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Localized Surface Plasmon Resonance-Enhanced
Photocatalytic Antibacterial of In Situ Sprayed 0D/2D
Heterojunction Composite Hydrogel for Treating Diabetic

Wound

Zhengao Wang, Wei Li, Youzhun Fan, Cairong Xiao, Zhifeng Shi, Yunbing Chang,
Guoyan Liang, Chengli Liu, Zurong Zhu, Peng Yu,* Xuebin Yang,* Zhiguo Song,*

and Chengyun Ning

Chronic diabetic wounds pose significant challenges due to uncontrolled
bacterial infections, prolonged inflammation, and impaired angiogenesis. The
rapid advancement of photo-responsive antibacterial therapy shows promise
in addressing these complex issues, particularly utilizing 2D heterojunction
materials, which offer unique properties. Herein, an in situ sprayed Bi/BiOClI
0D/2D heterojunction composite fibrin gel with the characteristics of rapid
formation and effective near-infrared activation is designed for the treatment
of non-healing diabetes-infected wounds. The sprayed composite gel can
provide protective shielding for skin tissues and promote endothelial cell
proliferation, vascularization, and angiogenesis. The Bi/BiOCl 0D/2D
heterojunction, with its localized surface plasmon resonance (LSPR), can
overcome the wide bandgap limitation of BiOCl, enhancing the generation of
local heat and reactive oxygen species under near-infrared irradiation. This
facilitates bacterial elimination and reduced inflammation, supporting the
accelerated healing of diabetes-infected wounds. This study underscores the
potential of LSPR-enhanced heterojunctions as advanced wound therapies for
chronic diabetic wounds.

1. Introduction

Non-healing diabetic wounds are a chronic
complication of diabetes mellitus, pos-
ing significant threats to patients’ health
and quality of life.l!! The management
of chronic diabetic wounds presents sub-
stantial challenges, including the risks of
uncontrolled bacterial infection, long-term
inflammation, and impaired angiogenesis,
leading to compromised oxygen delivery.!?!
Accelerating  angiogenesis, promoting
local neovascularization and peripheral
blood flow, on-demand sterilization, and
reducing inflammation in diabetic wounds
are crucial for facilitating chronic wound
healing.}] In traditional clinical practice,
diabetic wounds are treated with infec-
tion control, wound debridement, graft
transplantation, blood glucose manage-
ment, and early graft revascularization.[*]
However, these strategies only provide
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limited wound healing outcomes. Although wound autografts,
novel dressings, and tissue engineering products have shown
potential in promoting vascularization in diabetic wounds,
the complex microenvironment of diabetic wounds and the
lack of coordinated treatment design have hindered their full
effectiveness.’] Therefore, there is an urgent need to develop
advanced and effective wound therapies that can facilitate an-
giogenesis, neo-vascularization, and timely resolution of in-
flammation and bacterial infections in chronic diabetic wound
tissues.

With the rapid development of nanotechnology, photo-
responsive antibacterial therapy has emerged as a promising
alternative for diabetic wound treatment.[®! This approach offers
non-invasiveness and a broad antibacterial spectrum through
redox reactions at the nano-bio interface.l’) Specifically, bismuth
oxychloride (BiOCl), a 2D material, in conjunction with van
der Waals heterojunctions, exhibits remarkable potential as
a photocatalytic antibacterial agent.l®] This is attributed to its
distinctive physicochemical properties, such as an exception-
ally large specific surface area, adjustable electronic structure,
minimal electron/hole recombination rates, and a wealth of
surface-active sites.[®>°] These properties surpass the limitations
of traditional lattice-matching requirements. Unfortunately,
the intrinsic wide bandgap of BiOCI limits its application to
short-wavelength range light, leading to suboptimal photocat-
alytic performance in facilitating reactive oxygen species (ROS)
generation.['%) Various methods, such as heteroatom doping,!'!!
defect formation,['?! and heterostructure design,[*] have been
explored to improve light response. Among these methods,
localized surface plasmon resonance (LSPR) has emerged as a
favorable solution to enhance light absorption, inhibit photo-
generated charge carrier recombination, and improve the photo-
catalytic antibacterial performance of BiOCL[*l LSPR occurs on
the surface of metal nanostructures, such as gold,"®! silver,°]
copper,!'’! and bismuth,[*®] and the formation of heterojunctions
by coupling plasmonic nanostructures with semiconductors
holds great potential for antibacterial phototherapy via plas-
monic energy transfer from the metal nanostructure to the
semiconductor.*"!

In this study, an in situ sprayed Bi/BiOCl 2D/0D hetero-
junction composite hydrogel had been developed. It had an
LSPR-enhanced antibacterial effect for the treatment of diabetes-
infected wounds. The Bi/BiOCl heterojunction was synthesized
via an in situ reduction method. In addition, the Bi/BiOCI
was incorporated into fibrin gel, which had unique merits in-
cluding good biocompatibility,[?”) amenability to a simple spray-
coating approach,?!l and wound healing through promoting
angiogenesis.[??l The Bi/BiOCl heterojunction with LSPR could
effectively promote NIR absorption, leading to enhanced antibac-
terial efficacy. Therefore, the engineered Bi/BiOCl heterojunc-
tion composite hydrogel not only temporarily shielded tissues
from the external environment and promoted endothelial cell
proliferation and vascularization but could also generate local
heat and ROS under near-infrared light laser (NIR) (808 nm) irra-
diation to eliminate bacteria and reduce inflammation (Figure 1).
Herein, we provided the proof-of-principle evidence for the use
of an in situ sprayed NIR-activated Bi/BiOCl heterojunction com-
posite hydrogel to support accelerated diabetes-infected wound
healing.
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2. Results and Discussion

