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Abstract

Rationale: Reactive oxygen species (ROS) are emerging antibacterial molecules that
exert antibacterial effects via multi-target attack on cell membranes, proteins, and DNA.
However, ROS is a double-edged sword, as it can not only eliminate bacteria but also
induce damage to mammalian cells. Achieving an optimal balance between ROS-
mediated antibacterial efficacy and biocompatibility remains a challenge.

Methods: This study proposes a maltose (Mal)-mediated strategy for bacteria-specific
ROS modulation. As a proof of concept, piezocatalytic Mal/BaTiO3 composite
nanosheets (namely MBT) are prepared via a two-step reaction. A bilayer gelatin
methacryloyl/MBT composite microneedle (namely MBTM) is further fabricated to
deliver MBT into skin wounds. The selective internalization of MBT by bacteria,
intracellular ROS levels, antibacterial activity, biocompatibility, and wound healing in
S. aureus-infected wounds are comprehensively evaluated.

Results: MBT nanosheets are successfully prepared. They can be selectively
internalized by bacteria, leading to elevated intracellular ROS levels and subsequent
bacterial death, without exerting detrimental effects on mammalian cells. The
fabrication of MBTM microneedle reduces the required dosage of MBT and minimizes
potential adverse effects. MBTM microneedle possesses both biocompatibility and
broad-spectrum antibacterial activity, and accelerates S. aureus-infected wound healing
via complex mechanisms.

Conclusions: This study not only establishes a Mal-mediated bacteria-specific ROS
modulation strategy but also provides a piezocatalytic microneedle platform that
integrates selective antibacterial activity with biocompatibility for infected wound
management.
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Introduction

Chronic cutaneous wounds resulting from trauma, burns, surgical incisions, or diabetes
mellitus pose a growing disease burden that demands urgent attention [1]. Bacterial
infection is one of the major obstacles to wound healing, accounting for complications
in 30-60% of clinical cases [2]. In the past decades, antibiotics, although aimed at
combating bacterial infections, have contributed to the rise of antimicrobial resistance.
Their applications are further limited by a narrow activity spectrum, hypersensitivity,
adverse toxicity, and excessive prescribing [3, 4]. As a result, alternative strategies to
conventional antibiotics are increasingly being pursued.

Reactive oxygen species (ROS), including superoxide anion (-O7), hydroxyl
radical (-OH), hydrogen peroxide (H>0), and singlet oxygen ('0,) are emerging
antibacterial molecules [5, 6]. ROS exerts its antibacterial effects via multi-target attack
on bacterial cell membranes, proteins, DNA, and metabolism [7]. Compared with other
antibacterial strategies, ROS offers several distinct advantages, including high efficacy,
broad-spectrum activity and stimuli-responsive behaviors [8]. Micro/nano materials are
capable of inducing ROS formation through piezocatalytic or photocatalytic processes.
[9-11]. For example, Shi et al. reported a bionic cooling skin loaded with single-sided
metal-organic frameworks (MOFs) for visible light-responsive ROS generation and
broad-spectrum antibacterial treatment [12]. Xu et al. also reported a piezoelectric
bandage incorporating ultrasmall BaTiO3; (BTO) nanoparticles for ROS generation,
which eradicated over 90% of S. aureus within 10 min and achieved 92.6% wound
closure in 14 days [13]. These favorable results fully demonstrate the prospects of ROS
for antibacterial wound healing applications.

To date, considerable efforts have been devoted to developing ROS-producing
nano-micro materials, with significant progress in materials design and composite
engineering that has markedly enhanced their antibacterial efficiency [14-16]. However,
ROS acts as a double-edged sword, as it can likewise induce oxidative injury to
mammalian cells. The optimal balance between ROS-mediated antibacterial efficacy

and biocompatibility remains elusive.



To address this problem, this study first proposes a maltose (Mal)-mediated
strategy for bacteria-specific ROS modulation. The metabolic profiles of bacteria and
mammalian cells differ markedly [17]. To fuel their active metabolism, most bacteria
are capable of taking up environmental Mals, including maltose, maltotriose, and
maltohexaose, through several mechanisms including an adenosine 5'-
triphosphate-binding cassette (ABC) pathway [18-20]. However, mammalian cells are
deficient in this function and cannot internalize the Mal [21]. Thus, Mal can serve as a
targeted delivery vehicle to selectively transport ROS-generating nanomaterials into
bacterial cells, while sparing mammalian cells and enabling spatiotemporally controlled
ROS generation within bacteria. This study further develops a Mal-modified BTO
nanosheets as a proof-of-concept. As shown in Figure 1A, piezocatalytic BTO
nanosheets are synthesized via a hydrothermal method, and subsequently coated with a
Mal layer through a solvothermal process to yield Mal /BTO (namely MBT) composite
nanosheets. Owing to the Mal coating, MBT nanosheets are selectively internalized by
bacteria, leading to elevated intracellular ROS levels and subsequent bacterial death.
Meanwhile, MBT nanosheets will not exert any detrimental effects on human cells.

