting wound healing [21]. However, traditional
methods for synthesizing CuS NPs, such as hydrothermal [22], precipi-
tation [23], and emulsion methods [24], are not only demanding in
terms of synthesis conditions but also produce polluting substances,
consume high amounts of energy and are unfriendly to the environment
[25].

In recent years, the in-situ synthesis of inorganic nanomaterials using
biomolecules as biological templates has attracted widespread attention,
as this method has the advantages of low environmental pollution and a
convenient preparation process [26-29]. Previous studies have found
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Fig. 2. Synthesis and characterization of SF/CuS NPs. (A) Solution color change during synthesis of SF/CuS NPs. Uv-vis of (B) silk fibroin and (C-D) SF/CuS NPs.
(E-F) Particle size and TEM analyses of SF/CuS. (G) EDS and (H-I) XPS analyses of SF/CuS.

that biomass molecules containing many hydroxyl groups can success-
fully synthesize CuS NPs under general conditions simply [19]. For
example, Zhang et al. prepared uniformly dispersed CuS nanoparticles
using BSA as a stabilizer [30]. In general, the main structure of silk
fibroin protein extracted from cocoons of domestic silkworms is

(Gly-Ser-Gly-AlaGly-Ala)n, which contains a sufficient amount of serine
(Ser) and tyrosine (Tyr), and it can also be used to synthesize CuS
nanoparticles successfully by providing abundant hydroxyl gap-limiting
valve effect [20]. In addition, silk fibroin protein is a biocompatible
material, especially for skin regeneration, which not only supports cell
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Fig. 3. Photothermal properties of CuS solutions. (A-B) Infrared images and temperature profiles of different concentrations of SF/CuS under 808 nm (1.8 W/cm?)
laser irradiation. (C) Temperature profiles of SF/CuS4 under near-infrared irradiation with different powers (1.8 W/cm?, 1.2 W/cm?, and 0.6 W/cm?). (D) Pho-
tothermal stabilization of SF/CuS4 after three consecutive switching cycles under NIR irradiation at 808 nm (1.8 W/cm?).

recruitment but also promotes the proliferation of skin fibroblasts and
facilitates epithelial re-formation, providing a role in facilitating the
wound healing process [31,32]. Therefore, we speculate that silk fibroin
can serve as a potential biological macromolecule template for the
synthesis of CuS NPs and can be used to prepare silk fibroin-copper
sulfide nanoparticles in situ and in a green and environmentally
friendly way.

Generally, various dressings, such as hydrogels, sponges, porous
foams, microspheres, and nanofibers, have been developed to promote
wound healing [33-35]. Among them, nanofibers prepared by electro-
static spinning have become a wound dressing of interest due to their
large surface area/volume ratio, high porosity, small pore size, and
structure similar to natural extracellular matrix (ECM) [36-38]. Silk
fibroin proteins are suitable for nanofiber dressings due to their good
biocompatibility, biodegradability, and easy accessibility [39]. How-
ever, the use of silk fibroin alone for the preparation of nanofibers re-
quires the use of highly toxic organic solvents. Polyvinyl alcohol (PVA)
has excellent biocompatibility, and a PVA solution with suitable con-
centration can be used to prepare nanofibers by electrostatic spinning
[40,41]. Therefore, we proposed to load CuS in a blend of silk fibroin
(SF) and polyvinyl alcohol (PVA) as a non-toxic spinning solution to
prepare nanofibers by electrostatic spinning. SF/CuS NPs can be evenly
dispersed in electrospun membranes formed by PVA and SF, enabling
the PVA-SF/CuS nanofibrous membranes to possess stable photothermal
antibacterial properties. At the same time, a specific concentration of
Cu®" is uniformly released, which can promote the secretion of VEGF by
HUVECs and accelerate the healing of infected wounds [42,43].

In this study, we first prepared silk fibroin-copper sulfide

nanoparticles in a facile and environmentally friendly way using silk
fibroin protein as a biological template and demonstrated its excellent
photothermal properties (Fig. 1A). Then, PVA-SF/CuS nanofibrous
membranes with photothermal properties were prepared by mixing the
facilely prepared CuS nanoparticles with PVA and silk fibroin solution
via electrostatic spinning (Fig. 1B). The PVA-SF/CuS nanofibrous
membrane has excellent cytocompatibility and haemocompatibility,
and due to the photothermal properties of the CuS nanoparticles, the
nanofibrous membranes can effectively kill bacteria under near-infrared
light. This study confirms that our synthesized SF/CuS NPs have the
advantages of being green, safe, stable, and having good antimicrobial
performance. The growth of the CuS network can provide excellent
photothermal performance. The introduction of SF enhances CuS’s hy-
drophilicity. In addition, it prevents aggregation, which enables SF/CuS
NPs to be more uniformly dispersed within the nanofibrous membrane.
The PVA-SF/CuS nanofibrous membrane was further demonstrated to
effectively inhibit the expression of pro-inflammatory factors and pro-
mote the expression of the angiogenic factor, thereby accelerating the
healing of infected wounds through a rat skin defect infection model
(Fig. 1C). It is also suitable for other carrier substances and has a high
potential for application in the future.