NIR-activable Bi/BiOCl heterojunctions were facilely synthesized
via an in situ reduction method. The BiOCI nanosheets exhib-
ited a square 2D structure with a width of 100-300 nm, and
Bi nanoparticles were in situ grown on the surface of BiOCl,
as shown in Figure 2a,b. The density and size of Bi nanoparti-
cles could be controlled by tuning the concentration of NaBH,
(Figure S1, Supporting Information). TEM images of Bi/BiOCl
revealed uniform dispersion of Bi nanoparticles with a width of
10-30 nm on the BiOCl nanosheet surfaces. The high-resolution
TEM (HRTEM) image in Figure S2b, Supporting Information ex-
hibits well-crystallized BiOCI nanosheet with clear lattice fringes,
featuring a d,;, spacing of 0.275 nm. In addition, the HRTEM
image suggests the possible presence of subgrains within the
BiOCl nanosheet. The selected area electron diffraction (SAED)
pattern from one of the BiOCl nanosheet displayed sharp diffrac-
tion spots indicative of good crystallization (Figure S2c, Support-
ing Information). However, the irregular and non-periodic ar-
rangement of diffraction spots supported the potential existence
of subgrains in the BiOCI nanosheet. In the case of the Bi/BiOCl
sample, HRTEM image (Figure S2e, Supporting Information)
revealed that some BiOCl nanosheets were reduced by NaBH,
to form Bi nanoparticles. These Bi nanoparticles exhibited dis-
tinct lattice fringes, characteristic of rhombohedrally structured
Bi. Further, minor amorphous Bi was observed, particularly at the
surface of Bi crystals, as indicated by the HRTEM images. This
observation was corroborated by the SAED patterns of Bi/BiOCl
(Figure S2f, Supporting Information), which exhibited diffuse
diffraction rings typical of an amorphous material.

XRD analysis (Figure 2c) confirmed the diffraction peaks of
the 2D nanosheet belonging to the BiOCl phase. In addition,
new diffraction peaks at 20 values of 27.1°, 37.9°, and 39.6°
corresponded to the metallic Bi (PDF#00-0249).1°] Figure S3,
Supporting Information illustrates the XRD patterns of pure
BiOCl and NaBH,-treated BiOCl samples with varying concentra-
tions. Upon treatment with NaBH, solution, additional diffrac-
tion peaks corresponding to metallic Bi were observed in the
XRD patterns. Notably, the intensity of the metallic Bi diffrac-
tion peaks gradually increased with increasing concentration
of NaBH, solution. When the NaBH, solution concentration
reached 100 mw, a pure metallic Bi phase was formed. Moreover,
the partial magnified detail of 100Bi/BiOCl suggested the persis-
tence of the crystal structure of BiOCI. These XRD results sug-
gested that NaBH, treatment induced the progressive reduction
of BiOCl into metallic Bi. The XPS survey spectrum (Figure 2d)
confirmed the main elements in Bi/BiOCl as Bi, O, and Cl. The
peaks at 165.0 and 159.2 eV were attributed to Bi** 4f; while, the
peaks at 162.3 and 157.0 eV originated from Bi® 4f, indicating par-
tial reduction of BiOCl to metallic Bil?*! (Figure 2e). Further XPS
narrow scan analysis for O corroborated that NaBH,-mediated
reduction could enhance oxygen vacancies (Figure S4a, Support-
ing Information). The red-shift in banding energy of Bi** and
O suggested that electrons in the Bi nanoparticle could transfer
to Bi** and the oxygen vacancy state, consistent with the results
of density-functional theory (DFT) calculations. To delve deeper
into the role of oxygen vacancies in the redox process of Bi*t,
detailed electron spin resonance (ESR) analysis was employed.
As depicted in Figure S4b, Supporting Information, testing the
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Figure 1. Schematic illustration of Bi/BiOC| nano-heterojunction-based in situ sprayed composite hydrogel for LSPR-enhanced photocatalysis antibac-

terial, facilitating angiogenesis and accelerating diabetic wound healing.

pure BiOCl sample revealed the presence of a characteristic peak,
indicating the existence of oxygen vacancies. Upon addition of
NaBH,, the strength of this characteristic peak in the synthe-
sized compound notably increased. Moreover, the average zeta
potential of nanoparticles changed from —25.8 mV for BiOCl to
—16.05 mV for Bi/BiOCl, confirming the strong electrostatic ad-
sorption of Bi nanoparticles on BiOCI®! (Figure 2f).

Bi/BiOCl nanosheets were incorporated into the fibrin gel
to fabricate nanocomposite hydrogels. A vial turnover test con-
firmed the successful formation of the Bi/BiOCI@Fibrin gel (in-
set in Figure 2g). SEM images displayed uniform distribution
of Bi/BiOCl within the fibrin network structure of the hydrogel
(Figure 2g). EDS analysis confirmed the presence of Bi, O, and
Cl elements in the Bi/BiOCI@Fibrin gel (Figure 2h). Appropriate
rheological properties are crucial for the spray forming operation
of the hydrogel, which is essential for effective wound treatment.
The rheological properties of the Bi/BiOCl@Fibrin gel were sub-
sequently evaluated. Throughout the entire angular frequency
range, the storage modulus (G’) of the Bi/BiOCl@Fibrin gel con-
sistently exceeded the loss modulus (G”), indicative of its hydro-
gel characteristics!?! (Figure 2i). In addition, investigation of the
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rheological properties of the Bi/BiOCI@Fibrin gel with varying
concentrations of Bi/BiOCl heterojunction showed no significant
impact on the gel’s characteristics (Figure S5, Supporting Infor-
mation). These findings demonstrate the successful incorpora-
tion of Bi/BiOCI nanosheets into the fibrin gel matrix to form
nanocomposite hydrogels. The resulting Bi/BiOCI@Fibrin gel
exhibited favorable rheological properties, which holds promise
for various biomedical applications.