MBT nanosheets, like many other nanomaterials, suffer from inherent drawbacks
such as a tendency to aggregate, insufficient biodegradability, and suboptimal drug
delivery capabilities, all of which impede their application potential for wound healing
[22, 23]. Biomolecular microneedles, composed of micron-scale tip arrays, serve as a
minimally invasive and biocompatible platform for transdermal drug delivery [24].
Through rational design of their raw materials, architecture, and release kinetics,
biomolecular microneedles can achieve programmed, spatiotemporally controlled drug
delivery [25, 26]. Thus, they represent an ideal candidate for modifying the MBT
nanosheets. As shown in Figure 1B, this study also fabricates a bilayer microneedle
platform via a mold-casting technique. The base layer was composed of a gelatin
methacryloyl (GeIMA) matrix, while the tip layer was loaded with MBT nanosheets. It
is hypothesized that the MBTM microneedle platform can precisely deliver MBT
nanosheets into skin wounds, thereby reducing the required dosage and minimizing

potential adverse effects.



In this study, the physicochemical properties, ROS-generating capacity,
biocompatibility, broad antibacterial action and wound repair ability of MBT
nanosheets and MBTM microneedles will be systematically evaluated. As shown in
Figure 1C, MBTM microneedles are hypothesized to combine biocompatibility with
bioactivity to promote cell migration, along with broad-spectrum antibacterial activity
to suppress bacterial survival and proliferation. Furthermore, MBTM microneedles are
expected to accelerate infected wound healing through multifaceted mechanisms. In
conclusion, this study will not only establish a Mal-mediated bacteria-specific ROS
modulation strategy, but also provide a piezocatalytic microneedle platform that
integrates highly selective antibacterial activity with biocompatibility for infected

wound management.
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Figure 1. Fabrication and biomedical applications of GBT nanosheets and
composite microneedles. (A) MBT nanosheets were prepared via a two-step reaction,
highlighting the covalent grafting between BTO nanosheets and Mal molecules; (B)
Bilayer MBTM microneedles were fabricated using a mold-casting technique; (C)
Upon ultrasound stimulation, MBTM microneedle achieves both excellent antibacterial
efficacy and favorable biocompatibility through a Mal-mediated bacteria-specific ROS
modulation strategy, and accelerates S. aureus-infected wound healing via complex

mechanisms.



Results and discussion

MBT nanosheets were fabricated via a two-step method

In this study, BTO nanosheets were initially synthesized via a hydrothermal method
and subsequently coated with a Mal layer through a solvothermal process to yield MBT
nanosheets. Figure 2A-B show the results of transmission electron microscopy (TEM)
observation. BTO nanosheets exhibited an ultrathin morphology, with individual sheets
having a lateral size of approximately 5 nm. The lattice fringe spacing of BTO is
approximately 0.28 nm, corresponding to the (101) crystal plane [27]. The outer surface
of the MBT nanosheets was coated with a Mal layer (marked in blue). MBT exhibited
a lattice spacing of 0.28 nm, indicating that the BTO crystal structure was preserved
after the solvothermal treatment. The lateral size of the MBT nanosheets is significantly
smaller than 10 nm, which is much smaller than that of bacteria, implying that MBT
can be internalized by bacterial cells. Figure 2C and Figure S1 show the TEM mapping
of MBT and BTO, respectively. Compared with BTO nanosheets, MBT nanosheets
exhibited stronger C signal. This phenomenon confirmed the coating of Mal layer.

As shown in Figure 2D, the chemical composition of the MBT nanosheets was
verified by Fourier transform infrared spectroscopy (FT-IR). The peak at 550 cm™ was
assigned to the stretching vibration of the Ti-O bond in BTO, indicating that the BTO
structure was retained [28]. In the spectrum of BTO, the aliphatic v(CH») bands at 2925
and 2851 cm!, together with the paired peaks at 1550 and 1450 cm™ ascribed to
vas(COQO") and vs(COO"), confirmed that the oleate ligand layer introduced during the
hydrothermal synthesis was retained on the nanosheet surface, thereby providing the
surface carboxyl groups required for the subsequent conjugation. The peak at 3420 cm”
! corresponded to the stretching vibration of the -OH groups of Mal. Upon grafting,
MBT exhibited intense absorptions in the 1200-1000 cm™' region, including that at 1055
cm™!, which were absent in the spectrum of BTO and originated from the pyranose ring
and glycosidic C-O-C/C-O-H vibrations of Mal, indicating that Mal had been
successfully introduced onto the nanosheet surface. As Mal bears hydroxyl groups only