2. Materials and methods
2.1. Materials

Silkworm cocoons were purchased from the Sirei Cultural Research
Institute (Jiangsu, China). Sodium carbonate, lithium bromide, copper
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Fig. 4. Characterization of PVA-SF/CuS nanofiber membrane. (A) SEM observation of PVA-SF/CuS nanofiber membrane. (B) Elemental analysis of PVA-SF/CuS4
nanofiber membrane. (C) FTIR spectrum analysis. (D) Contact angle analysis of PVA-SF/CuS nanofiber membrane.

sulfate pentahydrate (CuSO4-5H50), aqueous ammonium hydroxide
(NHs3-H20), sodium sulfate hydrate (NayS-9H20), and PVA were pur-
chased from Aladdin Corp (Shanghai, China). All other chemical re-
agents such as Dulbecco’s modified eagle medium (DMEM, Gibco, USA),
Roswell Park Memorial Institute 1640 medium (RPMI 1640, Gibco,
USA), Fetal bovine serum (FBS, Gibco, USA), 0.25 % Trypsin-EDTA
(Gibco, USA), Cell Counting Kit (CCK-8, Beyotime, China), 1 %
penicillin-streptomycin  (CCK-8, Beyotime, China), Live/Dead®
Viability Kit and Live/Dead bacterial staining kits (Thermo Fisher Sci-
entific, USA), were used directly.

2.2. Preparation of silk fibroin (SF)

Silk proteins can be extracted using previous methods [29,44]. To
remove the silk sericin, cocoons can be placed in a ratio of 1:100 in 0.5
wt% NaCOs solution and heated to boiling 30 min later with deionized
water rinsed thoroughly. Then, 10 g of the above-degummed silk fibroin
was placed in 9.3 mol/L LiBr solution and heated at 60 °C for 30 min.
The solution was transferred into a dialysis bag (MW 8000-14000 Da)
and dialyzed with deionized water for 3 days. The final product was
centrifuged to remove impurities. Finally, the resulting supernatant was
freeze-dried to obtain the desired regenerated silk fibroin protein
product.

2.3. Synthesis of SF/CuS NPs

A facile synthesis was adopted to prepare CuS NPs with uniform
distribution and similar sizes and to reduce reaction energy consump-
tion. Briefly, NH3-H50 (7 mol/L, 100 pL) was added dropwise to CuSO4
solution (80 mM, 2 mL) until a dark blue solution containing a large
amount of [Cu(NHg,)4]2Jr was formed. The prepared 4 wt% SF solution
(10 mL) was added to it and stirred for 30 min. At this point, the color
changed to purple, which signaled the success of the reaction. Then, 4
mol/L of NayS-9H,0 was added to the mixture and stirred continuously
until the solution turned brown. Finally, deionized water was added to
40 mL to obtain a solution of SF/CuS NPs (4 mmol/L), named SF/CuS4.
All the reactions were carried out at room temperature. SF/CuS2, SEF/
CuS1, SF/CuS0.5, and SF/CuS0 were prepared using the same method,
changing only the content of the CuSO4 solution.

2.4. Characterization of SF/CuS NPs

The absorption spectra of SF solution, SF + CuSOj4 solution, and SF/
CuS NP solutions were measured in the 200-1100 nm range using a
UV-vis spectrophotometer (TU-1810, Shanghai, China), respectively.
The micromorphology and trace composition of SF/CuS NPs were
examined using transmission electron microscopy (TEM, JEM-2100,
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Fig. 5. Near-infrared photothermal performance of PVA-SF/CuS nanofiber membranes in vitro. (A) Infrared images and (B) temperature profiles of PVA-SF/CuS
nanofiber membranes under 808 nm (1.0 W/cm?) laser irradiation. (C) Temperature profiles of PVA-SF/CuS4 under near-infrared irradiation with different
powers (0.2-1.8 W/cm?). (D) Photothermal stabilization of PVA-SF/CuS4 after five consecutive switching cycles under NIR irradiation at 808 nm (1.0 W/cm?).

Tokyo, Japan) and energy dispersive broadspectroscopy (EDS). X-ray
photoelectron spectroscopy (XPS, Shimadzu Kratos AXIS Ultra DLD,
Nagoya, Japan) was utilized to study the elemental composition and
valence distribution of SF/CuS NPs. The crystal structure of SF/CuS NPs
was determined using X-ray diffraction (XRD, Ultima4, Japan). The
thermogravimetric analysis (TGA) was conducted using a heating rate of
10 °C/min, ranging from room temperature to 800 °C. The weight loss
was recorded to assess the sample’s thermal stability and decomposition
behavior.