A comprehensive investigation was conducted to look at the
optical absorption and near-infrared (NIR)-excited electro/hole
separation of Bi/BiOCl heterojunctions. UV-vis diffuse re-
flectance spectroscopy revealed that BiOCl solely absorbed UV
light, whereas Bi/BiOCl exhibited a continuous and robust ab-
sorption across the range of 200-1300 nm (Figure 3a). Utilizing
the Kubelka-Munk function,[?’] we calculated the band gap
values for BiOClI and Bi/BiOCl. The band gap of Bi/BiOCl was
found to be substantially reduced from 3.48 to 0.40 eV compared
to pure BiOCI (Figure 3b; Figure S6, Supporting Information). In
addition, the significant overlap between the UV-vis absorption
of Bi/BiOCl and LSPR band of Bi may potentially interfere
with the determination of the band gap. To investigate the
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Figure 2. The preparation and characterizations of Bi/BiOCI@Fibrin gel. a) FE-SEM images of BiOCl and Bi/BiOCI. b) TEM of Bi/BiOCl and elemental
mapping images of Bi, O, and Cl. ¢) XRD patterns of Bi/BiOCI. d) XPS survey spectra of BiOCl and Bi/BiOCI. e) XPS narrow scan for Bi. f) Zeta potential
of BiOCl and Bi/BiOCI. g) FE-SEM images of Bi/BiOCI@Fibrin gel. h) EDS spectrum of Bi/BiOCI@Fibrin gel and Fibrin gel. i) Rheological properties of

Bi/BiOCI@Fibrin gel and Fibrin gel. Data for (f) represents mean +/— SD.n = 3.

recombination rate of free electrons and holes, we performed
fluorescence analysis (Figure 3c). Two characteristic bands in
the fluorescence spectra at 465 and 479 nm corresponded to
direct and indirect electron-hole recombination, respectively.[28]
Remarkably, the characteristic bands of the Bi/BiOCl hetero-
junctions were barely discernible, indicating significantly lower
charge recombination compared to pure BiOCl. The PL emis-
sion intensity decreased with the density of Bi nanoparticle,
indicating that the photoinduced dissociated electrons were
rapidly transferred from Bi nanoparticle to BiOCl, leading to PL
quenching, and effectively, suppressing the recombination of
photogenerated carriers in Bi/BiOCl nanoheterojunction (Figure
S7, Supporting Information).[??! The photocurrent response was
evaluated under several switching cycles of intermittent NIR to
assess charge separation efficiency. The Bi/BiOCl photocurrent
response was five times stronger than that of BiOCl, demonstrat-
ing that Bi/BiOCl exhibited higher charge separation efficiency
than pure BiOCl (Figure 3d).3% In addition, we used electro-
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%P < 0.001.

chemical impedance spectroscopy (EIS) to analyze electron
transfer at the interface. The EIS of Bi/BiOCI exhibited a smaller
semicircle size, suggesting lower electrical resistance compared
to BiOCl (Figure 3e).

Quantitative analysis of reactive oxygen species (ROS) gen-
eration induced by pure BiOCl and Bi/BiOCl was performed
using the non-specific reactive oxygen detection probe 2,7’
Dichlorodihydrofluorescein (DCFH). The DCFH was oxidized
to form DCF by ROS, and the characterization of DCF by
a microplate reader confirmed ROS generation. As shown
in Figure 3f; Figure S8, Supporting Information, when near-
infrared light was irradiated for 10 min, the control group pro-
duced negligible ROS; while, the ROS production of the Bi/BiOCl
heterojunction gradually increased. Among them, 100Bi/BiOCl
could be increased to ~ten times. To discern ROS species with
precision, including superoxide radical (-O,), singlet oxygen
(*0,), and hydroxyl radicals (-OH), we employed ESR spin trap-
ping with spin labeling. The solutions containing Bi/BiOCl or
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Figure 3. NIR-excited electro/hole separation, ROS generation, and LSPR-induced photothermal of the Bi/BiOCI nanojunction. a) UV-vis—NIR absorp-
tion spectrum, b) the plot of ahv'/? versus hv, c) PL spectrum, d) photocurrent, and e) electrochemical impedance spectroscopy of BiOCI and Bi/BiOCI.
f) Bi/BiOCl-induced ROS production. g) Singlet oxygen in an aqueous dispersion with TEMP being irradiated with NIR. h) Photothermal heating curves

and i) cyclic photothermal heating curves of BiOCl and Bi/BiOCI.

BiOCI samples and spin probes were irradiated by NIR for 10
min. The Bi/BiOCl sample displayed a typical ESR spectrum with
three lines having relative intensities of 1:1:1; while, the pure
BiOCl sample showed no characteristic ESR peaks (Figure 3g).
This result demonstrated that Bi/BiOCI could catalyze the gen-
eration of singlet oxygen ('0,) under NIR irradiation owing
to the localized surface plasmon resonance (LSPR) enhance-
ment of Bi nanoparticles. Further, the amplifying effect of Bi on
-0,~ generation closely paralleled its impact on 'O, generation
(Figure S9a, Supporting Information). It is noteworthy that nei-
ther BiOCI nor Bi/BiOCl could induce -OH generation due to in-
herent structural constraints (Figure S9b, Supporting Informa-
tion). The nanoheterojunction and oxygen vacancies could im-
prove the efficiency of photogenerated charge separation and en-
hance O, adsorption performance of BiOCl. The photo-generated
electrons could combine with O, adsorbed on the surface of cat-
alyst to form superoxide radicals (-O,~), which could be further
oxidized to singlet oxygen (10,).>!] Overall, these findings indi-
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cate that the Bi/BiOCl heterojunctions possessed enhanced opti-
cal absorption, improved charge separation efficiency, and supe-
rior ROS generation capabilities under NIR excitation compared
to pure BiOCl.

As depicted in Figure 3h, the Bi/BiOCl heterojunctions ex-
hibited rapid temperature elevation from 32.0°C to 51.0°C
within 10 min upon exposure to NIR light. This signif-
icant increase in temperature was attributed to the local-
ized surface plasmon resonance effects of Bi nanoparticles
integrated into the heterojunction. In contrast, pure BiOCl
showed almost negligible change in surface temperature un-
der the same NIR irradiation conditions. Moreover, the laser
on—off cycles of Bi/BiOCl, as depicted in Figure 3i, demon-
strated that repeated irradiation had minimal influence on the
photothermal properties, highlighting the exceptional photo-
stability of Bi/BiOCl. These remarkable findings collectively
signify the superior NIR activable activity of the Bi/BiOCl
heterojunctions.
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Figure 4. The density-functional theory (DFT) calculations and the electromagnetic field distribution of Bi/BiOCI. a) The simulated crystallographic
structure and b) differential charge density map of Bi/BiOCl. The green and yellow areas represent the decreased electron density (electron loss area)
and increased electron density (electron area), respectively. c) Band structure, d) density of states (DOS), and e) plane-averaged differential charge
density of Bi/BiOCl based Vienna ab initio simulation package (VASP). f) The electromagnetic field distribution of Bi/BiOCl by COMSOL Multiphysics.

