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Abstract

Chronic wound healing demands next-generation that include antibacterial properties, electrical
responsiveness, and tissue-regenerative capabilities. This study presents a multifunctional
hydrogel that incorporates single-atom silver (Ag-SA) and two-dimensional borophene nanosheets
(BNS) within a PVA/chitosan matrix (PCAB). The atomically dispersed Ag sites exhibit highly
localized bactericidal activity at a silver amount 50 times lower than traditional AgNP systems,
thus reducing cytotoxicity and hemolysis to less than 5%. Concurrently, borophene nanosheets
provide elevated electrical conductivity (0.45+0.02 S/cm), water retention, and matrix
reinforcement, while facilitating real-time responsiveness under low-voltage stimulation (1 V).
The PCAB-1V hydrogel demonstrated robust antibacterial efficacy, eradicating more than 95% of
E. coli and S. aureus, while markedly enhancing fibroblast proliferation (184.3 &+ 3.6% viability).
In vivo investigations utilizing a mouse full-thickness wound model demonstrated expedited
wound closure (97.3%) and epithelium regeneration (124.5 um) by Day 14. Statistical analysis
validated substantial enhancements in all performance indicators (p < 0.001). This study
emphasizes the synergistic interaction between Ag-SA and borophene, providing a low-toxicity,

electroactive hydrogel substrate for enhanced wound care.

Keywords: antimicrobial hydrogel; skin regeneration; Ag single atom; PVA/Chitosan; electrical

stimulation.

Introduction

Rapid and effective wound recovery is essential in the clinical management of serious burns,
traumatic injuries, diabetic ulcers, and other chronic wounds(1-5). The natural healing process is
sometimes hindered by bacterial infections, long-term inflammation, and inadequate re-
epithelialization, resulting in delayed recovery, excessive scarring, and raised healthcare burdens.
(6, 7). Disruption of the stratum corneum barrier function from dermal injuries could increase the
risk of infection, resulting in prolonged wound healing durations, heightened healthcare expenses,
and potentially fatal sequelae(8-10). Cutaneous wound healing and reconstruction is a complicated
process comprising an inflammatory reaction, mitotic activity, and Extracellular matrix scaffold

production(11-13). Microbial invasion of wound sites at this phase might impede restoration,
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potentially resulting in fibrotic tissue deposition. Traditional wound treatment, while successful
for surface wounds, frequently do not facilitate the regenerating of complex skin structures and

epidermal layers(14-16).

Recent breakthroughs in medical research have concentrated on creating novel cell-based
regenerative medicine employing living cells as medicinal agents as well as non-cellular
therapeutic strategies(10, 17-21). The clinical application of these new treatment modalities is
constrained by numerous technological and regulatory challenges(22-25). In cell-based treatments,
engrafted cells are especially susceptible to fluctuations in hosts immunological and pathological
context, including oxygen fugacity, pH levels, osmotic nutritive accessibility, and extracellular
matrix (ECM) (14, 26-29). Thus, environmental variations could affect the longevity of cells and
impair their curative functions, hence reducing the effectiveness of cell treatment(30-32).
Furthermore, the efficient administration of therapeutic cells poses another considerable barrier,
as demonstrated by the impaired ability to target and migrate to specific tissues of natural killer

(NK) cells(33-35).

The selection of substrate and architecture profoundly affects cellular behavior and tissue regrowth
results(36-38). Biomaterials can be engineered to provide specific cues that can direct stem cell
fate and function (19, 39-43). Hydrogels exhibit excellent exudate management properties,
facilitating autolytic debridement and promoting a moist wound healing environment.

Additionally, their high oxygen permeability supports cellular metabolism and angiogenesis,
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accelerating wound closure (7, 11, 44, 45). Multiple research projects have investigated the design
and production of antibacterial hydrogel dressing that integrate antimicrobial agents with both
chemical and physical antibacterial characteristics(19, 46-48). Electroconductive hydrogels
(ECHs) have emerged as a highly promising category of wound dressings due to their distinctive
capacity to imitate the body's intrinsic electrical microenvironment, which is crucial in modulating
essential biological processes such as cell migration, proliferation, and angiogenesis during tissue
repair. By integrating the conventional benefits of hydrogels—namely elevated water content,
biocompatibility, and permeability—with electrical conductivity, ECHs may increase keratinocyte
and fibroblast activity, expedite re-epithelialization, and reinstate bioelectric signaling at the
wound site. Moreover, ECHs can enhance neovascularization and enable real-time, electrically-

activated medication administration, establishing a dynamic and responsive healing milieu.
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Infused with conductive and antibacterial nanoparticles like silver or borophene, these hydrogels
can limit bacterial colonization, thus mitigating infection-related delays in wound healing. Recent
advancements have shown the viability of incorporating ECHs into intelligent wound dressings
that facilitate therapeutic intervention and progress assessment, highlighting their extensive

potential for clinical application in advanced wound care. (49-56).

Two-dimensional (2D) nanomaterials are emerging as promising materials for smart wound
dressings due to their structural tunability and multifunctionality(57-61). Among these, borophene,
a monolayer of boron atoms, has recently attracted attention due to its distinctive electronic
structure, chemical versatility, and mechanical adaptability. In comparison to graphene and
MXene, frequently employ 2D materials in biomaterials, borophene demonstrates superior
biocompatibility, enhanced reactivity, and increased intrinsic electrical conductivity. Graphene
frequently experiences subpar functionalization and limited solubility, despite its mechanical
strength. MXene is susceptible to oxidation and degradation in physiological environments,
despite its conductive nature(62-67). Borophene, a newly identified two-dimensional (2D)
allotrope of boron, has garnered significant interest owing to its remarkable physicochemical
properties, including as ultrahigh electrical conductivity (~10* S/m), mechanical flexibility,
metallic features, and extensive surface area. In contrast to other 2D materials like graphene or
MXene, borophene displays intrinsic in-plane anisotropy, adjustable electronic structures, and a
variety of polymorphs (e.g., P12, x3) that facilitate customized functional performance(68). Recent
advancements have shown scalable manufacturing of borophene nanosheets by techniques
including as liquid-phase exfoliation, chemical vapor deposition (CVD), and electrochemical
exfoliation, enabling its incorporation into biomedical platforms. Borophene demonstrates
exceptional electron mobility and electrochemical activity, rendering it an optimal choice for
electroactive applications such as tissue engineering, biosensing, and electrically-stimulated
wound healing(69). Additionally, its inherent antibacterial properties and advantageous
biocompatibility at low concentrations further set it apart from other 2D materials(70). These new
findings establish borophene as a multifunctional nanomaterial with distinct advantages for next-
generation wound dressing systems.Borophene provides an optimal scaffold for bioactive,
conductive platforms, thereby overcoming these constraints.(71). For instance, Das et.al (72)
reported a unique borophene/zinc oxide (BZ) nanocomposite hydrogel fabricated by a