2.5. Photothermal property and photothermal stability of SF/CuS NPs

SF/CuS NPs (SF/CuS4 NPs, SF/CuS2 NPs, SF/CuS1 NPs, SF/CuS0.5
NPs, and SF/CuS0) were vertically irradiated with 808 nm laser at a
power of 1.8W/cm?. The irradiation lasted 7 min, and infrared thermal
images and temperature changes were recorded using an infrared
thermography camera (FLIR, E8-XT, Wilsonville, OR, USA). To deter-
mine the optimal laser irradiation power for photothermal conversion,
lasers with different powers (1.8W/cm2, 1.2W/cm2, 0.6W/cm?) were
used to treat the SF/CuS4 NP solutions following the same procedure.
The photothermal efficiency was evaluated based on temperature re-
cordings, and the photothermal stability of SF/CuS4 NPs was assessed
over five lasers on/off cycles.

2.6. Fabrication of PVA-SF/CuS composite nanofibrous membranes

Nanofiber membranes were prepared using the electrostatic spinning
technique. Briefly, PVA was added to the previously synthesized SF/
CuSO NP solution and completely dissolved. Then, the nanofibrous
membranes were prepared by an electrostatic spinning apparatus named

PVA-SF/CuS0. The mass fraction of PVA was 7.5 %. The electrospinning
process was carried out using a 22 G needle with the distance between
the tip of the needle and the collector set at 15 cm. The positive pressure
was set to 18.25 kV, and the negative pressure to 2.75 kV. 10 mL of the
mixed solution was used, and the feed rate was set at 0.1 mm/min. SF/
CuS0.5, SF/CuS1, SF/CuS2, and SF/CuS4 solutions were used instead of
SF/CuS0 to obtain PVA-SF/CuS0.5, PVA-SF/CuS1, PVA-SF/CuS2, and
PVA-SF/CuS4 nanofiber membranes, respectively.

2.7. Characterization of PVA-SF/CuS composite nanofibrous membranes

PVA-SF/CuS nanofiber membranes were characterized for their
morphology and microstructure using field emission scanning electron
microscopy (FE-SEM, JSM-7800F, Tokyo, Japan). The elemental
composition of the fiber membranes was detected and verified using
energy-dispersive X-ray Spectroscopy (EDX) mapping. To assess and
identify the molecular bonds and functional groups in the fiber mem-
branes, FTIR spectroscopy was utilized to measure their molecular
composition (WQF-530, Beijing, China). Furthermore, the contact angle
(CA) of the PVA-SF/CuS nanofiber membranes was measured using a
contact angle goniometer (DSA30, Kruss, Germany) to evaluate the
hydrophilicity of the nanofiber membranes.

The nanofiber membranes were cut into 1.5 x 1.5 ¢cm squares and
immersed in phosphate buffered saline (PBS) solution for 5 days at room
temperature to observe the degradation of the nanofiber membranes.
After each predetermined period, the nanofiber membranes were
removed from the solution, and the water on the surface of the nanofiber
membranes was sucked out with filter paper and then weighed. To assess
the degree of degradation, the relative weight of the nanofiber mem-
branes is calculated using the following formula:
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Fig. 6. Antibacterial activity of PVA-SF/CuS nanofiber membranes against S. aureus and E. coli. (A) Representative images and (B) counting statistics of S. aureus
colony-forming units with NIR and without NIR irradiation. (C) Representative images and (D) counting statistics of E. coli colony-forming units with NIR and without
NIR irradiation. Live/dead bacteria staining of S. aureus (E) and E. coli (F) after being treated with PVA-SF/CuS4 nanofiber membrane with or without NIR
irradiation.
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The weight of the nanofiber membranes (W0) is measured prior to
testing. After each impregnation period, the nanofiber membranes are
extracted from the impregnating solution and dried until the weight
(Wt) remains constant.

2.8. Photothermal property and photothermal stability of PVA-SF/CuS
composite nanofibrous membranes

The PVA-SF/CuS composite nanofibers were cut into square pieces of
1 cm x 1 cm and placed in a six-well plate. Subsequently, the nanofiber
samples were irradiated with an 808 nm laser at a power density of 1 W/
cm? for 2 min. During the process, PVA-SF/Cu$ nanofibrous membranes
were irradiated with lasers of different power densities (1.8, 1.6, 1, 0.8,
0.6, 0.2 W/cm?), and the temperature changes of the composite nano-
fibrous membranes were recorded using an infrared thermal imager
(FLIR, E8-XT, Wilsonville, OR, USA). Finally, the photothermal stability
of the PVA-SF/CuS nanofibrous membranes was evaluated under five

laser on/off cycles.