The density functional theory calculations revealed that the Bi
atom of Bi nanoparticle loses electrons and BiOCl gains elec-
trons, resulting in electrons transferring from Bi nanoparticle
to BiOCI at the interface of Bi/BiOCI (Figure 4a,b).3! Accord-
ing to the calculation results of energy bands, it can be con-
cluded that Bi/BiOCI interfaces exhibited metallic characteris-
tics (Figure 4c). The metal-semiconductor heterojunction inter-
faces favored charge separation and transferred once they were
excited. The density of states (DOS) further proved that the inter-
face of Bi/BiOClI exhibited metallic characteristics, and the elec-
tronic states near the Fermi level were mainly occupied by Bi-p or-
bitals (Figure 4d). The plane-averaged differential charge density
showed that at the interface of Bi/BiOCl, Bi atom of Bi nanopar-
ticle lost electrons, BiOCI gained electrons, and electrons trans-
ferred from Bi to BiOCl (Figure 4e).1*] To demonstrate the LSPR
enhancement of the Bi nanoparticle, we simulated the electro-
magnetic field distribution on the surface of Bi/BiOCl hetero-
junctions based on COMSOL finite element analysis. As shown
in Figure 4f, the electromagnetic field was greatly enhanced at
the top of Bi nanoparticle under NIR irradiation. The LSPR ef-
fect of Bi nanoparticle generated a concentrated “hot spot” region
to generate many photoelectrons; and then, the excited electrons
were quickly transferred to the surface of BiOCl by the built-in
electric field created by Bi nanoparticle and BiOCl. In addition,
given its large surface area, BiOCl provided considerably active
sites for ROS generation. This would lead to less recombination
and fast separation/collection processes, which would agree well
with the above photoluminescence spectra.

Bacterial infection treatment is critical for chronic wound
tissue of Diabetes Mellitus in clinical practice. Based on the
promising NIR-responsive activity of Bi/BiOCl heterojunctions,
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engineered Bi/BiOCI@Fibrin gel could prevent wound infec-
tions. First, we evaluated the antibacterial effect of Bi/BiOCl
heterojunction in vitro under the NIR irradiation. The spread
plate result (Figure 5a) revealed that the Bi/BiOCl exerted negligi-
ble effects on bacterial viability in the dark. By contrast, Bi/BiOCl
exhibited promising antibacterial activity against Staphylococcus
aureus and Escherichia coli under the NIR irradiation. As shown
in Figure 5b, the inactivation rate of S. aureus and E. coli reached
99.38% and 94.58%, respectively. At the same time, the antibac-
terial rate increased with the density of bismuth particles (Figure
S10, Supporting Information). We further assessed minimum
inhibitory concentrations (MICs) of photo-responsive Bi/BiOCl
against methicillin-resistant S. aureus (MRSA) to determine the
optimal concentration for practical applications. The results
suggested that Bi/BiOCl at 256-512 ug mL™' was significantly
bactericidal (Figure S11, Supporting Information). Thus, we
believe that a concentration range of 256-512 ug mL~! is appro-
priate for practical applications. Further, the recurrence of drug
resistance to Bi/BiOCl was evaluated by incubating MRSA with
Bi/BiOCl from Passage 1 through multiple growth passages
(Passages 2-10). The MICs of Bi/BiOCl against MRSA were
determined for each passage to assess the potential for recurrent
bacterial resistance. Remarkably, Bi/BiOCl maintained consis-
tent MIC values against MRSA across all ten passages, indicating
a minimal risk of acquiring drug resistance over prolonged ex-
posure periods. The excellent antibacterial performance of
the Bi/BiOCl heterojunctions inspired us to investigate the
antibacterial activity of Bi/BiOCl nanocomposite gel. S. aureus
was selected as the model bacterium to study the NIR activable
antibacterial activity of Bi/BiOCI@Fibrin gel. As expected,
Bi/BiOCl@Fibrin gel had a definite antibacterial property upon
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Figure 5. Antibacterial properties of the Bi/BiOCI@Fibrin gel. a) Photographs of bacterial colonies formed by S. aureus and of E. coli. After treatment with
BiOCl or Bi/BiOCl without or with 808 nm irradiation. b) Antibacterial efficiency of Bi/BiOCl against S. aureus and or E. coli. ) SEM images and live/dead
fluorescent photos through calcein-AM/PI staining of S. aureus. d) Antibacterial efficiency of Bi/BiOCI@Fibrin gel against S. aureus. e) Real-time infrared
thermal images and f) photothermal heating curves of pure fibrin gel and Bi/BiOCl nanocomposite gel. g) ROS production of Bi/BiOCl nanocomposite
gel under 808 nm irradiation as determined by DCFH. Data for (b,d) represents Mean +/— SD. n = 3. ns, not statistically significant. ***P < 0.001.

NIR irradiation. The antibacterial rate of BBFG-7 (the mass ratio
of Bi/BiOCl in the recomposite was 7%) was 99.50% (Figure 5d).

To further verify the antibacterial ability, live/dead staining
assay and SEM were employed to examine structural integrity
of bacterial membranes. As shown in Figure 5S¢, live bacteria
with intact cytoplasmic membranes were stained by membrane-
permeable SYTO9 (green); while, dead bacteria with degraded cy-
toplasmic membranes were stained by membrane-impermeable
PI (red). There was hardly any red fluorescence observed in the
control group, indicating the integrity of bacterial membrane
structure. In addition, the Bi/BiOCI@Fibrin gel group displayed
enhanced red fluorescence and bacteria lost their membrane in-
tegrity. Afterward, the integrity of the bacterial membrane was
examined by SEM (Figure 5c). The normal S. aureus showed an
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intact spherical structure with glossy and unharmed membranes.
After treatment with Bi/BiOCI@Fibrin gel and NIR irradiation,
the S. aureus cytoplasmic membranes were seriously compro-
mised with obvious surface collapse, which was consistent with
the live/dead staining assay.