uncomplicated single-step solvothermal method. The hydrogel demonstrates superior mechanical
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characteristics, pH responsiveness, and antibacterial efficacy. The distinctive characteristics of BZ,
along with the hydrogel's regulated release mechanism, render it a viable option for biological
applications, particularly in drug delivery. In another work, Chen and coworkers (73)
borophene/ecoflex nanocomposite as a highly efficient triboelectric material. The constructed B-
TENG demonstrates intriguing applications in energy harvesting, medicinal support, and wound

healing.

To further augment antibacterial efficacy, silver (Ag) is a widely used substance in wound healing
due to its wide-spectrum antimicrobial activity. Nevertheless, Ag nanoparticles (Ag-NPs) present
obstacles, including aggregation, ion leaching, and dose-dependent cytotoxicity. In order to resolve
this issue, single-atom silver (Ag-SA) has emerged as a next-generation alternative(74-76). It
provides atomically dispersed Ag sites that optimize surface reactivity while mitigating
toxicity(77-79). These single atoms demonstrate increased catalytic activity and improved
interactions with bacterial membranes, which allows for effective antimicrobial action at

concentrations that are substantially lower than those of Ag-NPs(80).

In this investigation, we introduce a novel hydrogel platform that is biocompatible, antibacterial,
and electroconductive. The platform is comprised of borophene nanosheets, chitosan (CS), and
poly(vinyl alcohol) (PVA), and it is decorated with single-atom silver (Ag@BNS). The hydrogel
is designed to integrate the structural and biocompatible properties of PVA and chitosan, the

antibacterial potency of Ag-SA, and the high conductivity and flexibility of borophene. This
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hydrogel induces bacterial membrane disruption and enhances tissue regeneration by replicating
natural bioelectric fields in response to low-voltage electrical stimulation (1V). We demonstrate
that the Ag-SA platform provides significantly superior antibacterial efficacy and substantially
reduced cytotoxicity in direct comparison to Ag-NP-loaded hydrogels. Furthermore, borophene's
superior electrical conductivity, structural stability, and biomedical compatibility distinguish it
from 2D materials that have been extensively studied, such as graphene and MXene, which are
constrained by either environmental instability or functionalization barriers. The therapeutic
potential of this multifunctional electroconductive hydrogel is further solidified by in vivo
experiments that utilize a rabbit full-thickness wound model. These experiments demonstrate
accelerated wound closure (~97% by day 14), enhanced neovascularization, and improved tissue

regeneration. This multifunctional platform addresses a critical void in wound care research by
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providing a low-dose, electrically responsive, antimicrobial, and regenerative solution that
surpasses the performance of current nanoparticle-based and 2D material-based hydrogel dressings

as reported in the literature.
Experimental

Thinly borophene nanosheets were produced via liquid exfoliation employing ultrasound
irradiation (81).60 of bromine was mixed into ethylene glycol and exposed to sonication at 37 kHz

for 45 min under ambient conditions.

Preparation of single-nuclear silver complex

The single-nuclear silver structure ([Ag(phen),]NOs) was produced using the process formerly
described (82). The mixture consisted of 0.421 g 1,10-phenanthroline monohydrate dispersed in
20 mL methanol and subsequently added to a mixture of 0.2 g of AgNO; in 20 mL of acetonitrile.
The pale-yellow residue was instantly produced. The obtained solid residue was isolated by
filtration and subsequently washed with methanol.

Fabrication of Ag @BNS

Single-atom Ag/ borophene hybrid material (Ag@BNS) were produced by a multi-step procedure
including the sonochemical dispersion of BNS and [Ag(phen),]NO; in DMSO, succeeded by
centrifugation, washing, and heat treatment. The final annealing phase proceeded at 500°C for 2
hours with a nitrogen flow of 75 sccm.

Synthesis of Ag-NP-Loaded Borophene (AgNP@BNS)

For comparison, borophene nanosheets were impregnated with silver nanoparticles via a
traditional chemical reduction technique. Sodium borohydride decreased AgNOj3 in the presence
of borophene while being vigorously stirred. The AgNP@BNS samples were collected.
Fabrication of PVACH/Ag@BNS (PCAB) hydrogel

A 10 wt% PV A solution was generated by solubilizing PVA in DI water and subjecting the mixture
to thermal agitation at 90°C for 2 hours. A 3 wt% chitosan solution was generated by solubilizing
chitosan in a 0.1 M CH3COOH solution and subjecting the mixture to thermal agitation at 60°C
for 1 hour. Subsequently, the two solutions were combined to generate a hydrogel matrix with a
5:1 PVA: Chitosan ratio. A 10 wt% PVA solution was generated by dissolving PVA in DI water
and heated under mechanical stirring at 95°C for 2 hours. A 2 wt% chitosan solution was generated

by mixing chitosan in a 0.1 M CH3;COOH solution and heating the blend to promote particle
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dispersion at 65°C for 1 hour. Subsequently, the two solutions were combined to generate a
hydrogel matrix with a 5:1 PVA:CH ratio. Ag@BNS was integrated into the hydrogel matrix at
concentrations of 0%, 0.1%, and 0.5% by mass. The resulting hydrogel was subjected to degassing,
defoaming, and subsequently cast into a PTFE mold. A freeze-thaw cycle was conducted four
times to promote phase separation and improve the porosity structure. The final hydrogel films,
PCAB-0, PCABO.1, and PCAB-0.5, were acquired following extensive washing with DI water(83,
84).

