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Biobased Ag nanowire films with high

antibacterial activity for infected wound healing
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Mengqi Shene, Xiaona Ning"*, Wenhao Zhou®*, Hu Liu¢*

Abstract

Wound infection remains a critical challenge in clinical practice, frequently leading to delayed healing and increased risks of
complications. Herein, we first screened silver nanowires (Ag NWs) with excellent antibacterial, antioxidant, and cell migration-
promoting properties from silver-based nanomaterials with distinct dimensional morphologies, including Ag nanowires (NWSs),
Ag nanoparticles (NPs), nitrogen-doped graphene (NGC) supported Ag nanoparticles (Ag NPs/NGC), and Ag single atoms (Ag,/
NGC), as candidates for wound dressing applications. To further enhance therapeutic efficacy, we developed a composite film
(Ag NWs@SF) by incorporating Ag NWs into silk fibroin (SF). Under near-infrared light, it generates localized heat to provide a
synergistic antibacterial effect to accelerate wound healing. Interestingly, the robust electrical stimulation responsiveness of Ag
NWs endows the film with the potential for real-time wound monitoring. This composite film demonstrates outstanding antibacte-
rial activity against common wound pathogens, which maintains biocompatibility and fostering tissue regeneration. In vitro and in
vivo studies reveal that the Ag NWs@SF membrane accelerates wound closure by stimulating cell migration, mitigating bacterial
infection, and reducing inflammatory responses. These findings offer a novel approach for effective clinical wound management,
potentially addressing the unmet clinical needs in infection combating and wound healing promoting.
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1. Introduction

Wound healing is a complex biological process involving tissue
repair and regeneration, which is crucial for restoring the skin’s
barrier function". However, severe wound infections remain a
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significant challenge in clinical practicel?. Chronically infected
wounds are typically associated with prolonged healing dura-
tionP), increased risk of complications, and in severe cases, may
lead to amputation or even death!*s!. Consequently, there is an
urgent need for effective strategies to manage infections and
promote tissue regeneration simultaneously in patients with se-
vere wound infections. Apart from antibiotics, current clinical
approaches mainly rely on traditional dressings'®. Due to rela-
tively simple structures, these dressings are difficult to fully meet
the multiple needs of complicated wounds and require frequent
replacement!”. Such limitations not only hinder real-time mon-
itoring of wound status but also pose a risk of secondary tissue
damage during dressing changes!®. Thus, the development of
novel functional dressings with integrated capabilities including
broad-spectrum antibacterial activity, cell proliferation promo-
tion, and real-time wound healing status monitoring, is urgently
demanded.

Silver nanomaterials have been proved to exhibit broad-
spectrum antimicrobial properties®. These nanomaterials can
gradually release silver ions, which disrupt microbial cellular
activities by interfering with protein synthesis, damaging cell
membranes, inhibiting energy metabolism, and ultimately caus-
ing DNA damage!'*'?l, Among numerous silver nanomaterials,
including silver nanoparticles (Ag NPs), silver nanowires (Ag
NWs), nitrogen-doped graphene-supported silver nanoparticles
(Ag NPs/NGC), and silver single atoms (Ag,/NGC), we have
demonstrated Ag N'Ws possess excellent antibacterial activity
and antioxidant properties, making them particularly promising
for wound management. (Scheme 1A). As an important class of
silver nanomaterials, Ag N'Ws have been approved by the U.S.
Food and Drug Administration (FDA)!3!4., Their high aspect
ratio and slower release of silver ions result in lower toxicity
to mammalian cells while maintaining high toxicity to microor-
ganisms, making them suitable for integrating into biomedical
devices. Ag NWs also exhibit exceptional photothermal proper-
ties, high conductivity, flexibility, and stability!'>!¢l. Photother-
mal therapy (PTT), which converts light energy into heat under
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Scheme 1. Silver nanowire biobased composite films for wound healing and skin regeneration. (A) Antibacterial effects of silver nanomaterials with varying sizes
and morphologies (Ag NWs, Ag1/NGC, Ag NPs/NGC, Ag NPs). (B) Production process of silk fibroin films embedded with silver nanowires. (C) Overview of the
multifunctionality and potential applications of silver nanowire-embedded silk fibroin films in wound healing.

specific wavelengths, offers advantages such as controllable in-
tensity, no risk of resistance, deep tissue penetration, and excel-
lent biocompatibility, making it an ideal strategy to kill bacteria
without using antibiotics!'”l. However, a notable challenge is
that PTT-assisted antibacterial agents typically require relatively
high temperatures (>50 °C), which may damage healthy tissue
surrounding the infected area!'®l. A feasible solution is to inte-
grate PTT with other antibacterial agents to achieve a synergis-
tic effect under mild hyperthermia temperatures (<48 °C), which
can effectively eradicate bacteria and promote wound healing
without harming surrounding tissues!’*’] including near-
infrared (NIR)-responsive Ag NWs containing wound dressings.
However, the direct application of Ag NWs without a carrier
limits their ability to precisely target the wound site.