We assessed the photothermal performance of the Bi/BiOCl
nanocomposite gel using real-time infrared thermal images and
photothermal heating curves, with irradiation from 808 nm
near-infrared light. The temperature of gels containing vary-
ing amounts of Bi/BiOCl heterojunction gradually increased
(Figure 5f), and the hydrogels with 7% Bi/BiOCI exhibited the
most significant heating effect, reaching a temperature increase
0f 25 °C within 200 s under a power density of 1.5 W cm™2. In con-
trast, the pure fibrin gel did not show a noticeable temperature
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Figure 6. Biocompatibility evaluation of Bi/BiOCI@Fibrin gel in vitro. a) Live/dead staining of HUVEC cells after 24 h of contact with different samples.
Green fluorescence indicates live cells; while, red fluorescence indicates dead cells (The scale bar is 200 um). b) Relative absorbance at 450 nm of HUVEC
cells after 1 and 3 days of contact with different samples. c) Calcein AM stained imaging showing the migration of HUVECs at different time points (The
scale bar is 500 pm) d) Quantitative analysis of HUVEC migration, represented as the percentage of wound closure over time. The number of samples

for (a—d) is n = 3. ***P < 0.001.

increase, indicating that the hydrogel gained photothermal prop-
erties after the addition of Bi/BiOCI. To evaluate the production of
reactive oxygen species (ROS), DCFH was employed. As shown
in Figure 5g, under 808 nm irradiation, no ROS production was
detected in the control group or the fibrin gel group. However, the
BBFG-7 gel demonstrated ~ten times the ROS production within
10 min. These results validate the strong NIR responsiveness of
the Bi/BiOCl nanocomposite gel and highlight its potential for
NIR-responsive therapy in antimicrobial applications.

It can be hypothesized that the Fibrin gel, composed of throm-
bin and fibrinogen, would exhibit biocompatibility as it could
serve as a scaffold for cell proliferation. To evaluate this, live/dead
cell staining and CCK-8 assays were performed on HUVEC cells.
As depicted in Figure 6a, HUVEC cells incubated within the
Bi/BiOCl@Fibrin gel demonstrated a high cell density and a
homogeneous cell morphology, exhibiting robust green fluores-
cence indicative of live cells. Conversely, there was a minimal
presence of dead cells, suggesting that the gel provided a favor-
able microenvironment conducive to cell viability and survival.
Consistent with the live/dead staining results, the CCK-8 cell cy-
totoxicity assay (Figure 6b) corroborated the excellent biocompati-
bility of the Bi/BiOCl@Fibrin gel. The assay demonstrated a high
cell viability, indicating that the gel did not elicit significant cyto-
toxic effects or impede cell growth and proliferation. To further
elucidate the effect of the Bi/BiOCI@Fibrin gel on cell migra-
tion, we employed a scratch assay. A controlled scratch was cre-
ated on a 24-well plate, followed by the placement of transwells
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containing the hydrogel scaffolds to assess HUVEC cell migra-
tion. After a 48-h incubation period, remarkable cell migration
and wound closure were observed in the Bi/BiOCI@Fibrin gel
group (Figure 6¢). The wound area in the test group exhibited a
substantial reduction to 40.16% compared to the initial wound
size. In contrast, the negative control group displayed a less pro-
nounced wound closure, with 76.67% of the wound area remain-
ing (Figure 6d). These findings suggested that Bi/BiOCl@Fibrin
gel exhibited high biocompatibility and had the potential to pro-
mote wound healing and skin regeneration. These results high-
light the promising application of Bi/BiOCI@Fibrin gel in the
field of wound healing and skin regeneration, demonstrating its
ability to support cell viability, migration, and tissue repair.

To evaluate the therapeutic potential of Bi/BiOCI@Fibrin gel
in NIR-activatable antibacterial effects, we established an ani-
mal model of S. aureus-infected diabetic wounds in vivo to in-
vestigate the wound closure efficacy of the composite hydro-
gel (Figure 7a).**] The process of diabetic rat modeling in-
volved administering streptozotocin injections for 12 consecutive
days. This led to a significant increase in glucose levels, reach-
ing 28.4 mmol mL™! (>16.7), confirming the induction of dia-
betes in the mice (Figure S12, Supporting Information). The di-
abetic mice were categorized into four groups: Control group,
Fibrin gel group, 7% Bi/BiOCI@Fibrin gel (BBFG) group, and
7% Bi/BiOCl@Fibrin gel + 808 nm for 10 min (BBFG+NIR)
group. An infrared thermal camera was utilized to monitor the
temperature changes in the BBFG + NIR group, induced by the
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Figure 7. Bi/BiOCI@Fibrin gel accelerated wound healing. a) The animal model of S. aureus-infected diabetic wounds. b) Real-time infrared thermal
images showing temperature changes in the treated wounds. c) Photothermal heating curves depicting the temperature rise in mice with different
treatments. d) Sequential photographs of skin wounds at days 0, 2, 4, 8, and 14 in different experimental groups. e) Wound healing boundaries at
different time points in the various groups. The red area represents the initial wound area; while, the pink, blue, green, and purple areas represent the
wound area on days 2, 4, 8, and 14, respectively. f) Quantitative analysis of the wound areas at different time points, demonstrating the progression of
wound healing. g) Digital photographs showing S. aureus colonies grown on LB agar plates extracted from different experimental groups.