and no carboxyl functionality, esterification between these hydroxyl groups and the free



surface carboxyl groups is the only pathway by which the two components can be
covalently linked under the DCC/DMAP conditions employed, and the reaction is
expected to proceed preferentially at the sterically accessible primary hydroxyl (C6)
sites. Moreover, the product was subjected to three washing cycles with DMF and then
three with methanol, in both of which Mal is readily soluble, so that any residual
physically adsorbed Mal would be negligible. Taken together, these results indicate that
Mal was covalently grafted onto the carboxyl groups of the oleate ligand layer on the
BTO surface via esterification, affording a Mal-functionalized surface layer. Figure 2E
shows the results of X-ray diffraction (XRD). Both MBT and BTO exhibited
characteristic peaks at 31°, 38°, 44°, and 55°, which correspond to the (101), (111),
(200), and (211) planes of barium titanate, respectively. The lattice parameters of BTO
and MBT were consistent, indicating that the Mal coating did not alter the inherent
structure of the nanosheets.

Figure 2F shows the X-ray photoelectron spectroscopy (XPS) survey spectra of
MBT. The characteristic peaks corresponding to Ba, O, Ti, and C have been marked in
the spectra. Figure S2A-D show the high-resolution XPS spectra. The Ba 3d spectrum
showed peaks at 793 eV (3d3) and 778 eV (3ds»). The Ti 2p peaks were resolved into
two components at 458 eV (2p32) and 463 eV (2pi2). In the O 1s region, the peaks at
529 eV and 531 eV were attributable to Ba-O/Ti-O bonds in barium titanate and -OH
groups in Mal, respectively [29, 30]. The C 1s peaks at 284 eV and 288 eV corresponded
to C-C and O-C=O0 functionalities in the Mal coating. The results of FT-IR, XRD and
XPS collectively confirmed that Mal layer was covalently conjugated to BTO
nanosheets without altering their inherent structure.

As shown in Figure 2G, the Zeta potential was -21.73 = 1.14 mV for BTO, -10.93
+ 0.57 mV for Mal, and -20.4 + 1.45 mV for MBT, respectively. Both BTO and Mal
were negatively charged. Thus, the electrostatic interactions were not involved in the
reactions of this study. Figure 2H shows the thermogravimetric (TG) curves. BTO
exhibited a low-temperature weight loss (~100°C) due to desorption of surface water,
and a high-temperature weight loss (~400°C) arising from the decomposition of oleic

acid. Inthe TG curve of MBT, an additional weight loss at around 270°C was observed,



which was ascribed to the decomposition of the Mal coating. Based on these results,
the Mal loading capacity of MBT was calculated to be approximately 3.24%.

In conclusion, core-shell MBT nanosheets were first prepared through a two-step
strategy, in which BTO nanosheets constituted the core and Mal formed the shell. Mal
was immobilized onto the outer surface of BTO by covalent crosslinking rather than
electrostatic interaction. The obtained MBT nanosheets exhibited ultrasmall size less
than 10 nm, enabling it to be internalized by bacterial cells. The Mal coating can confer
high selectivity on the internalization process. However, the properties of MBT
nanosheets in modulating the biological behaviors of bacterial cells remain to be

investigated.

MBT nanosheets demonstrated piezoelectric properties

As a prototypical piezoelectric semiconductor, BTO exhibits piezoelectricity that stems
from its non-centrosymmetric crystal lattice, with its semiconducting attributes playing
a substantial role in modulating this response [31]. Under ultrasound stimulation, a
piezoelectric field is generated inside BTO, which promotes electron—hole pair
separation and induces a series of piezocatalytic reactions. By integrating material
composites, defect engineering, and novel physical effects, researchers have steadily
boosted the piezoelectric performance of BTO, unlocking its significant potential for
biomedical applications [32]. In this study, BTO and Mal were integrated into one
nanoplatform to fabricate composite MBT. The incorporation of BTO is hypothesized
to endow MBT with desirable piezoelectric properties, which catalyzes ROS generation
and thereby exerts potent bactericidal effects.