SE, a natural biopolymer derived from silkworms, has been
shown to be a promising biomaterial for wound healing®"l. Silk-
based medical devices, such as surgical sutures, have been exten-
sively studied for human usel??. Injectable silk protein (Silk Voice)
has received FDA approval (2019) for treating vocal fold insuf-
ficiency, and silk fibroin scaffolds (SERI) have been approved
for use as surgical meshes. SF’s exceptional biocompatibility,
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biodegradability, and cell adhesion and growth-promoting abil-
ity make it an ideal ingredient for incorporating into wound
dressings'?>*%. As a natural protein derived from silk, SF induces
an acute and mild but limited inflammatory response and exhib-
its low fibrotic behavior, highlighting its potential in modulating
wound healing and tissue repair®’l. Additionally, SF has been
demonstrated to have hemostatic activity?®l, a crucial proce-
dure in wound healing, and triggering the coagulation cascade
by binding to fibrinogen and platelets is the underlying mech-
anism?’l. However, the lack of sufficient antimicrobial proper-
ties makes SF-based dressings not suitable for the application
in severe wound infections. Therefore, we innovatively utilized
SF as the carrier for Ag NWs, and explored this combination’s
performance in incisional skin wounds in mice (Scheme 1B). In
addition, the excellent electrical signal responsiveness of Ag NW
gives it the potential to dynamically track changes in the wound
microenvironment.

In this study, we explored the antimicrobial properties of Ag
NWs with various sizes and morphologies, and ultimately se-
lected Ag NWs as the ideal candidate for integration into SF-
based wound dressings. By incorporating Ag NWs into SF, we
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created a composite material (Ag NWs@SF) that not only pro-
vides sustained antibacterial effects but also exhibits excellent
anti-inflammatory, antioxidant, and proangiogenic properties,
effectively achieving rapid healing of infected wounds (Scheme
1C). Our findings offer critical insights into the potential appli-
cations of Ag NWs@SF composites in advancing sophisticated
wound-care strategies, particularly for treating severely infected
chronic wounds.

2. Results and discussion

2.1 Synthesis and morphological characterization of silver
nanowires and silver nanoparticles

The synthesis of Ag NWs and Ag NPs involves a 1-pot method
and a polyol reduction process (Figure 1A). For the synthesis of
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Ag NWs, the reaction system proceeded via a reflux polymer-
ization approach, wherein the addition of CuCl, catalyzed the
reduction of silver ions. Subsequent centrifugation and metha-
nol washing removed unreacted species, yielding well-defined
Ag NWs. Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images confirmed the nanow-
ire (NW) morphology of the synthesized silver nanomaterials.
High-resolution TEM (HR-TEM) analysis revealed lattice fring-
es with an interplanar spacing of d = 0.2353 nm, correspond-
ing to the {111} plane of silver. The well-aligned lattice fringes
and absence of grain boundaries or dislocations further con-
firmed the high-quality single-crystalline structure of the NWs
(Figure 1B and Supplementary Figure 1, https:/links.lww.com/
MEDMAT/A6)P8. Based on SEM analysis, the synthesized Ag
NWs exhibited an average diameter distribution of 60-80nm
(Supplementary Figure 1, https:/links.lww.com/MEDMAT/A6).

Ag NWs

"l‘ 7

(TSI ”"
3;0.2342’ Am

¢ ’

Figure 1. Synthesis and morphological characterization of materials. (A) Synthesis flowchart for Ag NWs and Ag NPs. (B) SEM, TEM, and HR-TEM images of

Ag NWs. (C) SEM, TEM, and HR-TEM images of Ag NPs.
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In contrast, the synthesis of Ag NPs follows a similar process,
but without the addition of CuCl,, reduction is solely achieved
using AgNO.. Through centrifugation and washing, Ag NPs are
successfully obtained, exhibiting a highly uniform distribution
in terms of morphology. Representative SEM, TEM, and HR-
TEM images of the Ag NPs, taken at different magnifications,
are shown in Figure 1C. The images reveal the edge regions of
the particles, and upon further magnification, the surface struc-
ture of the crystals appears well-defined and smooth, indicating
high crystallinity. Fourier transform (FFT) analysis of the lattice
fringes and interplanar spacing of the Ag NPs yields a calculated
spacing of 0.2342nm, corresponding to the {111} plane of sil-
ver in its face-centered cubic (FCC) crystal structure. This plane
is typically the most stable crystallographic facet for metallic
Ag NPs. Corresponding energy-dispersive spectroscopy (EDS)
mapping from scanning transmission electron microscopy
(STEM-EDS) confirms the uniform distribution of silver within
the nanoparticles (NPs; Figure 1C and Supplementary Figure 2,
https:/links.lww.com/MEDMAT/A6).