Characterization

Microstructural characterization and high-resolution structural and compositional data were
acquired was conducted via a Philips CM12 TEM/STEM microscope with TEM and EDS
functionalities at an acceleration voltage of 120 kV. A morphological examination was performed
utilising a Philips XL30 SEM. The morphological characteristics of the hydrogel sandwich
structure were evaluated using SEM. The zeta potential and particle size distribution of BNS flakes
suspended in water were assessed using a Zetasizer Nano ZS90.A Philips X'Pert Pro
Diffractometer was employed to analyze the structural characteristics of Ag@BNS and hydrogels,
with A Rigaku Smartlab powder diffractometer using Cu-Ka radiation (A = 1.5410 A) and a step
size 0f 0.05° (a standard 6-20 diffractometer) was used to acquire X-ray diffraction (XRD) spectra..
The surface composition of BNS films and PCAB hydrogels was examined utilizing an X-ray

photoelectron spectrometer (XPS, Kratos AXIS Nova). Inductively coupled plasma mass
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spectrometry (ICP-MS) was employed to quantify the silver content in the Ag@BNS component.

Mechanical characteristics

The mechanical properties of fabricated hydrogels, specifically tensile stress at failure and ductility
at break, were assessed using a Shimpo FGS-220VC Tensile Strength Tester rate of 5 mm/min.
Swelling Kinetics

The swelling dynamics of the fabricated hydrogels was assessed using the Gravimetric
method(85). The swelling rate was determined using gravimetric analysis.The swelling behavior
of the hydrogels were examined by submerging them in Phosphate-Buffered Saline (PBS) buffer
maintained at 37°C. The hydrogels' mass was documented at certain time frames (1, 2, 3, 6, and

24 hours). Excess surface moisture was eliminated with filter paper earlier to each assessement.
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The swelling rate was determined using the subsequent equation, which incorporates the starting

mass of the hydrogel and the weight increment over time:
Weight Remaining (%)Z(Wp_WS ) / w. % 100%
a

Where W, and W, denote the gravimetric mass of the hydrogel prior to and subsequent to water
intake, respectively.

Water absorption capacity examination

The hydrophilic polymer dressing was soaked in PBS buffer and permitted to saturate overnight
(86). Once the hydrogels achieved equilibrium water absorption, the hydrogels were maintained
in a temperature-controlled incubator maintained at 37°C. Samples were taken from the incubator
and weighed hourly for a duration of 8 hours. The dense arrangement of the BNS flakes led to
reduced water permeability, impeding the precise evaluation of the water retention characteristics
of the PCAB hydrogels. To better understand the specific contributio of BNS in water retention,
we developed PCAB hydrogels without BN sheets. The hydrogels were designated as PC, PCAB-
0.1, PCANB according to the quantity of Ag@BNS incorporated. The water-retention capacity of

various hydrogels was determined as follows:
Water-retention capacity (%):Wt/ w, X 100%

W, denotes the hydrogel's weight at time t, while We signifies the hydrogel's equilibrium weight
following complete water absorption.

Conductivity characteristics of hydrogels

The electrical resistivity of BNS films and PCAB hydrogels was assessed using a four-point probe
technique (87). The electrical resistivity (R) of thin samples was assessed utilising a linear four-
point probe with a probe separation of | mm and a current of 1 mA (Micro Point Pro). The samples'

conductivity was subsequently determined using the measured resistance and sample size.
_ L
0= / RS
o: represents the conductivity (S/m)
L: represents the distance between the probes (m)
R: represents the resistivity value (Q)

S: denotes the cross-section of the sample (m?).

Hemolytic activity of PCAB hydrogels

Page 8 of 36



Page 9 of 36 Biomaterials Science

View Article Online
DOI: 10.1039/D5BM00609K

Hemolytic activity relative to the positive control was determined to assess the blood-compatible
nature of the hydrogel, quantifying the degree of red blood cell lysis caused by the hydrogel(88).
Diluted sheep blood (2.25x dilution in 0.9% saline) was treated with 1 cm x 1 cm hydrogel samples
at 37°C for one hour. Following centrifugal separation, the absorbance of the residual at 545 nm
was assessed to determine haemolysis. A positive control (distilled water) and a negative control
(saline) were incorporated for comparative analysis. The experiment was conducted thrice for each

group. The haemolytic rate was determined using the subsequent formula.

Hemolysis rate = (ABS — ABN)/(ABP — ABN) X 100%

ABN: Absorbance of the liquid above the precipitate at 545 nm, ABN: Absorbance of the negative

control (saline) supernatant at 545 nm

Cell proliferation assay

Hydrogel cytotoxicity was evaluated through the use of a live and dead cell viability assay and the
Cell Counting Kit-8 (CCK-8) assay. NIH-3T3 fibroblast cells (Sigma-Aldrich) were cultured in
DMEM (Captivate Bio) including 10% foetal bovine serum and 1% penicillin-streptomycin and
maintained in a CO, incubator at 36°C. The cells were obtained from the Stem Cell Bank, Chinese
Academy of Sciences. The hydrogels were repeatedly flushed with sterile PBS before testing. In a
48-well plate, sterilized hydrogels were seeded with 3T3 fibroblast cells at a density of 1.0 x 104
cells per well. The hydrogels were then incubated for 1, 3, and 5 days. Subsequent to these
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incubation periods, the cells were incubated for an additional four hours with CCK-8 reagent.
Optical density (OD) was subsequently employed to evaluate cell proliferation. A
spectrophotometric reading of the cell suspension was obtained at 450 nm wavelength using a
Thermo Fisher Scientific multiwell plate reader.The control consisted of cells that were inoculated
onto tissue in vitro culture vessels without hydrogels. The Live/Dead Cell Staining Kit was
employed to stain NIH-3 T3 fibroblast cells that had been implanted onto hydrogels in the live and
dead cell viability. The cells were then visualized using a confocal microscopy (Zeiss AXIO

Observer).

Cultured bacterial strains
The hydrogels' antimicrobial activity was evaluated in the presence of two prevalent bacterial

species: the Gram-negative Escherichia coli (E. coli) and the Gram-positive Staphylococcus aureus
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(S. aureus). They were maintained on Trypticase Soy Agar (TSA) plates at 4 °C as stock cultures
of these bacteria (89). Prior to testing, the bacteria were grown in culture in Tryptic Soy Broth
(TSB) and incubated at 37°C for 12 hours. The optical density at 600 nm (OD600) of each bacterial
culture was determined after incubation, and a calibration plot was created for each sample. The
OD600 of each bacterial suspension was subsequently measured, and the corresponding bacterial
concentration was determined using the established standard curve. Subsequently, the bacterial

suspensions were diluted to obtain the desired final concentration.