To verify this hypothesis, an electrochemical workstation was applied to
characterize the piezoelectric performance of MBT. Figure 21 shows the results of
piezoresponse force microscopy (PFM). The bias voltage was swept from -10 V to 10
V. MBT nanosheets demonstrated a typical butterfly amplitude curve with 180° phase
switching, indicative of their piezoelectricity and polarization switching behavior [33].
Electrochemical impedance spectroscopy (EIS) and i-t curve data are provided in

Figure 2J-K, respectively. The insulating effect of Mal layer resulted in a slightly higher



impedance for MBT compared with BTO. Nevertheless, the impedance of MBT
remained relatively low, suggesting efficient electron migration under ultrasound
stimulation. Both BTO and MBT exhibited high current densities in the i-t curves upon
ultrasound stimulation. Collectively, these results validated our hypothesis that MBT

possesses desirable piezoelectric properties.

MBT triggered ROS generation under ultrasound stimulation

The ROS generation capability of MBT nanosheets was comprehensively investigated
in vitro. 3,3',5,5'-tetramethylbenzidine (TMB) assay was performed to detect -OH. As
shown in Figure 2L-N, colorless TMB reacts with -‘OH to form blue Ox-TMB under
ultrasound stimulation, which exhibits a characteristic absorption peak at 652 nm [34].
Compared to other groups, MBT group showed a significantly higher peak intensity,
implying more efficient -OH production. Meanwhile, MBT modulated -OH generation
in a dose- and time-dependent manner. The results of TMB assay were further
confirmed by electron paramagnetic resonance (EPR) assay (Figure 20). Both the BTO
and MBT groups exhibited a typical 1:2:2:1 quartet characteristic peak of -OH after
ultrasound treatment, confirming the -OH production. As shown in Figure 2P-R,
nitroblue tetrazolium (NBT) assay was performed to detect -O,. The results
demonstrated that MBT catalyzes -O;” generation as effectively as BTO. As shown in
Figure 28, -O2” was also detected by EPR assay. MBT group exhibited a characteristic
six-line signal, further confirming the -O; generation.

In conclusion, MBT nanosheets combined with ultrasound treatment generated
both -OH and -O>"in a dose- and time-dependent manner. MBT nanosheets can generate
electron-hole pairs under ultrasound excitation. The conduction band electrons reduce
02 to -O2", while the valence band holes oxidize HoO/OH- to -OH. They both are key
ROS that strongly oxidize bacterial structures, rarely trigger resistance, and offer a
promising solution for the post-antibiotic era. However, the non-specific reactivity of
ROS enables their action against both bacterial pathogens and mammalian cells,
creating a therapeutically beneficial yet intrinsically toxic paradox. Hence, the

development of strategies to enhance antibacterial selectivity while circumventing



oxidative damage constitutes a critical priority for ongoing investigations.
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n.s. indicates no significance, ***P < 0.001.

MBT were selectively internalized by bacterial cells

In recent years, researchers have exploited bacteria to actively take up Mals, thereby
enabling delivery of small molecules/nanomaterials into bacteria [18-20]. This
biological behavior is not observed in mammalian cells. Thus, Mal with good
biocompatibility and cellular recognition capabilities, emerges as a promising solution
to achieve bacterial-target delivery of MBT nanosheets, bacteria-specific ROS
modulation, and enhanced antibacterial efficiency, while avoiding oxidative stress
damage to normal tissue. In this study, it is hypothesized that the Mal layer confers high
selective uptake by bacteria on MBT nanosheets and enables targeted ROS burst inside
bacterial cells.

As shown in Figure 3A, both gram-positive S. aureus and gram-negative E. coli
bacteria were cultured with MBT nanosheets. After ultrasound treatment, a series of
wet assays were performed. Figure 3B-C show the TEM images. High-density
nanoparticle structures were detected in the MBT group, but were undetectable in the
BTO group. Notably, the intracellular biodistribution of MBT nanosheets has been
marked with red arrows. These results confirmed that MBT nanosheets can be
internalized by both S. aureus and E. coli. Figure 3D-E show the results of fluorescence
tracking. Fluorescein 5-isothiocyanate (FITC)-labeled MBT nanosheets were cultured
with bacteria and L.929 cells at the same time. After ultrasound treatment, only bacteria
cells were fluorescently labeled with green, whereas the L929 cells were not. These
results further confirmed that MBT nanosheets can be selectively internalized by S.

aureus and E. coli.

MBT upregulated intracellular ROS level in bacteria

ROS can be divided into extracellular and intracellular types, which differ markedly in
their action pathways and mechanisms [35, 36]. This study has confirmed that MBT
nanosheets can be selectively internalized by bacteria. However, the role of intracellular

MBT nanosheets in modulating ROS remains to be uncovered.