2.9. Invitro antibacterial experiment

The nanofiber membrane samples were placed in separate wells of a
six-well plate, and 200 L of S. aureus and E. coli suspensions (1 x 10°
CFU/mL) were added to each sample. Each sample type was divided into
groups: Group L(+) for light irradiation or Group L(-) for no light
irradiation. For the light irradiation group, the plate was exposed to 808
nm laser light for 2 min at a vertical distance of 15 cm, with a laser
power density of 1 W/cm?. A bacterial suspension containing only PBS
was used as the control group, and the same procedures were used for
the experimental groups. After diluting the bacterial suspensions 20
times, they were plated on an LB agar medium and incubated at 37 °C for
24 h. The colonies on the plates were then counted and photographed.
The relative bacterial viability of each sample was calculated using the

following formula:

NS
Relative bacterial viability (%) = No © 100%

Where NO represents the bacterial count of the control group without
light irradiation, and Ns represents the bacterial count of the sample.
Additionally, the bacterial suspensions mentioned above were
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Fig. 8. Biocompatibility analysis of PVA-SF/CuS nanofiber membranes. (A-B) FITC-Phalloidin staining. (C-E) Hemocompatibility testing.

treated with Live/Dead bacterial staining kits. Live bacteria (green
color) and dead bacteria (red color) were imaged using a fluorescence
microscope.

2.10. Invitro cell cytocompatibility assay

Mouse fibroblast cells (L929) were cultured in 1640 medium, and
human umbilical vein endothelial cells (HUVECs) were cultured in
Dulbecco’s modified eagle medium (DMEM), both supplemented with
10 % fetal bovine serum (Gibco). L929 and HUVEGCs in the logarithmic
growth phase were seeded into a 96-well plate, respectively, and
cultured at 37 °C with 5 % CO; for 24 h. Subsequently, the nanofiber
membrane samples were sterilized with ethanol and UV light, and
extraction solutions were prepared. Specifically, the nanofiber mem-
brane samples were immersed in fresh 1640 and DMEM in proportion
for 24 h, and fresh 1640 and DMEM were used as blank control groups.
Then, 100 pL of the fiber membrane extraction solution was used to
replace the original culture medium in each well, and the cells were
cultured for 5 days. On days 1, 3, and 5, the cells were stained for
viability using live/dead staining and observed under a fluorescence
microscope. In addition, the cell viability was determined and calculated
using the CCK8 method and the following formula:

OD(sample — blank)

Cell viability (%) = OD (control — blank)

x 100%

Where OD represents the optical density of the culture plate solution at
545 nm, which is used to assess the fiber membrane samples.

Cells cultured for 3 days were collected and treated with 0.5 % Triton
X-100 for 5 min. They were then stained with a FITC-Phalloidin solution
for 0.5 h, washed with PBS three times, and stained with DAPI for 30 s.
Finally, the cells were visualized using a fluorescence microscope.

2.11. Hemolysis test

According to previous methods, hemolysis experiments were per-
formed by collecting sufficient fresh whole blood from healthy SD rats
[45]. The PVA-SF/CuS0 nanofiber membrane and PVA-SF/CuS4 nano-
fiber membrane extraction solutions were mixed with the blood in test
tubes. The tubes were then incubated at 37 °C in a water bath for 1 h.
Blood treated with Tritonx-100 reagent was used as a positive control,
and blood diluted with PBS served as a negative control. Subsequently,
the morphology of red blood cells in each group was observed using
microscopy. The tubes were then centrifuged for 5 min, and the absor-
bance (OD) of the supernatant was measured to estimate the hemoglobin
content. The hemolysis percentage was calculated using the following
equation:

ODS — ODN

I 0,
ODP — ODN x 100%

Hemolysis ratio(%) =



R. Cai et al. Materials Today Bio 31 (2025) 101605

A

~ ,Y° Live S.aureus Dead S.aureus
&0 e
Wound model Wound dressing Take pathological
Bacterial Infection Photothermal therapy tissue
(Day 0) (Day 1, 3, 5) (Day 5, 13)
@ Blood clot @ Normal cell ~@< Inflammatory cell
B o O
S I Day7  Day13
To) N
S
c
o
O
7))
3 @
1
< >
z 0
L
(75}
&
1
< 5
= Q)
AT
O
5L
& $3
> z 2
O i
PVA- PVA- PVA-SF/
D  Comol  gpciso  sFicus4 cusa+NR  E Control
. I PVA-SF/CuS0
o —~ 1004 % PVA-SF/CuS4 "
2 X B PVA-SF/CuS4+NIR
(o) *k
® g 80- T e B
5 b 1
= g 60 e _
s S wf |
g R
> =}
o O 201
o —
2 8
& 3 g
= Day 3 Day 7 Day 13

15 Distance(mm)

Fig. 9. The efficacy of PVA-SF/CuS nanofiber membrane in treating infected wounds. (A) Schematic diagram of S. aureus infected wound model and nanofiber
membrane treatment. (B) Photothermal image of PVA-SF/CuS4 nanofiber membrane under NIR irradiation. (C) Pictures and (D) schematics of wound healing on
days 0, 3, 7, and 13. (E) Wound healing rates at days 0, 3, 7, and 13.

10



R. Cai et al.

Control

Day 5

Day 13

PVA-SF/CuS0

Materials Today Bio 31 (2025) 101605

/A-SF/CuS4
+NIR

Fig. 10. H&E staining of PVA-SF/CuS nanofiber membrane in treating S. aureus-infected wounds.

Where ODS is the absorbance of the sample supernatant, ODP is the
absorbance of the positive control, and ODN is the absorbance of the
negative control.