808 nm NIR laser (Figure 7b). As depicted in Figure 7c, the
temperature of the BBFG + NIR group progressively increased
from 30 °C to 53 °C within 6 min. This observed phenomenon
aligned with the results of in vitro photothermal experiments and
could be attributed to the LSPR effect induced by the Bi/BiOCl
heterojunction. Conversely, the control group displayed no sig-
nificant temperature alteration, thereby further confirming the
exceptional NIR-responsive performance of the composite hy-
drogel. Representative images of the wounds at predetermined
time intervals were captured and presented in Figure 7d, and
the wound areas were quantified accordingly (Figure 7e). Notably,
the wounds treated with the BBFG+NIR hydrogel exhibited su-
perior healing outcomes compared to the control group, fibrin
gel group, and BBFG group (Figure 7f). Specifically, by day 8,
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the BBFG + NIR group achieved a remarkable 56.53% wound
closure, which was significantly higher than the closure rates ob-
served in the control group (33.38%), fibrin gel group (41.93%),
and BBFG group (46.91%). Remarkably, by day 14, the wounds
treated with BBFG + NIR demonstrated the most advanced heal-
ing progress, with only 16.06% of the initial wound area remain-
ing, indicating substantial formation of new skin (Figure 7e,f).
To assess the antibacterial efficacy in vivo, bacteria were extracted
from the wound tissue and cultured on agar medium for colony
counting (Figure 7g; Figure S13, Supporting Information). The
results were consistent with the in vitro antibacterial findings,
demonstrating that the BBFG + NIR group effectively inhibited
bacterial survival and reproduction within the wound area under
NIR irradiation. These comprehensive results validated that the
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treatment utilizing Bi/BiOCl@Fibrin gel, in combination with
NIR irradiation, significantly accelerated the healing of diabetic
wounds in vivo, particularly in the presence of S. aureus infec-
tion. The observed enhanced wound closure, promotion of new
skin formation, and potent antibacterial effects exhibited by the
BBFG + NIR group highlight the promising potential of this ap-
proach for the effective management of diabetic wounds. In situ
sprayed hydrogels may exhibit low mechanical strength and sta-
bility, which limit their practical applications, particularly in out-
door settings or in dynamic environments. To enhance the me-
chanical properties and stability of the hydrogels, strategies such
as crosslinking can be employed to improve their structural in-
tegrity and resistance to mechanical stress.

Diabetic wound healing is a complex and dynamic process in-
volving various biological phases. To provide a comprehensive
assessment of the therapeutic effects, histological analysis was
conducted to examine the infected tissues of mice treated with
the composite hydrogel. Hematoxylin and eosin (H&E) staining
(Figure 8a,b) and Masson’s trichrome staining (Figure 8c,d) were
employed to evaluate the infected tissues of mice. On day 4, the
diabetic-infected wounds exhibited an abundance of inflamma-
tory cells and a loss of collagen fibers. In comparison, the BBFG
+ NIR group demonstrated a reduced presence of inflamma-
tory cells compared to the other treatment groups. By day 14,
in the control group, although collagen fibers had increased, the
presence of inflammatory cells persisted, and collagen distribu-
tion remained uneven, resulting in delayed wound healing. In
contrast, the BBFG + NIR group exhibited a significant reduc-
tion in inflammatory cells, accompanied by a well-organized de-
position of collagen, covering 81.81% of the wound area. The
anti-inflammatory nature of BBFG + NIR could be attributed
to the bactericidal and immunomodulatory. Fibrin may be a key
switch in regulating macrophage phenotype behavior, and this
feature may provide a valuable immunomodulatory strategy for
tissue healing and regeneration.* These findings indicated that
the BBFG + NIR treatment promoted a more favorable wound-
healing environment characterized by reduced inflammation and
enhanced collagen synthesis and deposition.

Neovascularization is a critical process in tissue regeneration,
and inadequate local blood supply can impede wound healing.[>¢!
To evaluate the formation of microvessels, immunohistochemi-
cal staining of CD31 was performed. As depicted in Figure 7e,f,
on day 8, all the hydrogel-treated groups exhibited a limited num-
Dber of vessels with sporadic distribution of capillaries. Over time,
microvessel formation gradually increased. Notably, the BBFG
+ NIR group demonstrated a significantly higher level of neo-
vascularization compared to the control group by day 14. Fib-
rin is a major component of the provisional extracellular matrix
formed during tissue repair following injury and enables cell in-
filtration and anchoring at the wound site.[”] This suggested that
the BBFG + NIR treatment promoted angiogenesis, facilitating
improved blood supply to the wound area and supporting tissue
regeneration. Further, bacterial infection is a common compli-
cation in diabetic wounds and can hinder the healing process.
To assess the bacterial load in different groups, Giemsa stain-
ing was performed. Figure 7gh reveals that on day 4, the con-
trol group, fibrin gel group, and Bi/BiOCl Fibrin gel group ex-
hibited a substantial presence of bacteria within the wounds.
In contrast, the BBFG + NIR group showed minimal bacterial
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staining, indicating effective antibacterial performance mediated
by LSPR effect of the Bi/BiOCl heterojunction. Collectively, the
in situ sprayed NIR-responsive Bi/BiOCl-based gel in our study
demonstrated accelerated wound healing, enhanced angiogene-
sis, bacterial elimination, and reduced inflammation in diabetic
mice.

3. Conclusion

Herein, we have successfully developed a novel antibacterial
Bi/BiOCI@Fibrin gel with excellent NIR-responsive antibacte-
rial activity and a high biocompatibility via a super-convenient
strategy. Both in vitro and in vivo results demonstrated that
this Bi/BiOCl-based gel simultaneously and effectively addressed
features of the diabetic infected-wound healing milieu such as
chronic wounds, impaired angiogenesis, bacterial infection, and
exacerbated inflammation, thereby promising a better therapeu-
tic material for the diabetic wound treatments.

4. Experimental Section

Materials:  Bismuth nitrate pentahydrate (Bi(NO;);-5H,0, AR),
potassium chloride (NaCl, AR), mannitol (AR), polyvinylpyrrolidone (PVP,
Mw = 58 000), and sodium borohydride (NaBH,, AR) were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All
the chemicals were used without further purification. Bovine fibrinogen
(Mw: 340 kDa) and lyophilizing thrombin powder were purchased from
Yeasen Biotechnology (Shanghai) Co., Ltd. (Shanghai, China) and Hunan
Yige Pharmaceutical Co., Ltd. (Tianjin), respectively.

Synthesis of Bi/BiOCI Nano-Heterojunction: Typically, 1.820 g manni-
tol was dissolved in deionized water. Then, 1.944 g Bi(NO3);-5H,0 was
added to the above solution. After 30 min of vigorous stirring, 10 mL of
NaCl saturated solution was added dropwise into the mixture with stir-
ring and a uniform white suspension was formed. After another 10 min of
agitation, the mixture solution was transferred into a 100 mL Teflon-lined
stainless steel autoclave, which was then heated up to 160 °C, maintained
for 3 h, and then, cooled down naturally. The resulting product was col-
lected for the following experiment.