This study demonstrates the successful synthesis of both Ag
NWs and Ag NPs. It provides an efficient and controlled syn-
thetic route, which not only offers experimental data for the
further application of silver nanomaterials but also serves as a
valuable reference for the synthesis of other nanomaterials.

2.2 Synthesis and characterizations of Ag NPs/NGC and
Ag,/NGC

Silver nanomaterials with excellent dispersion and stability were
synthesized by combining hydrothermal and pyrolysis strategies.
These methods not only effectively control the morphology of
silver but also improve the performance of silver-based catalysts
through the support of nitrogen-doped carbon (NGC) materials.
Initially, melamine powder was sonicated with an ethylene gly-
col aqueous solution in ethanol, followed by refluxing at 80 °C.
This step aimed to form the basic structure of NGC, providing
a suitable substrate for subsequent silver loading. Afterward, an
AgNO, solution was added, and the reaction continued under
reflux conditions. During this process, silver ions were reduced
to form either Ag NPs or silver single atoms. The final product
consists of Ag NPs/NGC and Ag /NGC (Figure 2A).

Representative TEM, HR-TEM, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
EDS, and elemental mapping images of the Ag NPs/NGC are
presented (Figure 2B). TEM images display the distribution of
Ag NPs/NGC, with the overall morphology resembling a sheet-
like two-dimensional material (graphene sheets). The Ag NPs
are evenly distributed on the nitrogen-doped graphene, with
small particle sizes, and the dark spots can be identified as Ag
NPs. The two-dimensional plane of nitrogen-doped graphene
likely provides a stable substrate for the growth of Ag NPs.
HR-TEM images and lattice analysis reveal the crystal structure
of individual Ag NPs. The FFT analysis of the inserted image
shows clear lattice fringes, indicating high crystallinity of the Ag
NPs?’l, The interplanar spacing of d = 0.2154nm corresponds
to the {111} plane of silver, consistent with the FCC structure of
silver. HAADF-STEM images further confirm the distribution of
the Ag NPs. The bright areas correspond to regions with a higher
atomic number silver (Ag), while the darker regions correspond
to the graphene substrate, providing further evidence that the
Ag NPs are uniformly loaded on the nitrogen-doped graphene
surface. Corresponding EDS STEM-EDS mapping results show
a homogeneous distribution of C, N, and Ag elements across the
nitrogen-doped graphene network (Figure 2B).

TEM images reveal the overall structure of nitrogen-doped
graphene with a scale bar of 50 nm. The nitrogen-doped graphene
exhibits a layered two-dimensional structure. Upon magnification
of the region marked by the red rectangle, HR-TEM images (Fig-
ure 2C) show that silver single atoms are uniformly distributed
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on the nitrogen-doped graphene (the positions of the Ag single
atoms are marked by red circles). The dense distribution of red
circles indicates that these Ag single atoms are well-dispersed
without aggregation. The corresponding HAADF-STEM image
reveals that, due to the higher atomic number of Ag, its signal
appears as bright spots, whereas the graphene signal is weaker.
The overall structure retains the basic morphology of the two-
dimensional sheet-like material of the nitrogen-doped graphene
composite. Elemental distribution maps from EDS show the uni-
form distribution of carbon (C, green), nitrogen (N, blue), and
silver (Ag, red) across the nitrogen-doped graphene network.
These maps confirm that C, N, and Ag are evenly distributed in
the NW network of nitrogen-doped graphene, and no aggrega-
tion of Ag single atoms is observed.

In conclusion, the Ag NPs/NGC material exhibits a more uni-
form distribution of NPs, while the Ag /NGC material presents
a single-atom level of silver loading. This study provides a sim-
ple and effective synthesis method for controlling the morphol-
ogy of silver and loading it onto NGC materials.