2.12. In vivo wound healing

SD rats were obtained from the Animal Experiment Center of
Southwestern Medical University. All experiments were licensed by the
Animal Ethics Committee of Southwest Medical University (20230703-
007). Rats were randomly divided into four groups, and circular wounds
of the same size and moderate depth were created at the same position
on the rats’ backs. The groups were as follows: 1) Blank control group:
no treatment was applied to the wounds; 2) PVA-SF/CuSO group:
wounds were treated with PVA-SF/CuSO; 3) PVA-SF/CuS4 group:
wounds were treated with PVA-SF/CuS4; 4) PVA-SF/CuS4+NIR group:
wounds were treated with PVA-SF/CuS4, and daily NIR (808 nm near-
infrared radiation) exposure was applied to the wounds for 2 min,
with thermal imaging performed every 30 s to record temperature
changes.

Ondays 0, 3,5,7,9, 11, and 13, a camera was used to take images of
the wound, and ImageJ was used to measure and record the wound area.
On days 5 and 13, tissue sections were obtained from the wound sites
and stained with H&E, Masson, CD31, and IL-6. Quantitative analysis
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was performed using ImageJ software for the stained tissues.

2.13. Statistical analysis

All data were processed and statistically analyzed by Origin software
for data processing. Each experiment was implemented with at least 3
replications. Data were analyzed using a t-test and one-way ANOVA.
Differences were considered statistically significant at *p < 0.05, **p <
0.01, and ***p < 0.001.

3. Result and discussion
3.1. Characterization of SF/CuS NPs

It has been demonstrated that biomolecules containing many hy-
droxyl groups can synthesize CuS through the limiting threshold effect
of the gap between hydroxyl groups [20]. Therefore, it is feasible to use
hydroxyl-rich silk fibroin proteins as templates for synthesizing CuS
NPs. As shown in Fig. 2A, the silk fibroin protein solution was colorless
and transparent, and the CuSO4 solution was blue; the solution was vi-
olet after the addition of [Cu(NHsz)4]%" to silk fibroin proteins due to the
interaction between Cu(Il) ions and the silk fibroin molecular chain.
After adding NayS, the solution was brown without precipitation, which
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Fig. 11. Masson trichrome staining of PVA-SF/CuS nanofiber membrane in treating S. aureus-infected wounds.

was attributed to the complexation of Cu®* with wealthy hydroxyl
groups in the silk fibroin molecules.

The UV-Vis absorption spectroscopy shows that an absorption peak
at 275 nm is observed in the silk fibroin protein solution (Fig. 2B), which
is attributed to the n—n* jump of tyrosine residues in the SF macro-
molecule [46]. The SF/CuS NP solution showed significant absorption in
the near-infrared region (700-1100 nm) (Fig. 2C), which is typical of
CuS NP absorption, indicating its successful synthesis [47]. The ab-
sorption of SF/CuS NP solution in the NIR region was enhanced with
increased Cu®" concentration (Fig. 2D), consistent with the previous
study [20].

The TEM results are shown in Fig. 2F, where the circular nano-
particles are well dispersed, and the nanoparticles have ordered lattice
stripes with a lattice spacing of 0.34 nm, corresponding to the (101)
crystal plane [48]. Statistical analysis of the particle size revealed that
the particle size is about 10-20 nm (Fig. 2E), and these results indicate
that SF/CuS NPs have good dispersion and colloidal stability in the so-
lution. In addition, SF/CuS NPs exhibit distinct diffraction peaks cor-
responding to the standard hexagonal CuS phase card (JCPDS file No.
06-0464) (Fig. S1) [20]. Further EDS and XPS spectroscopy showed that
the samples contained C, N, O, S, and Cu (Fig. 2G and H). The XPS
spectra showed two independent peaks at 952.2 eV and 931.6 eV
(Fig. 2I), which were correlated with Cu 2p; /5 and Cu 2p3,2 in Cu ions,
respectively [49,50], which further demonstrated the successful
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synthesis of SF/CuS NPs. The TGA of SF and SF/CuS NPs is shown in
Fig. S2. The first weight loss occurs at a temperature of 100 °C, which
may be related to the evaporation of moisture in the sample. A signifi-
cant weight loss is observed between 300 and 800 °C, which may be
associated with the degradation of silk fibroin [20]. This demonstrates
the excellent thermal stability of SF/CuS NPs.

3.2. Photothermal performance of SF/CuS NPs

SF/CuS NPs were irradiated with an 808 nm (1.8 W/cm?) laser, and
the temperature changes were monitored using a thermal imager to
evaluate the photothermal conversion efficiency. As shown in Fig. 3A
and B, it can be seen that under the same power condition (1.8 W/cm?),
the temperature of SF/CuSO did not change significantly under laser
irradiation, which indicated that SF did not have a photothermal effect.
However, the temperature of SF/CuS0.5, SF/CuS1, SF/CuS2, and SF/
CuS4 increased by 19.4 °C, 43.5 °C, and 59.2 °C, respectively, which
indicated that the photothermal conversion performance was available
for SF/CuS NPs and the photothermal conversion efficiency increases
with the concentration of SF/CuS. At the same SF/CuS NP concentra-
tion, the higher the light power, the higher the photothermal conversion
efficiency (Fig. 3C). Further, switching cycle experiments were per-
formed to analyze the photothermal stability of SF/CuS NPs, as shown in
Fig. 3D, after three switching cycles, the SF/CuS NP solution can still rise
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to the previous temperature, indicating its good photothermal stability.
These results suggest that SF/CuS NPs have excellent photothermal
performance and photothermal stability.