0.250 g of PVP was dissolved in 25 mL deionized water and 0.500 g of
as-synthesized BiOCl nanoplates was added to the above solution with 15
min magnetic stirring. Then, a certain concentration of NaBH, (15 mL)
was added quickly into the above mixture, followed by 10 min of magnetic
stirring. After the reaction, the products were collected by centrifugation
and washed with anhydrous ethanol and deionized water, respectively, in
sequence three times, and finally dried under vacuum. When the final con-
centrations of NaBH, were 25, 50, and 100 mmol L', the obtained sam-
ples were denoted as 25Bi/BiOCI, 50Bi/BiOCl, and 100Bi/BiOCI. Unless
otherwise specified, the Bi/BiOCl was 100Bi/BiOCI.

Synthesis of Bi/BiOCl Nanojunction Composite Gel: Fibrin gels were
synthesized through spraying equal volumes of thrombin (10 mg mL™")
and fibrinogen (50 U mL~") with Bi/BiOCI. The obtained hydrogels were
named as Bi/BiOCI@Gel-X (BBFG-X), where X was the mass percent con-
centration of Bi/BiOCI (in the text, 1, 3, and 7 stands for the concentration
of Bi/BiOCl of 0.01, 0.03, and 0.07 mg mL~", respectively). If X was not
stated, the mass concentration of Bi/BiOCl was 0.07 mg mL™".

General Characterization of Bi/BiOCl and Composite Gel:  The morphol-
ogy of the samples was characterized by scanning electron microscope
(SEM, Merlin, Zeiss) and TEM (JEM-2100F, JEOL, 200 kV). For SEM/TEM
observation, the Bi/BiOCl was ultrasonically dispersed. The suspension
was then dropped on the surface of the carbon copper grid and dried in the
air. The structural and element composition of the BiOCl were character-
ized by XRD (Empyrean, Panaco Netherlands) and XPS (ThermoFisher ES-
CALAB Xl+), calibrating all binding energies using impurity carbon (C 1s
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Figure 8. Bi/BiOCI@Fibrin gel reduces inflammation, increases collagen deposition, promotes angiogenesis, and eliminates bacteria in diabetic mice.
a) Hematoxylin and eosin (H&E) staining image of mice wound healing at days 4 and 14 with different treatments, highlighting the histological changes.
b) Quantitative analysis of inflammatory cells in the wounds. c) Masson’s trichrome staining of the wound sections at days 4 and 14, visualizing collagen
deposition. d) Quantitative analysis of collagen deposition area. e) Immunohistochemical staining for CD31in wound tissues at days 8 and 14, indicating

the formation of blood vessels. f) Quantification of blood vessel area, providing numerical data on the extent of angiogenesis. g) Giemsa staining of

wound tissues after 4 days, revealing the presence of bacteria within the wounds. h) Quantification of residual bacteria in the wounds. Data represent
mean +/— SD. n = 6. ns, not statistically significant. *P < 0.05, **P < 0.01, and ***P < 0.001.
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=284.8 eV) as reference, respectively. The UV-vis absorption spectra were
obtained on an ultraviolet—visible diffuse reflection (UV-vis DRS) (SHI-
MADZU UV-3600 Plus) with a self-supporting sample cell, and the pure
BaSO, was used as a reflectance standard. The photoluminescence spec-
tra (PL) were obtained on the FLS980 (Edinburg, England). Photocurrent—
time curves and electrochemical impedance spectroscopy (EIS) data were
recorded by an electrochemical workstation (Zahner, Germany), wherein
platinum was used as the counter electrode and the Ag/AgCl electrode
served as the reference electrode. A NIR laser of 808 nm was used as a
light irradiation source. Na,SO, solution (0.5 mol L) served as the elec-
trolyte. The samples were immersed in 200 uL phosphate-buffered saline
(PBS) to facilitate equilibrium during light irradiation under the aforemen-
tioned power. The surface temperature of samples was recorded at 1 min
intervals for a total of 10 min by a Fotric-220 infrared imaging camera
(Fotric, Germany). The heating—cooling cycle curve was obtained under
808 nm irradiation.

The ROS sensor, 2’,7'-dichlorodihydrofluorescein (DCFH), was used
to determine the in vitro ROS generation ability. All tests were per-
formed in a dark environment to eliminate the influence of light. The
samples immersed in 100 uL DCFH solution in 96-well plates were ob-
tained and subjected to 808 nm. The dye was consumed every 3 min
to determine the ROS content. Electron spin resonance (ESR) and spin
trapping methods were utilized to demonstrate the production of ROS.
Equivalent quenching agents, including a 0.2 mol L~' DMPO aqueous
solution, a 0.2 mol mL~™' DMPO methanol solution, and a 5 mg mL™!
TEMP aqueous solution, were employed to detect signals of hydroxyl
radicals, superoxide radicals, and singlet oxygen, respectively. Follow-
ing a 5-min irradiation period, equivalent quenching agents containing
500 ug mL~" powder were introduced into the quartz capillary, and the
ESR spectra were recorded using an EMXPlus-10/12 instrument (Bruker,
Japan).

Each hydrogel was lyophilized after freezing at —80 °C under vacuum
for 48 h. After the dried hydrogels were coated with platinum, they were
inspected under SEM. The rheological property of each hydrogel was
recorded in 0.1-10% frequency sweep mode at 37 °C by a rotary rheometer
(Physician MCR301, Anton Paar).

Theoretical Simulation: All the calculations were performed in the
framework of the density functional theory with the projector augmented
plane-wave method, as implemented in the Vienna ab initio simula-
tion package.[*¥] The generalized gradient approximation proposed by
Perdew—Burke-Ernzerhof (PBE) was selected for the exchange-correlation
potential.3%] The cut-off energy for the plane wave was set to 450 eV. The
energy criterion was set to 107> eV in the iterative solution of the Kohn—
Sham equation. All the structures were relaxed until the residual forces on
the atoms had declined to less than 0.02 eV A~". To avoid interlaminar
interactions, a vacuum spacing of 20 A was applied perpendicular to the
slab. The formation energy Eg,,,,, was expressed as:

Eform = Edefect - Eperfect - EFe (1

where Egerec; and Eperecy Were the total energy of the defect and perfect
model, respectively. Eg, was the chemical potential of the Fe atom.