2.3 Chemical structural characterization of nanomaterials

To further investigate the chemical structures of Ag NWs,
Ag NPs, Ag NPs/NGC, and Ag /NGC, several characteriza-
tion techniques, including X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and X-ray diffraction (XRD), were
employed. First, for the Ag NPs/NGC sample, the C 1s XPS spec-
trum (Figure 3A) displays a signal peak at 284.9 ¢V, correspond-
ing to C-C bonds. Additionally, the high-resolution N 1s XPS
spectrum reveals peaks at approximately 401.08, 400.18, and
398.38¢eV (Figure 3B), which are attributed to graphitic nitro-
gen, pyrrolic nitrogen, and pyridinic nitrogen, respectively, con-
firming the successful nitrogen doping of the NGCP%. The Ag 3d
XPS spectrum for the Ag NPs/NGC sample (Figure 3C) shows
2 main peaks at around 368.16¢eV (Ag 3d, ,) and 374.13eV (Ag
3d,,), with a binding energy separation of 6eV. The energy loss
feature also aligns with the Ag® state, further confirming that
silver exists in its metallic zero-valent formP!l,

For the Ag /NGC, the C 1s XPS spectrum (Figure 3D) not
only shows the C-C signal peak at 285.1¢V but also a signal
at 287.8 eV corresponding to C-N bonds, indicating successful
modification of nitrogen-doped graphene. The N 1s XPS spec-
trum (Figure 3E) reveals characteristic peaks at approximately
399.78 eV (graphitic N), 398.68 eV (pyrrolic N), 397.38 eV (pyr-
idinic N), and 396.78 ¢V (Ag-N bond), confirming the successful
anchoring of silver atoms on the nitrogen-doped graphene via
coordination with nitrogen. Further Ag 3d XPS analysis (Fig-
ure 3F) shows the 2 main peaks at 368.27¢V (Ag 3d,,) and
374.24eV (Ag 3d,,), along with the energy loss feature, con-
firming the zero-valent state of silver. No significant Ag* signal
is observed, suggesting that silver exists solely in the Ag’ form.

XRD and Raman spectroscopy analyses were performed to
further confirm the atomic structure of Ag NPs/NGC and Ag,/
NGC. In the XRD spectra (Figure 3G), both Ag NPs/NGC and
Ag /NGC show a graphene (002) diffraction peak at around
26.5 ° (Supplementary Figure 3, https://links.lww.com/MED-
MAT/A6), confirming the presence of the graphene substrate.
Notably, the Ag NPs/NGC sample also exhibits characteristic
diffraction peaks of silver crystals, including 38.1° (111), 44.3°
(200), and 64.4° (220) (Supplementary Figure 4, https:/links.
lww.com/MEDMAT/A6), indicating that silver is present as
NPs with good crystalline structure. In contrast, no such silver
crystal diffraction peaks are observed in the XRD spectrum of
Ag /INGC, further supporting the idea that silver is dispersed as
single atoms within the nitrogen-doped graphene matrix. Ra-
man spectra for both Ag /NGC and Ag NPs/NGC display the
characteristic D peak (around 1352cm™) and G peak (around
1557cm™) (Figure 31). Specifically, the D/G ratio for Ag /INGC
(1.33) is higher than that of Ag NPs/NGC (1.19), indicating a
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Figure 2. Structural and compositional characterizations of Ag NPs/NGC and Ag,/NGC. (A) Design strategy for Ag NPs/NGC and Ag,/NGC. (B) TEM images
revealing the Ag NPs/NGC structure and EDS mappings of the elements (C, N, Ag). (C) TEM images revealing the Ag,/NGC structure and EDS mapping of C,

N, and Ag elements.

higher density of defects or disorder in Ag /NGC. This is con-
sistent with the two-dimensional structural characteristics of
nitrogen-doped graphene.

Finally, XRD analysis of Ag NWs and Ag NPs (Figure 3H)
reveals that the main diffraction peaks for both Ag NWs and Ag
NPs are located at around 38° (111), 44° (200), 64° (220), and
77°(311), which match the standard diffraction peaks for silver
(Supplementary Figure 4, https:/links.lww.com/MEDMAT/A6).
The diffraction peaks exhibit clear symmetry without any spuri-
ous peaks, indicating that the synthesized Ag NWs and Ag NPs
possess good crystallinity.