3.3. Morphology and properties of PVA-SF/CuS composite membranes

Electrostatically spun nanofibers have received increasing attention
in medical applications as they can provide an ideal biomimetic envi-
ronment for wound healing [36,51]. Polyvinyl alcohol (PVA) has been
widely studied in tissue engineering due to its excellent biocompati-
bility, mechanical strength, and biodegradability, but it lacks bioactivity
[52]. Silk fibroin is a natural protein that is hydrophilic and biocom-
patible [53]. Therefore, we chose PVA and SF as the substrates for
nanofiber membranes loaded with SF/CuS NPs. SEM images showed
that all the membranes consisted of randomly stacked, smooth nano-
fibers (Fig. 4A), and the incorporation of SF/CuS NPs did not affect the
morphology of the nanofiber membranes. Energy dispersive x-ray
spectroscopy (EDS) mapping analysis showed that elemental sulfur and
copper were uniformly distributed in the nanofiber membranes
(Fig. 4B), indicating the successful loading and uniform dispersion of
SF/CuS NPs in the nanofiber membranes.

FTIR spectra showed characteristic peaks of PVA at 3257, 1415, and
1081 cm ™!, which are attributed to O-H, C-H, and C-O stretching vi-
brations, respectively [29]. The silk fibroin showed strong bands at
1635, 1516, and 1236 cm ™%, corresponding to the characteristic peaks of
amide I, II, and III [44]. The distinctive peaks of PVA and silk fibroin
protein were observed for PVA-SF/CuS, indicating the presence of silk
fibroin and PVA (Fig. 4C). The FTIR spectrum of CuS shows a peak at
623 cm’l, which is due to the stretching vibration of Cu-S [19,54]. The
characteristic peaks of PVA, silk fibroin, and Cu-S were observed in
PVA-SF/CuS4, indicating the successful loading of SF/CuS NPs. Further,
nanofibrous membranes loaded with different concentrations of CuS
were subjected to contact angle experiments (Fig. 4D), and all the
fibrous membranes were hydrophilic with no significant difference in
the contact angle, suggesting that SF/CuS addition does not affect the
hydrophilicity of the nanofibrous membranes.

The biodegradability of nanofiber membranes is essential if they are
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to be used as biomaterials [55]. In clinical practice, nanofiber mem-
branes used for wound dressings are usually replaced every two days.
We, therefore, immersed the nanofiber films in PBS for five days and
observed the changes in their appearance and quality, respectively
(Fig. S3). The results showed that the relative mass of each group of
nanofibers was still more than 90 % after 5 Days of immersion, indi-
cating that the nanofiber film has good stability, which is beneficial for
application in wound repair.

3.4. Photothermal performance of PVA-SF/CuS nanofiber membranes

To verify the photothermal performance of PVA-SF/CuS nanofiber
membranes, they were irradiated by an 808 nm (1.0 w/cm?) laser for 2
min, and the temperature change was monitored using a thermography
camera to evaluate the photothermal conversion efficiency. As shown in
Fig. 5A and B, under the same power condition (1.0 w/cmz), after
experiencing 2 min of laser irradiation, there was no significant change
in the temperature of the PVA-SF/CuSO group. However, the tempera-
tures of PVA-SF/CuS0.5, PVA-SF/CuS1, PVA-SF/CuS2, and PVA-SF/
CuS4 increased with the increase in the concentration of CuS in the
nanofiber membranes, which reached 34.4, 45.4, 50.3, and 54.5 °C,
respectively, indicating that the incorporation of CuS NPs endowed the
nanofiber membrane with excellent photothermal performance. The
photothermal conversion efficiency of PVA-SF/CuS4 increased with
higher light power (Fig. 5C). After 2 min of irradiation at 1.0 w/ em?, the
temperature of PVA-SF/CuS4 was 54.5 °C, which satisfied the antimi-
crobial demand without causing damage to the wound [56]. The sta-
bility of the photothermal conversion performance of PVA-SF/CuS4 was
further examined. The results are shown in Fig. 5D; after five switching
cycles, PVA-SF/CuS4 can still rise to the previous temperature, indi-
cating good photothermal stability.