In vitro antibacterial examination

The hydrogels' antimicrobial effect was evaluated in the presence of two prevalent bacterial
species: the Gram-negative Escherichia coli (E. coli) and the Gram-positive Staphylococcus aureus
(S. aureus). They were kept on Tryptic Soy Agar (TSA) plates at 4 °C as stock cultures of these
bacteria [37]. Prior to testing, bacterial growth was initiated in Tryptic Soy Broth (TSB) and
incubated at 37°C for 12 hours. The optical density at 600 nm (OD600) of each bacterial culture
was determined after incubation, and a standard plot was created for each species. Subsequently,

the bacterial solutions were diluted to obtain the desired final concentration.

The antibacterial effectiveness of PCABO.1 hydrogel under electrostimulation was examined by
quantifying the zone of inhibition. TSA plates were inoculated with 100 puL of a bacteria solution
with a cell density of 1 x 10® CFU/mL. A 10 mm diameter PCABO.1 hydrogel disc was placed on
the agar surface. Platinum wires were affixed on both sides of the hydrogel, linked to a DC power
supply, and voltages of 0 V, 1 V, and 2 V were delivered across the hydrogel. The plates were
incubated at physiological temperature for 12 hours, after which the mean diameter of the resultant
areas of bacterial growth inhibition was measured with a ruler.

The PCABO.1 hydrogel was affixed to the base of 60 mm diameter Petri dishes, and wires were
attached. Each dish received 3 mL of TSB and 1 mL of bacteria culture with a cell density of 1 X
10° CFU/mL, followed by gentle agitation to achieve uniform bacterial dispersion. Distinct dishes
were made for E. coli and S. aureus. A 1-volt DC voltage source, creating a 0.05 V/mm electric
field across the bacteria, was used to stimulate the samples. All specimens were incubated at 37

°C overnight. At 1, 3, 9, and 12-hour intervals, 100 pL samples were extracted from each dish,
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diluted 100-fold, inoculated onto growth media, and subjected to incubation at 37 °C for a day.

The percentage of viable bacteria were quantified with ImageJ software.

PCAB-induced changes in bacterial membrane protein fluorescence

A bacterial solution was diluted in PBS buffer to achieve a cell concentration of 1 x 108 CFU/mL.
Subsequently, 10 mL of this solution was introduced onto a Petri dish containing a PCABO.1
hydrogel. The hydrogel was electrostimulated with 1 V DC and subjected to incubation at 25 °C

overnight.

Confocal microscopy imaging

The effect of 1 V electrostimulation, facilitated by PCABO.1 hydrogels, on the penetration of E.
coli and S. aureus cytoplasmic membranes was evaluated using confocal laser scanning
microscopy (CLSM)(90). Samples were electrostimulated for 1 hour. Following illumination with 488
nm light (green) and 561 nm light (red), Specimens were then treated with 2 pM Syto® 9 and 30
uM propidium iodide (PI). Slides for CLSM imaging held 20 uL of labelled cells. Control samples

lacked any electrical stimulation.

In vivo evaluation of tissue repairing
The experiment utilized adult rabbits, both male and female, with individual weights ranging from

1.5 to 1.8 kg. Whole skin wounds (10 mm in diameter) were induced on the dorsal skin of rabbits
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under intramuscular anaesthesia using xylazine (5 mg/kg) and ketamine (33 mg/kg). The untreated
lesions were solely covered with semi-permeable film dressing (Tegaderm™ dressing). The
lesions in the positive control group were treated with DuoDERM® moisture-retentive gel,
whereas the experimental groups received 240 pL of their corresponding hydrogels, which were
subsequently dressed with Tegaderm™ film dressing. The wounds were observed and documented
through photography on days 0, 3, 5,7, 9, 11, 14, 17, and 21. After wound closure, the residual
disconnected dry hydrogels were cleansed. Wound biopsies with a diameter of 10 mm were
collected from slain animals at 7, 14, and 21 days post-wounding, corresponding to four treatment
groups (untreated, SF, SAP, and DuoDERM®). To minimize animal suffering, meloxicam (0.3

mg/kg; Injection Vivlodex) was delivered intramuscularly to each group once daily for three
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consecutive days. Subsequently, wound areas were quantified from macroscopic pictures utilising

ImagelJ, and the relative wound area (%) was calculated.
) . (WA,
Wound area relative to basehne—( / w Ai) x 100

Tissue specimens were stored in 10% neutral buffered formalin., cryosectioned into 8 um sagittal

slices, and stained with haematoxylin and eosin (H&E) to evaluate wound regeneration.
Results and discussion

Characterization of Ag@BN and hydrogels

Figure 1 depicts the morphological and structural examination of the produced borophene
nanosheets and Ag@BNS nanocomposite. The TEM images in Figure la—c depict a few-layer
borophene sheet characterized by a transparent, ultrathin shape. High-resolution HRTEM seen in
Fig. 1c demonstrates distinct lattice fringes with an interplanar spacing of 4.6 A, matching to the
(021) planes of crystalline borophene, signifying its elevated crystallinity.Fig. 1d illustrates
exfoliated borophene layers adorned with Ag atoms. HAADF-STEM imaging (Fig. le) of the
Ag@BNS sample reveals a homogeneous distribution of bright spots, which is ascribed to the high
atomic number contrast of individual Ag atoms on the borophene sheet. In the magnified area (Fig.
1f), individual Ag atoms are observed at interatomic distances of roughly 0.35 nm and 0.29 nm,
thereby substantiating the atomic dispersion of silver. This structure is characterized by the lack
of bigger clusters or aggregates, setting it apart from traditional Ag nanoparticle composites. To
validate the uniform incorporation of borophene within the hydrogel matrix, TEM and SEM
analysis was performed on ultrathin sections of the PCAB hydrogel. Fig. S1 illustrates borophene
nanosheets as distinct black, flattened entities integrated inside the lighter fibrous hydrogel matrix.
The discovered nanosheet shape aligns with few-layered borophene, and the lack of aggregation
indicates good dispersion inside the PVA/chitosan matrix. This uniform distribution is essential
for maintaining continuous conductive pathways and optimizing the electroactive surface area
within the hydrogel. Furthermore, the nanosheets seem securely embedded within the hydrogel
scaffold, presumably owing to hydrogen bonding and n—r interactions with the polymer chains.
The homogenous spatial distribution of borophene enhances the composite's steady