As shown in Figure 3F, Figure 31 and Figure S3, the intracellular ROS levels of
both E. coli and S. aureus were detected using a DCFH-DA probe. The quantitative
results of fluorescence intensity revealed that MBT nanosheets combined with
ultrasound treatment (MBT-+US group) efficiently upregulated the ROS level.
Compared to other groups, statistically significant differences were detected (P <0.001).
Notably, the BTO+US group also showed elevated intracellular ROS levels, attributed
to BTO-induced changes in the intracellular microenvironment that triggered bacterial
oxidative stress and subsequent ROS accumulation. As shown in Figure 3G-H and
Figure 3J-K, MBT+US could also increase the content of intracellular malondialdehyde
(MDA), while decreased the content of intracellular glutathione (GSH). Compared to
other groups, significant differences were observed (P < 0.05).

In conclusion, this study confirmed that MBT nanosheets can be selectively
internalized by both S. aureus and E. coli to upregulate their intracellular ROS levels,
exhibiting preliminary potential for broad-spectrum antibacterial and wound healing
applications. However, like most nanomaterials, MBT nanosheets suffer from issues
such as aggregation propensity, poor biodegradability, and drug delivery hurdles, which
constrain their application in wound healing. Developing composite biomaterials to

overcome these limitations remains a significant challenge.
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aureus and 1929 cells (929 cells are marked with red arrows). Scale bars: 150 pm;



(F-H) Quantitative analysis of intracellular ROS, MDA, and GSH levels in E. coli,
respectively (n = 3 biological replicates); (I-K) Quantitative analysis of intracellular
ROS, MDA, and GSH levels in S. aureus, respectively (n = 3 biological replicates). All
values are presented as mean + SD. Statistical significance was assessed by one-way

ANOVA. In inter-group comparisons, *P < 0.05, ***P < 0.001.

MBT was modified by GelMA hydrogels

MBT nanosheets were modified with GelMA hydrogels to overcome their inherent
limitations. As illustrated in Figure 4A, four MBTH-n hydrogel formulations were
fabricated by varying the MBT nanosheet loading. MBTH-0 was formulated using only
pristine 15% GelMA, while the remaining formulations (MBTH-0.2, 0.5, and 0.8) were
supplemented with escalating dosages of MBT nanosheets. After UV crosslinking, all
samples transformed from liquid into solid, indicating the formation of a crosslinked
GelMA network. Notably, MBT nanosheets did not participate in the chemical
crosslinking process. Instead, they were physically dispersed and embedded in the
GelMA network, thereby retaining their bioactivity to the maximum extent.

To characterize the MBTH-n hydrogels, a series of physicochemical tests were
conducted. As shown in Figure 4B, all MBTH-n hydrogels exhibited a typical porous
sponge-like structure, owing to the phase separation upon freeze-drying [37]. The pore
size increased gradually as the MBT content increased, which is beneficial for gas
supply, maintaining a moist environment, and absorbing wound exudates. As shown in
Figure 4C-D, the water contact angle of MBTH-n hydrogels was detected. It was 91.52
+ 1.97° for MBTH-0, 86.02 + 1.72° for MBTH-0.2, 82.83 £+ 1.06° for MBTH-0.5, and
80.23 + 0.25° for MBTH-0.8, respectively. MBT significantly enhanced the
hydrophilicity of composite hydrogels (P < 0.01), which was likely due to hydrogen
bonds formed between Mal hydroxyl groups and water [38]. As shown in Figure 4E,
MBTH-0.8 hydrogel exhibited the fastest water absorption rate and highest water
uptake among four groups, owing to its larger pore size, porosity as well as the
increased hydrophilicity conferred by MBT. Figure 4F-G display the compression test

results, which indicate a gradual reduction in the elastic modulus of MBTH-n hydrogels



as the MBT content rose.

In conclusion, the incorporation of MBT modulated the pore size, hydrophilicity,
swelling ability, and mechanical strength of MBTH-n hydrogels in a dose-dependent
manner. Based on these results, MBTH-0.5 hydrogel was selected for subsequent
microneedle patch fabrication, as it retains sufficient mechanical strength to
accommodate microneedle insertion and skin conformity, while also exhibiting

significantly improved hydrophilicity and swelling capacity.

Bilayer MBTM microneedle was fabricated by mold-casting

MBTH-0.5 hydrogel was processed into microneedle patches to enhance the delivery
efficiency of MBT nanosheets to wounds. In accordance with our previous report [39],
this study adopts a bilayer design of MBTM microneedle. MBTH-0 hydrogel served as
the base layer, while the tip layer was formed from MBTH-0.5 hydrogel. This bilayer
design not only reduced the dosage of MBT nanosheets, but also alleviated its potential
adverse effects, such as hyperpigmentation.