3.5. Antibacterial performances
Thermal therapy at temperatures above 50 °C can cause thermal

damage to bacterial enzymes and proteins, which can inhibit or kill the
bacteria [57,58]. In vitro photothermal antibacterial activity of
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nanofiber was examined using E. coli as a Gram-negative and S. aureus as
a Gram-positive model bacteria [59]. The groups not exposed to NIR
light had no antimicrobial properties (Fig. 6A-C). When irradiated by
808 nm laser for 2 min, PVA-SF/CuS0 had no antimicrobial properties,
PVA-SF/CuS0.5, PVA-SF/CuS1 and PVA-SF/CuS2 had slight antimicro-
bial properties, PVA-SF/CuS4 had the best antimicrobial properties
compared with the control group, and the S. aureus and E. coli with
survival rates of 0.6 % and 1 %, respectively (Fig. 6B-D).

Antibacterial performance was further assessed using the Live/Dead
Bacterial Viability Kit [60]. As shown in Fig. 6E and F, the groups
without NIR and the PVA-SF/CuS0+NIR group of bacteria showed green
fluorescence, indicating bacterial survival and no antimicrobial perfor-
mance. In the presence of NIR, red fluorescence was observed in
PVA-SF/CuS0.5, PVA-SF/CuS1, and PVA-SF/CuS2 groups, indicating
that some bacteria were Kkilled. Meanwhile, the PVA-SF/CuS4+NIR
group showed almost complete red fluorescence, indicating that the
bacteria were virtually destroyed. These results suggest that the excel-
lent NIR antibacterial activity of the nanofiber membrane is related to
the content of CuS and that after 808 nm laser irradiation, the
PVA-SF/CuS4 nanofiber membrane possesses excellent antimicrobial
capacity.

3.6. Cell cytocompatibility

The biocompatibility of nanofiber membranes is crucial for their
biomedical applications [61]. Here, we first examined the cytocompat-
ibility of nanofiber membranes by co-culturing PVA-SF/CuS nanofiber
membrane extracts with L929 and HUVECs cells for 1, 3, and 5 days,
respectively, and then performing live/dead cell staining and CCK-8
analysis. The live/dead cell staining results were shown in Fig. 7A and
B, cells in both PVA-SF/CuS0 and PVA-SF/CuS4 groups showed green
fluorescence and were not different from the control group. The CCK-8
results showed that the cell viability of the PVA-SF/CuSO and
PVA-SF/CuS4 groups exhibited an increasing trend on days 1, 3, and 5.
There was no significant difference compared to the control group
(Fig. 7C and D), which indicated that the PVA-SF/CuS4 fiber membrane
has excellent biocompatibility and no cytotoxicity.

In addition, the cells were co-cultured with the fibrous membrane
extract for 3 days, and then cell morphology was observed. FITC-
Phalloidin staining showed the L929 cells morphological no significant
difference between the control, PVA-SF/CuS0, and PVA-SF/CuS4 groups
(Fig. 8A). Similarly, the morphology of HUVEC cells treated in the PVA-
SF/CuS0 and PVA-SF/CuS4 groups was not significantly different from
the control group (Fig. 8B). These results further indicated that the PVA-
SF/CuS nanofiber membrane had good biocompatibility.

The PVA-SF/CuS fiber membrane extracts were further co-cultured
with erythrocytes for 1 h to test their hemocompatibility. The erythro-
cytes in the positive control group (TritonX-100) were all ruptured and
showed apparent hemolysis. However, erythrocyte morphology in the
PVA-SF/CuS0 and PVA-SF/CuS4 groups was unchanged (Fig. 8C and D).
The hemolysis rate results for the PVA-SF/CuSO and PVA-SF/CuS4
groups showed less than 5 % (Fig. 8E), which is the threshold for the
international standard hemolysis rate [62]. In all, these results indicated
that the PVA-SF/CuS4 nanofiber membrane had excellent
hemocompatibility.

3.7. Wound healing and histological analysis of infected wounds in rats

We established whole skin defects on SD rat skin to evaluate the
effect of PVA-SF/CuS nanofibrous membranes in promoting infected
wound healing in vivo. As shown in Fig. 9A, after establishing the rat skin
wound model, S. aureus was dropped into the wounds, and the infected
wounds were treated with PBS, PVA-SF/CuS0, PVA-SF/CuS4, and PVA-
SF/CuS4+NIR, respectively. After irradiating the wound with an 808 nm
NIR laser (1 W/cm?) for 2 min, the temperature of the PVA-SF/CuS4
nanofiber membrane increased to 51.5 °C (Fig. 9B), a temperature
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that kills bacteria without damaging the tissue [56]. Fig. 9C shows the
images of the changes in the wounds on days 0, 3, 7, and 13, and found
that the PVA-SF/CuS4+NIR group showed faster wound healing
throughout the treatment process than all other groups; the
PVA-SF/CuS0 and PVA-SF/CuS4 groups showed faster wound healing
than the control group. Quantitative and statistical analyses of the
wound area at each time point were performed (Fig. 9D and E), and the
ratio of the remaining wound area in the PVA-SF/CuS4-+NIR group was
significantly smaller than that in the other groups. The corresponding
ratio of wound healing area in the PVA-SF/CuS4+NIR group was
considerably higher than in other groups, mainly due to the photo-
thermal responsive properties of PVA-SF/CuS4 under near-infrared laser
irradiation, which kills bacteria in the wound, thereby reducing the
inflammatory response and accelerating wound healing.