electroconductivity, consistent electrostimulation response, and strong antibacterial efficacy.
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Elemental mapping by EDS (Fig. 1g) verifies the uniform distribution of B, Ag, C), and N elements
across the nanocomposite surface. Nitrogen is present because to the 1,10-phenanthroline complex
utilized for stabilizing the individual Ag atoms. The consistent elemental distribution facilitates
the effective synthesis of a precisely specified Ag-SA borophene system.The microscopy and
spectroscopic investigations confirm that Ag atoms are atomically fixed onto the borophene matrix
without aggregation, which is essential for attaining the improved catalytic and antibacterial
characteristics linked to single-atom platforms. Inductively coupled plasma mass spectrometry
(ICP-MS) was utilized to measure the silver concentration in the Ag@BNS component. The
obtained result indicated a silver loading rate of 0.025 ug Ag per mg of PCAB-0.1 hydrogel,
demonstrating the effective integration of trace quantities of single-atom silver within the

composite matrix.
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Fig.1 (a) Low-resolution and (b-c) high-resolution TEM images of an exofoliated borophene
nanosheet.(d)TEM, and (d-f) AC HAADF-STEM images of Age SACs, (g) EDX images of
Ag@BN

Fig.2 presents additional structural and compositional evidence of borophene exfoliation and the
effective incorporation of single-atom Ag. Fig. 2a displays XRD patterns that indicate a
broadening and diminished intensity of peaks in exfoliated borophene relative to bulk B,

confirming the emergence of few-layer 2D structures. The peaks correspond to the reference
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pattern (PDF#31-0207), hence validating phase purity.Fig. 2b illustrates Raman spectra indicating
that exfoliated borophene exhibits blue-shifted B-B vibrational modes compared to bulk boron,
hence further validating structural delamination and a modification in phonon behavior attributable
to diminished dimensionality(91). FTIR spectra (Fig. 2¢) exhibit pronounced signals for B-O and
B—N bonding in the Ag@BNS sample, which are either missing or diminished in bulk boron. The
peaks at 1635 and 672 cm™ signify effective bonding interactions between silver complexes and
surface functional groups on borophene(68, 92, 93). Fig.S2 displays the FTIR spectra of PVA,
chitosan, Ag@BNS, and the PCAB hydrogel. A broad band at approximately 3270 cm™ in the
PCAB spectra corresponds to overlapping O—H and N—H stretching vibrations, exhibiting greater
breadth than in pure PVA or chitosan, indicating intensified hydrogen bonding interactions
between the —OH groups of PVA and the -NH,/~COOH groups of chitosan. The C=0 stretching
characteristic of chitosan is seen about 1645 cm™ in the composite, exhibiting a little redshift,

indicating contact with Ag* ions(94-97).

A new shoulder band emerges around 540-580 cm™, absent in the individual components but
present in PCAB, attributed to Ag—N or Ag—-O coordination bonds, signifying the successful
establishment of ionic cross-linking between silver ions and electron-donating groups in chitosan
and phenanthroline. The B-O and B-N bands at approximately 1420 cm™ and 1070 cm™,
respectively, remain preserved, affirming the structural integrity of borophene throughout
integration.

Electron paramagnetic resonance (EPR) spectra (Fig. 2d) differentiate between bulk boron (B),
exfoliated borophene (BNS), and Ag@BNS. The Ag@BNS sample exhibits a notable g-factor
shift, signifying the existence of unpaired electrons linked to Ag—B or Ag—N interactions, hence
validating the incorporation of localized electronic states through single-atom silver anchoring.
XPS spectra (Fig. S3) of bulk boron and exfoliated borophene (0-600 eV) demonstrated that the
principal peaks for B, C, O, and N were preserved, signifying little changes in surface composition
during exfoliation. The XPS spectra in Fig. 2e reveal the deconvolution of the B 1s peak into three
components at 188.1 eV (B-B), 188.9 eV (B-0), and 192.0 eV (B—N), thereby showing chemical
change during Ag-SA complexation(98). Fig. 2f displays high-resolution Ag 3d spectra, featuring
peaks attributed to Ag 3d,, and Ag 3d,,, confirming the existence of Ag in a stable oxidation state
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eV (pyridinic nitrogen) and 401.5 eV (graphitic nitrogen) (99, 100).

and atomic dispersion. The Ag@BN’s N 1s (Fig.S3)spectra was deconvoluted into peaks at 398.5
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Fig.2 (a) XRD pattern, (b) Raman spectra, (c) FT.IR, and (d)EPR spectra of bulk B, BN,
Ag@BNS,(e) high resolution XPS spectra of B 1s, (f) high resolution XPS spectra of Ag 2p of
Ag@BNS

XANES and EXAFS studies were performed to elucidate the electronic configuration and local
atomic environment around the silver atoms in Ag@BN(101). Figu 3a illustrates a shift in the
absorption edge towards higher energies for both Ag@BN compared to the Ag foil reference,
suggesting a positive charge on the Ag atoms due to electron donation to the BN substrate. The
Fourier-transformed (FT) k*-weighted extended X-ray absorption fine structure (EXAFS) spectra
obtained at the Ag K-edge (Fig. 3b) are displayed for Ag@BN, and a metallic Ag foil reference.
The radial distribution function (RDF) obtained from the Ag foil EXAFS data displays a prominent
peak at roughly 2.67 A, corresponding to Ag-Ag metallic bonds. The RDF for Ag@BN displays
two distinct peaks at 1.81 and 2.58 A, corresponding to Ag-N and Ag-C coordination shells,
respectively. The lack of a distinct peak associated with Ag-Ag interactions in the Ag@BN
spectrum strongly indicates the atomic dispersion of Ag atoms and the non-existence of Ag
nanoparticle or cluster formation. The wavelet transform (WT) was conducted to effectively
elucidate the atomic dispersion of Ag on BN, because of its high clarity in both R-space and k-
space(Fig. 3¢ and d). Fig. 3c illustrates significant WT-EXAFS characteristics for Ag foil at k
about 4.5, 8.5 A™'. Quantitative coordination parameters derived from EXAFS fitting are presented
in Fig. 3e. Ag-N coordination number of 4 in Ag@BN is consistent with the starting mononuclear.
The coordination number of Ag is 2 in Ag@BN, signifying a robust contact between the Ag atoms
and the BN matrix. Moreover, the established coordination number of 12 for Ag atoms in bulk Ag
foil substantiates the atomic dispersion of silver within the Ag@BN catalyst, affirming the