2.4 Antioxidant activities of Ag NWs, Ag NPs, Ag NPs/NGC,
and Ag /NGC

The experimental results demonstrated that Ag NWs exhibited su-
perior radical scavenging efficiency, showing the most significant

DPPH scavenging rate among the tested materials. This observa-
tion was consistent with the pronounced color change of DPPH
solution observed in (Supplementary Figure 5, https:/links.lww.
com/MEDMAT/A6), indicating that the radical scavenging ca-
pacity of Ag NWs significantly surpassed that of the other 3
silver-based nanomaterials. This enhanced performance may be
attributed to the unique nanostructure and larger specific surface
area of Ag NWs. The high aspect ratio of Ag NWs provides an
extensive surface contact area, facilitating efficient interaction
with free radicals and thereby enhancing antioxidant activity.
Additionally, the zero-valent state of silver may play a crucial
role in redox reactions, suggesting that the surface state of silver
atoms in the NW structure could be a key factor contributing
to its superior antioxidant performance. The remarkable DPPH
radical scavenging capacity of Ag NWs indicates their potential
in mitigating oxidative stress, promoting cellular repair, and im-
proving the local microenvironment (Supplementary Figure 6,
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Figure 3. Chemical structural characterization of nanomaterials. (A) C 1s, (B) N 1s, and (C) Ag 3d XPS spectra in Ag NPs/NGC, respectively. (D) C 1s, (E) N 1s,
and (F) Ag 3d XPS spectra in Ag,/NGC, respectively. (G,H) XRD pattern, and (I) Raman spectra.

https://links.lww.com/MEDMAT/A6). By reducing free radical
accumulation, these antioxidants not only protect cells from oxi-
dative damage but also enhance cell proliferation and migration,
promote collagen synthesis, reduce excessive inflammatory re-
sponses, and prevent scar formation333l. Consequently, Ag NWs
demonstrate significant potential in accelerating and improving
the quality of wound healing, particularly in the treatment of
chronic and severely infected wounds, suggesting promising clin-
ical applications in wound management.

2.5 Antibacterial activities of Ag NWs, Ag NPs, Ag NPs/
NGC, and Ag /NGC

Bacterial infections can significantly hinder wound healing!..
The antibacterial properties of silver have inspired us to ex-
plore the antibacterial activity of Ag NPs with varying sizes
and morphologies. To determine which of the synthesized 4 sil-
ver nanomaterials is most suitable for antibacterial dressings,
we assessed the antibacterial properties of Ag NWs, Ag NPs,
Ag NPs/NGC, and Ag /NGC using the agar plate method and
zone of inhibition assay. Initially, we performed a zone of in-
hibition assay to screen the antibacterial activity of different
amounts of Ag NWs, Ag NPs, Ag NPs/NGC, and Ag /NGC
against Staphylococcus aureus at a concentration of 1mg/mL
(Supplementary Figure 7, https:/links.lww.com/MEDMAT/A6
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and Supplementary Figure 8, https:/links.lww.com/MEDMAT/
A6). The antibacterial effect of Ag NPs/NGC was found to be
relatively weak. The antibacterial activity of Ag,/NGC was also
limited, possibly due to the well-dispersed nature of silver single
atoms, resulting in fewer silver ions exposed on the surface and
thus affecting its antibacterial efficacy. Ag NWs exhibited the
best antibacterial performance.

Further antibacterial performance comparison was conducted
using the agar plate method for different concentrations of Ag
NWs and Ag NPs (Supplementary Figure 9, https:/links.lww.com/
MEDMAT/A6), which corroborated our initial conclusion. This
result may be related to the high aspect ratio structure of Ag NWs,
which can more effectively interact with bacterial cell surfaces due
to their elongated morphology, thus enhancing their antibacterial
activity. The large surface area of Ag NWs offers more silver ion
release sites, disrupting the bacterial cell wall and membrane struc-
ture, leading to leakage of intracellular contents and inhibiting bac-
terial growth. At a concentration of 1 mg/mL, the antibacterial rate
of Ag NWs was significantly superior to that of Ag NPs. Therefore,
Ag N'Ws were selected as the focus for subsequent research.

2.6 Biocompatibility and cell migration evaluation of Ag NWs

In order to evaluate the biocompatibility and cell migration
potential of Ag N'Ws, experiments on cell viability and death
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Figure 4. Cell compatibility of Ag NWs. (,

A) Live/dead staining of RAW 264.7 cells treated with Ag NWs. (B) Fluorescence staining of HUVECs, NIH-3T3, and

RAW 264.7 cells treated with Ag NWs. (C) HUVECs cells, (D) NIH/3T3 cells, (E) RAW 267.4 cells, relative cell viability in response to Ag NWs (n = 6). (F) SEM

images of RAW 264.7 and NIH-3T3 cells treated with Ag NWs.

staining as well as cell morphology observation, were conduct-
ed. Initially, cells were treated with different concentrations of
Ag N'Ws, followed by viability and death cell staining analysis.
As the concentration of Ag NWs increased, the cell viability was
not significantly affected (Figure 4A). The majority of cells re-
mained with green fluorescence (live cells), while only a small
number of cells exhibited red fluorescence (dead cells), suggest-
ing that Ag NWs demonstrated good biocompatibility within
the tested concentration range.