There are diverse reports in the literature on composite CuS NPs and
the synthetic methodologies of the aim antimicrobial potential and
biomedical properties, which mainly have used diverse strategies
(Table S1) [63-66]. In contrast to these approaches in the literature, in
our work, the synthesis of copper sulfide by using silk fibroin as a
template and ensuring uniform dispersion and stability of copper sulfide
nanoparticles provides a green and facile approach. Unlike synthesis
methods that rely heavily on chemical reagents that may be harmful to
health, our method is green and does not generate toxic byproducts. In
addition, a nanofiber dressing with excellent photo-thermal responsive
antimicrobial properties and excellent biocompatibility was prepared by
uniquely combining silk fibroin and CuS NPs with PVA via electro-
spinning. The results of the in vivo study showed accelerated wound
healing, exceeding the results reported in other studies.

3.8. Histopathological analysis

H&E and Masson staining further assessed the wound-healing effect
of the nanofiber membrane. The H&E results are shown in Fig. 10. On
the 5th day, the control group and PVA-SF/CuS0 group showed no new
epidermal layer and significant inflammatory cells; the PVA-SF/CuS4
group showed a newly formed epidermal layer, but still had a large
number of inflammatory cells; the PVA-SF/CuS4+NIR group showed a
newly formed epidermal layer with a small amount of inflammatory
cells and the formation of blood vessels. On the 13th day, the control
group showed visible neo-epidermis and crusting, and inflammatory
cells were still present. However, the epidermal layer in the PVA-SF/
CuS4+NIR group was similar in thickness to the intact epidermal layer,
and the tissues were arranged regularly. These results indicate that PVA-
SF/CuS4 under NIR light can effectively shorten the duration of in-
flammatory response and promote wound repair.

Collagen is an essential component of fibrous connective tissue, and
its deposition and reconstitution in the area of the defect is another
critical indicator of wound healing [67]. Masson trichrome staining was
used to detect collagen formation in the wound tissue, and the blue color
represents the newborn collagen fibers. As shown in Fig. 11, more
collagen deposition and neater collagen alignment were observed in the
PVA-SF/CuS4-+NIR group compared with all other groups, indicating
that the PVA-SF/CuS4+NIR group accelerated the formation of collagen
fibers, thus effectively promoting wound healing.

3.9. Immunofluorescence analysis

During wound healing, cytokine-regulated cellular activity affects
the wound healing process. Interleukin-6 (IL-6) is a pro-inflammatory
cytokine closely associated with the inflammatory response [68], and
CD31 is a standard vascular endothelial cell marker used to characterize
angiogenesis in wounds [69]. Therefore, we selected IL-6 and CD31 as
indicators to evaluate the effectiveness of the nanofibrous membrane in
wound healing. Immunofluorescence staining showed that the expres-
sion level of IL-6 in the PVA-SF/CuS4+NIR group was significantly
lower than that in the other three groups (Fig. 12A), suggesting that
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PVA-SF/CuS4 was effective in reducing the inflammatory response
under NIR. The immunofluorescence results of CD31 are shown in
Fig. 12B; compared with the other groups, the highest expression of
CD31 was observed on the 5th day in the PVA-SF/CuS4+NIR group,
indicating that the PVA-SF/CuS4+NIR induced more vascularization.
These results suggest that PVA-SF/CuS4+NIR accelerates the healing of
infected wounds by reducing inflammation and promoting angiogenesis.

4. Conclusions

In summary, we have prepared silk fibroin-copper sulfide nano-
particles (SF/CuS NPs) with excellent dispersibility and photothermal
properties by a simple and environmentally friendly method using silk
fibroin as a biological template. Subsequently, these SF/CuS NPs were
mixed with PVA and silk fibroin solutions to prepare PVA-SF/CuS
nanofibrous membranes by electrostatic spinning. PVA-SF/CuS nano-
fibrous membranes have good biocompatibility and low cytotoxicity,
and they have an excellent photothermal bacterial killing effect under
near-infrared laser irradiation. In vivo experiments confirmed that PVA-
SF/CuS nanofiber membrane could promote the healing of infected full-
thickness skin wounds in rats under near-infrared light irradiation. The
histological results showed that the PVA-SF/CuS nanofiber membrane
could effectively inhibit the expression of pro-inflammatory factor (IL-
6), promote the expression of the angiogenic factor (VEGF), and accel-
erate collagen deposition and neovascularization, thus accelerating the
healing of infected wounds. Therefore, our prepared photothermal
nanofiber membrane provides a new material for the future treatment of
infected wounds and bacterial diseases. Moreover, the versatility and
potential of this approach could be expanded to other areas, such as
tissue engineering and chronic wound management, where infection
control and accelerated healing are critical. Future studies may explore
its clinical application, including tailored therapies for infections and
personalized treatments for individual patients.
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