MBTM microneedle was fabricated using a mold-casting technique. As shown in
Figure 4H-1, both GM (neat GelMA microneedle) and MBTM exhibited a typical
microneedle array. The tips of the MBTM microneedle were white due to the MBT
nanosheets, whereas the base layer, consisting of pure GelMA, was light yellow.
Compared to pristine GM microneedle, the tips of MBTM exhibited a rougher surface.
Collectively, these results confirmed the successful fabrication of bilayer MBTM
microneedle. As shown in Figure S4, the maximum force per tip was 0.170 N for GM
microneedles and 0.143 N for MBTM microneedles, both exceeding the reported skin
penetration threshold of 0.098 N [40]. As shown in Figure 4], MBTM microneedle
could penetrate the skin of BALB/c nude mice, which is consistent with our previous
report [41]. The skin puncturing capability of MBTM microneedles is mainly attributed
to the rigid GeIMA microneedle structure, allowing for transdermal delivery of MBT
nanosheets. Once drug delivery is complete, the tips composed of GelMA hydrogels
can rapidly degrade without leading to potential side effects. MBT nanosheets will

remain in vivo for a longer duration. Thus, a single administration is sufficient to



achieve sustained therapeutic efficacy, with favorable prospects for clinical translation.

As shown in Figure S5A-B and Figure S6, Rhodamine B (Rh. B) was used as a
fluorescent probe to assess the release behavior of MBTM microneedles. The results
indicated that MBTM microneedle rapidly released the Rh. B loaded in the tips within
the first 2 h, with the release plateauing at 12 h. Such a rapid and plateau-reaching
release profile suggests efficient cargo discharge upon skin penetration. Accordingly,
when applied to wounds in vivo, MBTM microneedle is capable of swiftly liberating
their payload, including MBT nanosheets, into the underlying skin tissue to exert

therapeutic effects.

MBTM demonstrated good biocompatibility and bioactivity

To examine the biocompatibility of MBTM microneedles in vitro, 1L.929 cells were used
as a cell model and co-cultured with the microneedles. The MTT assay results are
presented in Figure S7. Compared with the blank control (B.C.) group, the cell viability
in the MBTM and MBTM+US groups showed no significant difference (P > 0.05). This
phenomenon suggested that MBTM, either alone or combined with ultrasound,
exhibited favorable cytocompatibility. Specifically, MBT nanosheets released from
MBTM microneedles do not enter L929 cells, nor do they induce intracellular ROS
upregulation. As shown in Figure 4K-L, the cell viability was further validated by
live/dead cell staining assay. Live cells were dyed green, while dead cells were dyed
red. The majority of L929 cells in both the MBTM and MBTM+US groups exhibited
green fluorescence, confirming good cytocompatibility.

As illustrated in Figure 4M-N, L929 cell migration was assessed by a scratch assay.
Following 24 h of co-culture, the migration rates reached 29.99 £ 1.87% for B.C. group,
35.69 + 3.07% for GM group, 43.02 £ 3.07% for MBTM group and 47.69 + 1.54% for
MBTM+US group, respectively. Compared with B.C. group, MBTM and MBTM+US
groups showed significantly enhanced cell migration ability (P < 0.001), partially
owing to the vital role of Mal coating on the MBT nanosheets. This finding is consistent
with the report by Brash et al., who demonstrated that a structurally tailored Mal

improves cell migration and endothelialization of materials [42]. The enhanced cell



migration observed in this study is expected to actively promote wound healing. In
conclusion, MBTM microneedle has demonstrated good biocompatibility and
bioactivity, making it a promising candidate for wound healing applications.
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Figure 4. MBT-laden microneedle was fabricated with enhanced drug delivery
capability and good biocompatibility. (A) The gelation process of MBTH-n
hydrogels; (B) SEM images revealing the architecture of MBTH-n hydrogels after
freeze-drying. Scale bar: 100 um; (C-D) Water contact angle test (n = 3 biological

replicates); (E) Water absorption ratio of the hydrogels (n = 3); (F) Representative



stress-strain curves; (G) Elastic modulus (n = 3 biological replicates); (H-I) Optical and
SEM images of GM and MBTM microneedles. Scale bar: 400 and 200 pum; (J) Optical
image of MBTM microneedle piercing the skin of nude mice; (K) Live/dead staining
images of L1929 cells. Scale bar: 200 um; (L) Quantitative results of live/dead cell
staining (n = 3 biological replicates); (M) Scratch assay of L.929 cells. Scale bar: 200
pm; (N) Quantitative results of cell migration (n = 3 biological replicates). All values
are presented as mean £ SD. Statistical significance was assessed by one-way ANOVA.

In inter-group comparisons, 7.s. indicates no significance, *P < 0.05, ***P <0.001.