Subsequently, human umbilical vein endothelial cells (HU-
VECs), mouse embryonic fibroblasts (NIH-3T3), and mouse
macrophages (RAW 264.7) were treated with extraction solu-
tions of Ag NWs at different concentrations. The cell morphol-
ogy was observed by fluorescently labeling the cytoskeleton
(red) and cell nucleus (blue) (Figure 4B). At concentrations of
25, 50, and 100 pg/mL, all 3 types of cells maintained normal
morphology. No significant cytoskeletal breakage or nuclear
fragmentation was observed, further demonstrating that Ag
NWs had no obvious detrimental effects on cell morphology
and structure. To further verify the impact of Ag NWs on cell
viability, the viability of the 3 cell types treated with Ag NWs
extraction solutions at different concentrations (up to 100 pg/
mL) was determined (Figure 4C-E). The results showed that
even at the highest concentration (100 pg/mL), the Ag NWs
extraction solution did not significantly and adversely affect
the viability of HUVECs, NIH-3T3, and RAW 264.7 cells. The
cell viability of all treatment groups remained above 80%.

Additionally, through a culture experiment lasting 1, 3, and §
days (Supplementary Figure 10, https://links.lww.com/MED-
MAT/A6-Supplementary Figure 12, https:/links.lww.com/
MEDMAT/AG6), a proliferation trend was observed in all 3 cell
types, further supporting the good biocompatibility of Ag NWs
in in vitro experiments.

Cell migration is an essential process in wound healing, es-
pecially the migration of fibroblasts, which is crucial for tissue
repair. To assess the influence of Ag NWs on cell migration, a
scratch assay was employed to evaluate the promoting effect of
Ag NWs on the migration of NIH-3T3 cells. After 24-h treat-
ment, the cell migration in the Ag NWs group was significantly
faster than that in the control group, and the degree of scratch
area closure was significantly increased (Supplementary Figure
13, https://links.lww.com/MEDMAT/A6). Quantitative analysis
results further confirmed this observation (Supplementary Figure
14, https:/links.lww.com/MEDMAT/A6). At all concentrations
(12.5,25,50, 100 pg/mL), Ag NWs significantly accelerated the
migration of NIH-3T3 cells in the scratch area. Especially at a
concentration of 100 pg/mL, the relative healing rate was sig-
nificantly increased to 23.4% compared to the control group,
which was only 6.6%. To more intuitively observe the chang-
es in cell morphology, SEM was used to analyze the cell mor-
phology (Figure 4F and Supplementary Figure 15, https:/links.
Ilww.com/MEDMAT/A6). The results indicated that the cells in
the Ag NWs-treated group maintained good morphology, with
significant pseudopod extension, clear surface microstructure,
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Figure 5. In vitro antibacterial activity of Ag NWs@SF fim under near-infrared (NIR) irradiation. (A) Thermal infrared image of the Ag NW@SF membrane in PBS
under NIR light irradiation (808 nm, 2.5 W/cm?). (B) Temperature variation curve over time for the Ag NWs@SF membrane in PBS under NIR light exposure. (C)
Representative plate samples of Escherichia coli and S. aureus cultured on Ag NWs@SF. (D) Representative plate samples of E. coli and S. aureus post-NIR
irradiation (808 nm, 2.5 W/cm?). (E) SEM images of E. coli following NIR treatment. (F) SEM images of S. aureus following NIR treatment.

and good cell spreading. However, as the concentration of Ag
NWs increased, the degree of cell spreading slightly decreased,
possibly due to the impact of certain surface properties of high-
concentration Ag NWs on cell attachment.

In conclusion, Ag NWs exhibited excellent performance in
both in vitro biocompatibility and cell migration. Ag NWs not
only effectively promoted the NIH-3T3 but also contributed to
the maintenance of cell viability and morphological stability,
indicating their potential in wound healing. Moreover, the out-
standing biocompatibility of Ag NWs renders it a wound-repair
material with broad application prospects.

2.7 Antibacterial performance of Ag NWs@SF

Given the potential of silk fibroin (SF) in regulating wound healing
and tissue repair, this study selected SF as a carrier for Ag NWs,
aiming to achieve rapid sealing and repair of mouse skin incision
wounds. Using SEM, mapping, and XPS characterization tech-
niques, we confirmed that Ag NWs were encapsulated within the
SF film (Supplementary Figure 16, https:/links.lww.com/MED-
MAT/A6-Supplementary Figure 18, https:/links.lww.com/MED-
MAT/AG6). This encapsulation not only promotes the slow release
of Ag NWs but also enhances the biocompatibility of the material,
providing sustained antibacterial effects for wound repair.