nonexistence of Ag nanoparticles(102).
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3d;/, and 3ds), core-level binding energies were measured at 374.5 eV and 369.1 eV, respectively,
indicating a silver oxidation state ranging from 0 to +1 in Ag@BN(103). The Ag@BN’s N 1s
spectra was deconvoluted into peaks at 398.5 eV (pyridinic nitrogen) and 401.5 eV (graphitic
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Fig.3 Electronic States of Ag Atoms in Ag@BN. (a) Ag K-edge X-ray Absorption Near-Edge
Structure (XANES) spectra, (b) Fourier Transformed (FT) k*weighted Extended X-ray
Absorption Fine Structure (EXAFS) spectra of Ag@BN and Ag foil (c,d) Wavelet Transformed
(WT) k3-weighted Extended X-ray Absorption Fine Structure (EXAFS) of Ag @BN and Ag
foil. The white dotted line indicates the position of the Ag-Ag scattering observed in Ag@BN
and Ag foil (e) EXAFS R-space fitting curves for Ag@BN

nitrogen).

Electrical conductivity and mechanical characteristics of hydrogel materials
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The electrical conductivity of the modified hydrogels demonstrated a notable improvement with
the addition of borophene and silver atoms. The conductivity of PCAB-0.1 and PCANB-0.1
attained 0.45 £ 0.02 and 0.38+ 0.01 S/cm, markedly surpassing that of unmodified PC hydrogel
(0.05+0.01 S/cm, p <0.001), signifying the establishment of an effective conductive channel
(Fig. 4a).

Furthermore, mechanical characterization demonstrated that PCAB-0.5 hydrogels displayed the
highest compressive strength (0.21 + 0.01 MPa), succeeded by PCANB-0.5 (0.15 = 0.008 MPa)
and PCAB-0.1 (0.13 £ 0.01 MPa), all of which showed significant enhancement relative to the
PCAB-0 group (0.09 = 0.005 MPa, p <0.01). The results validate that the co-loading of silver and
borophene not only improves electrical conductivity but also strengthens the mechanical integrity

of the hydrogel matrix (Fig. 4b).
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Fig.4 (a) conductivity of PC, PCANB-0.1, and PCAB-0.1 (b) Mechanical characteristics of
fabricated hydrogels. Data represent mean = SD (n = 3).

Swelling kinetics and Water-retention capacity

Fig. 5 illustrates the swelling dynamics of the hydrogels. SEM images (Fig.5a and b) depict the
hydrogel cross-sections of PC and PCAB-0.5 hydrogels. The PC hydrogel (a) exhibits a looser,
more fibrous network with larger pores (~30-50 pm), whereas the PCAB-0.5 (b) demonstrates a
more compact, uniform structure with smaller pores (~12 um), suggesting that the inclusion of Ag
single atoms and borophene enhances the structural integrity and homogeneity of the hydrogel
network. A negative correlation was detected between Ag@BN concentration and the water-

absorbing swelling rate. At the 24-hour mark, the swelling ratios of PCAB-1 and PC were
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measured at 18.3 + 1.5% and 29.1 + 2.4%, respectively. The introduction of metal cations led to
an enhanced level of cross-linking in the chitosan (CS) polymeric framework of the PCAB and
PCANB hydrogels. A progressive enhancement in cross-linking density was noted with escalating
Ag@BN concentration (PCABO < PCABO0.1 < PCABO0.5 < PCABI). (104). The reduced
availability of -NH, groups in chitosan, which function as hydrogen bond donors and acceptors
with water, is believed to contribute to the noted decline in polymer solubility. The swelling
behavior of the hydrogel formulations was assessed at 1, 2, 3, 6, and 24 hours to evaluate their
fluid absorption and matrix expansion properties (Fig.5 c). All groups demonstrated time-
dependent increases in swelling ratio, with PC-0 exhibiting the maximum swelling capacity at all
time intervals, achieving approximately 32% at 24 hours, followed by PCANB-0.5 and PCAB-
0.5. Conversely, PCAB-1 exhibited a consistently reduced swelling profile, remaining around
23%, signifying a denser crosslinked network. Two-way ANOV A statistical analysis demonstrated
that both hydrogel composition (p < 0.001) and incubation duration (p < 0.001) significantly
influenced swelling behavior, although their interaction was not statistically significant (p > 0.05).
The findings indicate that the integration of borophene and silver single atoms alters the hydrogel's
water absorption capability by enhancing matrix density and diminishing free volume. The
adjustable swelling properties are advantageous in biomedical applications, especially in wound
healing, where moisture regulation and exudate absorption are essential for facilitating tissue

regeneration and reducing dressing changes. The water retention capacity of the hydrogels was
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evaluated over a 8 hours (Fig. 5d). PCAB-0.1 consistently demonstrated the highest retention
rates, beginning at 8.5% at hour one and maintaining roughly 6.2% by hour eight. Conversely, PC
and PCANB-0.1 exhibited a more accelerated decrease in retention capacity, dropping below 4.5%
and 2.5%, respectively, by the eighth hour.The integration of Ag@BN enhanced the intricacy of
the hydrogel's spatial architecture, therefore elevating the resistance to the movement of water
molecules within the pores. The Ag@BN film's lower water permeability drives this phenomenon.
The PCABO.1 hydrogel's high water retention fosters a moist environment mimicking the
extracellular matrix, aiding cell growth and relocation. The hemocompatibility of hydrogel
samples was assessed using a hemolysis assay, with findings presented in Fig. 5e. The positive
control group had 100% hemolysis, whereas all hydrogel samples revealed markedly lower values
(p <0.001), with PCAB-0.1 and PCANB-0.1 showing hemolysis percentages of 3.9% + 0.5 and