The electromagnetic field on the surface of Bi/BiOCl was calculated us-
ing COMSOL Multiphysics. This calculation allowed for the evaluation of
the stimulated resonance oscillation of valence electrons, which led to a
reduction in reflected light intensity and the generation of localized sur-
face plasmon resonance through resonance energy transfer between the
evanescent wave and surface plasmons.

Antibacterial Activity:  Considering that E. coli, ATCC25922 is the typi-
cal Gram-negative bacteria and S. aureus, ATCC25923 is the typical Gram-
positive bacteria, the antibacterial activity of Bi/BiOCl against these two
types of bacteria was observed. Bacteria were incubated in LB medium
for 24 h at 37 °C, and then, mixed with powder sample (500 ug mL™")
at a density of 1 x 106 CFU mL~". For irradiation group, the bacteria
received 10-min irradiation treatment by 808 nm laser at a power den-
sity of 1.5 W cm~2. The mixture was taken to dilute 1 x 102 times. The
diluted 50 uL mixture was spread on each LB agar plate, and then, in-
cubated at 37 °C for 12 h to determine the number of survival cells (in
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CFU). The bacterial suspension (1 x 10 CFU mL~") without photocat-
alyst and irradiation was used as a control group. The antibacterial per-
formance was assessed as the equation: Antibacterial efficiency (%) =
(1=Neyperiment/Ncontrol) X 100, where Ncoy.o) Was the count of CFU in the
control group, and Neyperiment Was the count of CFU in the experiment
group. The 100 uL bacterial suspension (1 10 CFU mL~") was dropped
on the surface of gel. The antibacterial experiments of composite gels were
similar to those of Bi/BiOCI heterojunctions. Antibacterial performance
was also evaluated by live/dead fluorescence staining. Living S. aureus
stain green whereas dead ones stain red. Bacterial morphology was ob-
served by SEM. S. aureus and samples were co-cultured with and without
808 nm irradiation. After being fixed with 2.5% glutaraldehyde solution for
2 h, the samples were sequentially dehydrated with 30%, 50%, 70%, 90%,
and 100% ethanol for 20 min, respectively. After being dried, the sample
was coated with platinum in a sputter coater and observed by SEM.

Cell Experiments: HUVEC cells were seeded on the surface of samples
in 48-well plates (5 x 10* cells per well) and cultured for 1and 3 days. The
cell viability was determined using the Cell Counting KIT-8 (CCK-8, Do-
jindo, Japan) assay, and the optical density (OD) value at 450 nm was ob-
tained using a microplate reader (Cytation 5, BioTek, USA.). Live/dead as-
say of HUVECs was performed using Calcein-AM/Propidium iodide (Cal-
ceinAM/PI, Invitrogen) staining. After the HUVECs were double-stained
with CalceinAM/PI for 20 min, the viability of HUVECs was evaluated by
an inverted fluorescence microscope (Zeiss Axio Observer 7, Germany).
In vitro HUVECs migration assay followed and HUVECs were seeded into
24-well plates at a density of 5 x 10* per well. After overnight incuba-
tion, a straight scratch was created by pipette tip (1 mL), and the cells
were gently washed twice with PBS. A Transwell containing Fibrin gel
or Bi/BiOCI@Fibrin gel was placed in each well. After 48 h of culture,
HUVECs were stained with propidium iodide. Afterward, the cells were
washed with PBS twice and imaged using an inverted fluorescence micro-
scope.

Animal Experiments: Male BALB/c mice (6 weeks old) were purchased
from the Laboratory Animal Centre of the Southern Medical University
(Guangzhou, China). Briefly, streptozotocin (50 mg kg™') was adminis-
tered through i.p. injection for 5 consecutive days to establish the diabetic
mouse model. The blood glucose of the mice was monitored using a glu-
cometer (Haier blood glucose meter, China). Mice with blood glucose lev-
els < 16.7 mm were excluded, and the rest were confirmed diabetic mice.
Diabetic mice were anaesthetized by phenobarbital sodium, and a round
full thickness wound (diameter: 7 mm) was made on the back of the mice
using scissors. Fifty mL of S. aureus (1x 108 CFU mL~") was then dropped
onto the wound to induce diabetic skin infection. After 10 min, the in-
fected wound was washed with a PBS solution twice. Immediately, fibrin
gels containing different formulations (Gel, BB@Gel) were sprayed on to
cover the wound via a dual-cartridge sprayer. Meanwhile, the mice were
divided into four groups: Control, Fibrin gel, Bi/BiOCI@Fibrin gel, and
BBFG + NIR group. For Control, Bi/BiOCI@Fibrin gel, and BBFG+NIR
group, the mice were irradiated with 808 nm, 1.5 W cm~2 for 10 min, and
temperature changes were recorded with a thermal infrared imaging cam-
era (Fotric 220, Germany). Untreated S. aureus-infected mice served as
controls. Wounds were photographed every 2 days, and the length and
width were recorded to calculate the area. At day 4, sterile cotton swabs
were used to collect bacteria from the wound bed. After dilution, the bac-
teria were evenly coated on the LB agar and cultured for counting. Repre-
sentative mice in each group were sacrificed at 4, 8, and 14 days, and the
wounded skin was collected for histological and immunofluorescent stain-
ing. All experimental procedures at the animal level were performed under
the approval of the Animal Care Committee of South China University of
Technology (approval number: 2022098).

Statistical Analyses: Data analysis was conducted using Prism & soft-
ware (GraphPad Software Inc., CA, USA). Results are expressed as mean
+ standard deviation (SD). Statistical significance was determined using
unpaired two-tailed Student’s t-tests for comparisons between two groups
and ANOVA tests with Dunnett’s or Tukey’s post-test for multiple groups.
Sample sizes (n) and data preprocessing normalization details are pro-
vided in the corresponding figure legends. Significance was set at P < 0.05.
(*P < 0.05, **P < 0.01, and ***P < 0.001).
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