In this study, PTT, as an antibiotic-free antibacterial ap-
proach, offers unique advantages. Mild PTT (<48 °C) can
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effectively eliminate bacteria while promoting wound healing,
without causing damage to adjacent skin tissues. Thermal imag-
ing analysis in phosphate-buffered saline (PBS) revealed that the
pure SF film exhibited no significant temperature change under
NIR light, indicating that SF itself does not possess substantial
photothermal conversion capabilities. In stark contrast, the
addition of Ag N'Ws significantly enhanced the photothermal
effect. Specifically, materials with varying concentrations of Ag
NWs exhibited different responses to NIR light (Figure SA). As
the Ag NW concentration increased, the photothermal response
effect also showed an increasing trend. Temperature rise and fall
tests conducted on different Ag NWs@SF films in PBS showed
that the Ag NWs@SF films reached a stable temperature within
a short time (<5min), proving that Ag NWs are the primary
photothermal conversion material. Moreover, under NIR irra-
diation, Ag NWs@SF films with doping concentrations of 0.5
wt% and 1.0 wt% satisfied the thermally induced antibacterial
conditions (<48 °C) (Figure 5B).

To further verify this, we coincubated SF films with differ-
ent Ag NW doping concentrations with E. coli and S. aureus
for 3 h. The experimental results showed that the 1.0 wt% Ag
NWs@SF film exhibited significantly improved antibacterial
performance compared to both the blank group and the pure
SF group (Figure 5C). Notably, NIR irradiation further en-
hanced the antibacterial effect (Figure 5D). This demonstrates
that the synergistic effect between the photothermal effect and
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Figure 6. In vivo infected wound healing assay. (A) Experimental procedures performed at each time point. (B) Potential curves for Ag NWs@SF dressing in pure
PBS and simulated exudate. (C) Antibacterial plating of wound tissue on day 3. (D) Thermal imaging of 808 nm near-infrared irradiation at 0.8 W/cm?. (E) Wound
healing is illustrated. (F) Wound traces at different periods of wound healing. (G) Wound healing rate of each group for different days. (H-J) Hematoxylin—Eosin
(H&E) staining and quantitative analysis.

Ag NWs plays a crucial role in improving antibacterial activ- ~ SEM images after NIR irradiation revealed that the morphol-
ity. To further explore the mechanism of the antibacterial ef-  ogy of E. coli and S. aureus in the control group and pure SF
fect, we analyzed the morphological changes of the bacteria.  group remained largely intact, with no significant destruction
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Figure 7. Masson and immunofluorescence staining results. (A, B) Masson staining and quantitative analysis. (C, D) INOS staining and quantitative analysis. (E,
F) Arg-1 staining and quantitative analysis. (G, H) VEGF staining and quantitative analysis.

of cell structure (Figure SE, F). However, with increasing Ag
NWs doping concentrations, the bacteria’s surface exhibited
shrinkage or rupture, indicating severe damage to the bacterial
cell membrane. This further supports the significant role of Ag

NWs in PTT.
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In conclusion, Ag NWs@SF films not only exhibit excellent
antibacterial performance but also enhance their antibacterial
activity through photothermal effects. This photothermal syner-
gistic antibacterial mechanism provides a potential therapeutic
approach for subsequent in vivo wound healing simulations.
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2.8 In vivo infected wound repair

Wound infections pose significant challenges in clinical treat-
ment, particularly when caused by drug-resistant bacteria,
as conventional antibiotic therapies often prove inadequate.
Wound healing consists of 4 distinct phases: hemostasis, inflam-
mation, proliferation, and remodeling®*.. Infections can disrupt
the normal transition between these phases, leading to persistent
inflammation and delaying the initiation of proliferation and
remodeling, ultimately resulting in slow wound healing and pro-
longed treatment cycles®!. Traditional dressings lack objective
wound data, rendering clinical assessment heavily dependent on
healthcare providers’ experience. Additionally, dressing changes
increase the risk of secondary injury, posing a significant threat
to wound recovery®®l. By leveraging the superior electrical signal
response of Ag NWs®7), this system detects subtle physiological
changes at and around the wound site, providing quantitative
data for evaluating healing progress. Given the complexity of
wound healing and infection processes, we developed simulat-
ed wound fluid to ensure accurate and reliable monitoring un-
der biologically relevant conditions. The composite membrane
demonstrates potential for dynamically tracking wound micro-
environmental changes, enabling real-time, data-driven assess-
ment of wound status (Figure 6B).