MBTM demonstrated broad-spectrum antibacterial activity
As shown in Figure 3, our results have revealed that MBT nanosheets can be selectively
internalized by both S. aureus and E. coli to upregulate their intracellular ROS levels,
suggesting preliminary broad-spectrum antibacterial potential. As shown in Figure 4,
MBT nanosheets were further modified with GeIMA hydrogel to fabricate a composite
MBTM microneedle material. In this study, it was hypothesized that incorporating
MBT nanosheets would confer enhanced broad-spectrum antibacterial activity on the
MBTM microneedle. However, this hypothesis has yet to be experimentally validated.
Herein, the antibacterial effects of MBTM microneedles against a broad range of
bacteria were systematically investigated. Bacterial viability was determined by a plate
clone assay, with the results shown in Figure SA-C. The results demonstrated that
BTOM and MBTM significantly inhibited the survival ability of both E. coli and S.
aureus under ultrasound stimulation (P < 0.001). The bacterial proliferation curves in
Figure 5D-E further indicated that BTOM and MBTM suppressed bacterial
proliferation under ultrasound stimulation. As shown in Figure S§, BTOM+US and
MBTM+US also exhibited good antibacterial activity against Methicillin-resistant
Staphylococcus aureus (MRSA). To further assess bacterial viability, SEM observation
and live/dead bacterial staining assay were performed. Figure SF shows the results of
SEM observation. BTOM and MBTM disrupted the bacterial cell membranes upon
ultrasound exposure, leading to the collapse of bacterial bodies. Figure 5G-I show the

results of live/dead bacterial staining assay. Extensive bacterial death was observed in



both the BTOM+US and MBTM+US groups. As shown in Figure S9, the antibacterial
activity of MBTM+US was effectively rescued by vitamin E, confirming that the
antibacterial effect is specifically mediated by ROS. Notably, the antibacterial
mechanism of BTOM-+US was attributed to extracellular ROS, while that of
MBTM+US was attributed to intracellular ROS. They were fundamentally different [7].
Specifically, extracellular ROS oxidize cell membrane components and disrupt the
membrane structure, thereby exerting antibacterial effects through chemical and
physical mechanisms. Intracellular ROS participate in the regulation of cellular
homeostasis and kill bacteria through biological pathways such as amplifying oxidative
stress damage. Collectively, these results confirmed that MBTM exhibits potent
broad-spectrum antibacterial activity, comparable to that of the penicillin-positive
control, suggesting that MBTM microneedles are a promising biomaterial for wound

infection therapy.
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Figure 5. MBTM microneedle eliminated gram-positive and gram-negative
bacterial infection. (A) Plate clone assay; (B) Relative clone number of E. coli (n =3
biological replicates); (C) Relative clone number of S. aureus (n = 3 biological
replicates); (D-E) Proliferation curves of E. coli and S. aureus, respectively; (F)
Bacterial morphology observed by SEM. Scale bar: 500 nm; (G) Live/dead bacterial
viability staining. Scale bar: 150 um; (H-I) Bacterial death rate of E. coli and S. aureus,
respectively (n = 3 biological replicates). All values are presented as mean + SD.
Statistical significance was assessed by one-way ANOVA. In inter-group comparisons,

n.s. indicates no significance, ***P < 0.001.



In vivo promotion of infected wound repair by MBTM

As shown in Figure 6A, a full thickness skin defect model was established to evaluate
the wound healing effect of MBTM microneedle. The wounds were 15 mm in diameter.
Following S. aureus infection, the wounds were dressed with an MBTM microneedle
and then subjected to ultrasound treatment. Animals were housed under standard
conditions during the healing period. As shown in Figure 6B, these wounds healed
within 18 days. In particular, MBTM+US group healed fastest among the five groups.
Quantitative data on wound healing rate are provided in Figure 6C-D. More specifically,
on Day 3, the wound healing rate was 17.4 £ 1.14% for B.C. group, 22.6 + 1.82% for
3M® group, 24.7 + 1.09% for BTOM+US group, 22.1 + 1.60% for MBTM group, and
30.9 £ 1.95% for MBTM+US group, respectively; that at Day 6 was 41.89 + 1.56% for
B.C. group, 50.16 + 1.42% for 3M® group, 53.78 + 0.79% for BTOM+US group, 48.08
1 1.46% for MBTM group and 65.72 + 1.86% for MBTM+US group, respectively. The
MBTM+US group differed significantly from the B.C. group (P < 0.05). Thus,
MBTM+US significantly accelerated the closure of infected wounds.