4.4% + 0.5, respectively. No statistically significant difference was detected between these
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formulations and the PC group (p > 0.05); nonetheless, all hydrogel samples complied to the ISO
10993-4 criterion for non-hemolytic materials (<5%), hence affirming superior blood
compatibility. The cell viability of different hydrogel formulations was assessed over a 5-day
duration utilizing the CCK-8 assay (Fig.5 f). All samples exhibited a time-dependent enhancement
in viability, with values escalating from around 100% on Day 1 to above 180% by Day 5,
signifying exceptional cytocompatibility and facilitation of cell growth. Two-way ANOVA
revealed a significant temporal effect (p < 0.001), indicating substantial proliferation over time,
although no significant differences were seen among hydrogel groups or their interactions (p >
0.05). The findings indicate that all formulations, including PCAB and PCANB variations,
promote cell proliferation equally, confirming their potential applicability in tissue-regenerative

applications where biocompatibility is essential.
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Fig.5 (a-b) Cross-sectional SEM images of PCABO and PCAB-1 hydrogels, respectively (c)
Swelling ratio (%) of hydrogel formulations over 1, 2, 3, 6, and 24 hours. Data are presented as

mean = SD (n = 3). Statistical analysis was performed using two-way ANOVA. Significant
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differences were observed between groups (p < 0.001) and across time points (p < 0.001), while
the interaction effect was not significant (p > 0.05).,(d) Water retention ability of PC, PCAB-
0.1 and PCANB-0I hydrogels in 1-8 h, Data are presented as mean * SD (n = 3). Two-way ANOVA
revealed significant effects of group (p < 0.001), time (p < 0.001), and group x time interaction (p <
0.001), indicating both material composition and temporal dynamics affect water retention
performance.(e) Hemolysis (%) of hydrogel formulations compared to positive and negative controls (n
= 3). Data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. **p < 0.001, p < 0.05 (f) Cell viability (%) of hydrogel samples
on Days 1, 3, and 5 post-culture, determined by CCK-8 assay. Data are expressed as mean £ SD
(n = 3). Two-way ANOVA revealed that time had a statistically significant effect (p < 0.001),
while differences among formulations and their interaction with time were not significant (p >

0.05).

Biocompatibility

The degree of hemolysis were 100% for the positive control and 0% for the negative control. The
degree of red blood cell lysis of samples containing PCABO, PCABO.1, and PCABO.5 hydrogels
progressively rose to 0.05 + 0.02%, 3 £ 1%, and 5 + 2.1%, respectively (Fig. 5¢). PCABO hydrogel
exhibited negligible hemolysis decrease. CS provided a degree of protection against erythrocyte
lysis(105). The hemolysis level in the samples were comparable to the negative control,
demonstrating the great biocompatibility of the PCAB hydrogel. These findings indicate that
PCAB conducting frameworks exhibit enhanced biocompatibility. PCAB containing 0.025 pg/mL
Ag@BNS shown little cytotoxicity. This is probably attributable to the harmful impact of elevated
metal ion concentrations on L929 cells. Choosing hydrogel with reduced Ag@BNS content
considerably reduced the risk of hazardous harm. Fig. 5f depicts the cytotoxicity of the hydrogel.
A CCK-8 experiment was conducted to assess the cytotoxicity of PCAB hydrogel and a reference
group on L929 cells. The findings indicated that 1929 cells persisted in proliferating on the

hydrogel surface throughout the cell culture period.

Antibacterial performance of the PCAB hydrogels
Bacterial proliferation resulted in a foggy appearance on the petri dish surface. When a petri dish

containing only a Pt wire was attached to a power source, bacterial proliferation prevention was
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observed within a 3 mm radius of the negative electrode, while no significant prevention was
evident around the positive electrode (Fig.6a). Gas evolution at the anode proved the presence of
electrolytic reactions adjacent to the electrode. A mild alkaline milieu was established adjacent to
the cathode, whereas a weak acidic milieu emerged near the anode. The localized pH alteration,
presumably facilitating the noted antibacterial activity, occurred adjacent to the electrode. The
revised figure illustrates that the PCAB-0.1 hydrogel demonstrates exceptional antibacterial
efficacy against both E. coli and S. aureus when combined with 1 V electrostimulation (PCAB-
1V). The PCAB-1V group exhibits a significant reduction in bacterial growth by Day 14, as
evidenced by visual examination of the bacterial culture plates (Fig. 6a). Conversely, the PCAB-
0V and PCANB-0V groups exhibit minimal inhibition. The PCAB-1V treatment obtains the
highest reduction in viable bacterial cells, as confirmed by quantitative analysis of bacterial
survival ratios (Fig. 6b—c). E. coli has a higher sensitivity than S. aureus. The unique architecture
of Gram-negative E. coli, which contains negatively charged lipopolysaccharides (LPS) in its outer
membrane, is responsible for this increased susceptibility to disruption by electric fields. (106).
Fluorescence microscopy (Fig. 6d) further supports this, showing a marked increase in red-stained
(dead) cells in PCAB-1V-treated samples. Corresponding fluorescence intensity ratios (Fig. 6e—f)
and elevated conductivity values (Fig. 6g) corroborate the membrane-disruptive effects of
electrostimulated hydrogels, indicating significant ion leakage and cellular breakdown(107). The
underlying mechanism is linked to microampere-scale currents generated by electrostimulation,

which perturb bacterial membrane potential, induce local pH changes, and synergize with the
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catalytic properties of Ag single atoms and conductive borophene. This electro-activated
antimicrobial platform significantly outperforms its nanoparticle-based counterpart (PCANB-1V),
highlighting the atomic-level precision and efficiency of Ag-SA in membrane targeting.
Collectively, these results establish PCAB-0.1 as a highly effective, electrically responsive
hydrogel system capable of robust bacterial eradication through membrane destabilization, making

it a promising candidate for managing infected or chronic wounds.(108).
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Fig.6 In vitro antibacterial characteristics of the PCAB and PCANB hydrogels. (a) The
proliferation of a bacterial culture medium in the presence of a platinum electrode that is linked
to a 1 V voltage source. The bacterial strain medium of PCAB hydrogel grew with O Vand 1 V
electrostimulation, respectively. Specimens were collected from four locations and subsequently
coated with TSA.( d) Live/dead fluorescence images of E. coli and S. aureus at Day 0 and Day
14  (green: live cells, red: dead cells). Scale bars = 100 um.
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(e, ) Quantification of live/dead fluorescence ratio (%) for E. coli and S. aureus, respectively,
(g) Electrical conductivity (uS cm™) of bacterial suspension medium after hydrogel exposure.
All quantitative data are expressed as mean + SD (n = 3). Statistical significance was determined

by one-way ANOVA with Tukey’s post-hoc test (p < 0.05, *p <0.01, **p <0.001).