During normal skin healing, macrophages transition from
a proinflammatory (M1) state to an anti-inflammatory (M2)
state®8). This transition is characterized by an increase in the
number of M2 macrophages over time, which secrete anti-
inflammatory factors that facilitate tissue repair. Conversely, in
infected wounds, bacterial infections trigger a robust inflamma-
tory response, resulting in significant infiltration of inflamma-
tory cells, primarily M1 macrophages, which leads to chronic
inflammation and impedes tissue repair®’l. Additionally, bac-
terial infections can damage endothelial cells, inhibiting their
proliferation and migration, thereby affecting the formation of
new capillaries.

Based on in vitro experimental results, Ag NWs with a dop-
ing concentration of 1 wt% were selected for in vivo studies. A
full-thickness infected wound model was developed on the backs
of mice to investigate the effects of infrared-excited Ag NWs on
the healing of infected skin wounds and the underlying mecha-
nisms involved. Figure 6A illustrates the experimental procedures
performed at each time point. Under 0.8 W/cm? of 808 nm infra-
red irradiation, the 1 wt% Ag reached the target temperature of
42 °C within 2 min for antibacterial treatment. When continuous-
ly irradiated for 10 min, the temperature in the treated region did
not exceed 45 °C, thus preventing damage to dermal cells (Fig-
ure 6D). The status of wound healing is illustrated in Figure 6E,
where the wound area was quantified using Image] software,
and the wound defects at various time points were overlapped,
as shown in Figure 6E. The NIR 1 wt% Ag group exhibited a
significant reduction in wound area, with an unhealed area of
only 3.9% = 0.2% at 14 days, markedly superior to the control
group, SF group, and 1 wt% Ag group, which had unhealed areas
of 14.2% =+ 1.9%, 10.5% = 0.9%, and 8.7% = 0.7%, respec-
tively (P < 0.05) (Figure 6G). Hematoxylin—Eosin (H&E) staining
results indicated that the control group had a longer remaining
wound length, with epidermal continuity restored to only 72.7%,
along with notable infiltration of inflammatory cells and abnor-
mal muscle structures observed in the dermis. The 1 wt% Ag and
NIR 1 wt% Ag groups demonstrated effective epidermal healing
in the defect area, characterized by the formation of an epidermal
stratum corneum, almost no infiltration of inflammatory cells in
the dermis, as well as the presence of dermal papillae of the der-
mis and newly formed hair follicles (Figure 6H-]).

Masson staining and analysis of collagen deposition further
revealed that the 1 wt% Ag and NIR 1 wt% Ag groups exhib-
ited enhanced rates of collagen deposition (Figure 7A, B). The
persistence of an inflammatory environment is a primary factor
contributing to the difficulty of healing infected wounds. This
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study confirmed the expression of M1 and M2 macrophages
through iNOS and Arg-1 staining. Results indicated that at 14
days, compared to the control and SF groups, the 1 wt% Ag
and NIR 1 wt% Ag groups significantly reduced the number of
proinflammatory M1 macrophages while promoting the tran-
sition to anti-inflammatory M2 macrophages (Figure 7C, F).
VEGEF as a key factor in angiogenesis was also expressed at high
levels in the 1 wt% Ag and NIR 1 wt% Ag groups (Figure 7G,
H), likely due to the supportive effects of M2 macrophages on
endothelial cell migration and proliferation.

Consequently, this study demonstrates that under NIR laser
irradiation, Ag NWs generate heat to further enhance antibac-
terial activity through a synergistic mechanism, promoting the
polarization of macrophages from the proinflammatory M1
phenotype to the anti-inflammatory M2 phenotype. This pheno-
typic transition subsequently influences angiogenesis and tissue
repair, thereby facilitating efficient wound healing.

3. Conclusion

In this study, we successfully synthesized Ag NMs with diverse
morphologies and sizes, including Ag N'Ws, Ag NPs, Ag NPs/
NGC, and Ag /NGC. Among these, Ag NWs were preferentially
selected for their superior biological properties, including excel-
lent antioxidant activity, biocompatibility, and potent antibac-
terial performance. These Ag NWs also promote cell migration,
which is essential for wound healing. By incorporating Ag NWs
into SF, a biocompatible natural polymer, we developed a com-
posite material that combines the beneficial properties of both
components for treating severe infected wounds. The Ag NWs@
SF membrane leverages the excellent photoelectric properties of
Ag NWs, integrating the responses to NIR light and electrical
stimulation, which significantly improves antibacterial efficacy,
promotes wound healing, and shows the potential for real-time
monitoring of wound changes. This work highlights the distinct
advantages of silver nanomaterials with various morphologies
and sizes, providing critical insights into the development of ad-
vanced wound dressings that address both infection control and
tissue regeneration, offering new potential for treating chronic
and severe infected wounds.
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