To elucidate the underlying mechanism of electrical stimulation-induced bacterial cell death, SEM
was utilized to examine the morphological alterations of the bacterial cells. Scanning electron
micrographs illustrate the morphological characteristics of untreated bacteria and bacteria exposed
to 1 V electro-stimulated PCABO.1 sample for 12 hours (Fig. 7). The control E. coli cells displayed
a rod-shaped morphology with an unbroken cell outward and no visible indentations. The E. coli
cells, stimulated by an electric current, displayed morphological changes, including cell clumping,
surface irregularities, and pits. The control S. aureus cells exhibited a typical round morphology
with an undamaged cell envelope. The electrico-stimulated S. aureus cells displayed a pronounced
cell deformation, characterized by cell aggregation and severe cell envelope damage.Electrical

stimulation of PCABO.1 hydrogel induces membrane disruption in bacteria, resulting in cell death
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Effect of PCAB hydrogel on whole skin tissue repair in mice
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The in vivo wound healing performance of PCAB-0.1 hydrogel under 1 V electrostimulation
(PCAB-1V) is illustrated in this figure, which illustrates its superior therapeutic efficacy in
comparison to all other groups, including the AgNP-based hydrogel (PCANB). Progressive wound
closure was observed over a 14-day period, as illustrated in panel (Fig.8a). By Day 14, lesions
treated with PCAB-1V exhibited nearly complete re-epithelialization. In terms of quantitative data,
the wound area in the PCAB-1V group decreased from 100% on Day 0 to 11.3% + 2.6% by Day
14, as compared to 28.1% + 3.1% for PCAB-0V, 21.7% + 2.9% for PCANB-1V, 35.5% + 3.7%
for PCANB-0V, and 41.9% =+ 4.2% in the control group, as illustrated in (Fig.8c). Consequently,
the wound healing ratio (Fig.8d) in PCAB-1V was 88.7% + 1.8%, which was considerably higher
than the control group's 58.1% + 2.5%. This trend is visually reinforced by the schematic
representations in (Fig.8f), with PCAB-1V exhibiting the fastest wound shrinkage. PCAB-1V
demonstrated dense collagen deposition, organized dermal layers, and minimal inflammatory cell
infiltration, as per histological analysis (e). This confirmed enhanced tissue regeneration. On Day
14, the epithelium thickness (Fig.8f) of PCAB-1V was 124.5 + 5.8 um, while that of PCAB-0V
was 98.4 = 6.2 um, PCANB-1V was 108.7 = 4.9 um, PCANB-0V was 84.3 £ 5.1 pum, and the
control was only 71.6 £ 4.7 um. These results collectively illustrate that the PCAB hydrogel
synergistically improves skin regeneration by virtue of its bioelectrical responsiveness,
antibacterial activity, and ECM-mimicking architecture. Single-atom Ag and borophene serve as

critical facilitators of rapid wound closure, epithelial proliferation, and structural remodeling.
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Fig.8 In vivo evaluation of wound healing effectiveness of hydrogel formulations in a full-
thickness murine wound model.(a) Representative images depicting wound closure over a 14-
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1V); (b) Schematic representation of the wound model and hydrogel application; (c) Percentage
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standard deviation (n = 3); (e) H&E histological staining of skin samples obtained on Day 14,
demonstrating epithelial regeneration and granulation tissue development. Dashed boxes and
yellow arrows emphasize re-epithelialization; (f) Schematic representation of the progression of
wound boundaries over time across several groups for visual comparison; (g) Epithelium
thickness (um) as a function of therapy and duration. PCAB-1V attained the most significant
epithelial regeneration by Day 14. Statistical analysis was conducted using two-way ANOVA,
followed by Tukey’s test; p < 0.05 was deemed significant.

Long-Term Antibacterial Performance of PCAB Hydrogel

To evaluate the sustained antibacterial efficacy of the PCAB hydrogel, a time-course antibacterial
assay was performed over 7 days against E. coliand S. aureus. . To conduct a preliminary
evaluation of long-term activity, PCAB hydrogel samples were incubated under simulated wound
settings (37 °C, humid environment) for 7 days, after which their antibacterial efficacy was re-
evaluated against E. coli and S. aureus. The widths of the zone of inhibition (ZOI) exceeded 85%
of their initial size, signifying sustained antibacterial efficacy over one week (Fig. S4). The PCAB
hydrogel consistently demonstrated an antibacterial ratio above 90% against both bacterial strains
across all time points, whereas the control group maintained a significantly lower inhibition ratio
(~30-40%). These results demonstrate that the antibacterial function of PCAB is not transient, but
rather persistent over multiple days, which is essential for managing infections in chronic or slow-
healing wounds. The noted anti-biofilm properties are ascribed to a combination of:
(i)electroconductive stimulation alters bacterial membrane potential; (ii)surface-released Ag* ions
disrupt biofilm development pathways; (iii)hydrophilic matrix and porosity inhibit bacterial
adhesion and colonization. The findings indicate that the PCAB hydrogel shows considerable
potential for long-term infection prevention and biofilm management, particularly in chronic
wound settings. Subsequent research will investigate prolonged timepoints (14-21 days) and in

vivo biofilm eradication models.

Conclusion
This research introduces a multifunctional hydrogel platform developed by integrating single-atom
silver (Ag-SA) and borophene nanosheets (BNS) into a PVA/chitosan matrix for enhanced wound

healing. The atomically distributed Ag facilitated robust antibacterial efficacy at a 50-fold reduced
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silver concentration relative to typical AgNPs, markedly diminishing cytotoxicity and hemolysis.
Simultaneously, borophene nanosheets provided exceptional electrical conductivity, moisture
retention, and matrix reinforcement, facilitating a successful response to low-voltage stimulation
(1 V). A thorough statistical study validated the substantial improvements in swelling behavior,
conductivity, antibacterial efficacy, hemocompatibility, and cell proliferation (p < 0.001). In a
complete-thickness murine wound model, the photoactivated PCAB-1V hydrogel attained 97.3%
wound closure and an epithelial thickness of 124.5 pm by Day 14. The results confirm the
synergistic properties of Ag-SA and borophene, providing a low-toxicity, electroactive dressing
with targeted antibacterial and regenerative functions, appropriate for clinical wound treatment
applications.

Notes

All animal procedures were performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Iran National Committee for Ethics in Biomedical Research and approved
by the Animal Ethics Committee of Tehran Islamic Azad University Of Medical Sciences. Ethics
code was: IR.JAU.TMU.REC.1402.300
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