As shown in Figure 6E, neo-skin tissues were harvested for H&E staining analysis.
At Day 6, the wounds were filled with granulation tissue, blood vessels, and
inflammatory cells. Abundant granulation tissue was observed in the MBTM+US group,
which was significantly more than that in the other groups. Granulation tissue not only
fills the wound defect and provides nutrients and oxygen, but also facilitates re-
epithelialization and confers antimicrobial defense. Early rapid granulation tissue
formation is beneficial for wound healing [43]. At Day 18, intact keratinized epithelium
was observed in all groups, indicating that the wound repair process was nearly
complete. The MBTM+US group further exhibited denser collagen fibers, more mature
keratinized epithelium, and newly formed hair follicles. These results demonstrated that
MBTM+US exhibited the most favorable wound healing [44, 45]. In this study, the pro-
regenerative effect of MBTM+US could be preliminarily attributed to its antibacterial
properties, as demonstrated in Figure S10. Nevertheless, additional studies are required
to clarify the other pro-regenerative effects of MBTM+US and the mechanisms

involved.
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Figure. 6. In vivo acceleration of S. aureus-infected wound repair by MBTM
microneedles. (A) Schematic illustration of the experimental workflow; (B-C)
Representative photographs of skin wounds and the corresponding wound healing rate;
(D-G) Quantitative results of wound healing rate at Day 3, Day 6, Day 12 and Day 18,

respectively (n = 5 biological replicates); (H) H&E-stained sections of newly formed



skin tissue. Scale bar: 150 um. All values are presented as mean + SD. Statistical
significance was assessed by one-way ANOVA. In inter-group comparisons, **P <

0.01, ***P <0.001.

MBTM activated complex pro-regeneration pathways

Histological staining analyses were conducted to investigate the mechanism by which
MBTM+US promotes regeneration. Figure 7A and Figure 7D-E show the results of
immunofluorescence (IF) staining images of ROS and Ki67. ROS is a key indicator of
oxidative stress, and its downregulation typically promotes cell survival, whereas Ki67
is a widely recognized proliferation marker. Relative to the B.C. group, the MBTM+US
group exhibited significantly reduced ROS levels and enhanced Ki67 expression (P <
0.001), suggesting that MBTM+US treatment attenuates oxidative damage while
concurrently enhancing cellular proliferative activity. Figure 7B, Figure 7F-G and
Figure S11 show the results of CD86 and CD206, which are canonical surface markers
for pro-inflammatory M1 and anti-inflammatory M2 macrophages, respectively. Our
results demonstrated that MBTM+US effectively induced M2 macrophage polarization,
a phenotype known to orchestrate an immunosuppressive and tissue-reparative milieu
that is conducive to skin wound healing. Furthermore, as shown in Figure 7C and Figure
7H-J, MBTM+US treatment also enhanced vascularization, as evidenced by CD31

expression, and promoted collagen remodeling, as indicated by Col-I and Col-III levels.
Notably, the sample size for histological staining analysis was limited to 3, which may
introduce a relatively high risk of bias. Accordingly, increasing the sample size would
be necessary in future studies.

In conclusion, MBTM microneedles combined with ultrasound treatment
accelerated infected wound healing through complex pathways, including alleviation
of local infection and oxidative stress, modulation of the inflammatory
microenvironment, and promotion of cell proliferation, angiogenesis, and collagen
remodeling. In accordance with previous reports [46-48], this combined strategy does
not merely serve as a simple additive antimicrobial approach, but rather orchestrates a

coordinated regenerative cascade across successive healing stages. This stage-



dependent synergy may help explain the superior healing outcomes observed compared
with individual treatments, and highlights the potential of integrating physical
stimulation with functional microneedle delivery for managing complex infected

wounds.
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Figure 7. MBTM microneedle activated complex pro-regeneration pathways. (A)
Immunofluorescence micrographs of ROS and Ki67 on Day 6. Scale bar: 50 um; (B)
Immunofluorescence micrographs of CD86 and CD206 on Day 6. Scale bar: 50 pm;



(C) Immunofluorescence micrographs of CD31, Col-I and Col-III on Day 18. Scale bar:
50 pum; (D-E) Quantification of ROS and Ki67 (n = 3 biological replicates); (F-G)
Quantification of CD86 and CD206 (n = 3 biological replicates); (H-J) Quantification
of CD31, Col-I and Col-III (n = 3 biological replicates). All values are presented as
mean *+ SD. Statistical significance was assessed by one-way ANOVA. In inter-group

comparisons, #.s. indicates no significance, ***P < 0.001.

Conclusions

This study first developed a MBTM microneedle platform incorporating Mal/BTO
composite nanosheets, which enables piezocatalytic, biocompatible, and selective ROS
therapy for infected wounds. BTO nanosheets were synthesized via a hydrothermal
method and subsequently coated with a Mal layer through a solvothermal process. The
obtained MBT nanosheets demonstrated good piezocatalytic activity for ROS
generation. Meanwhile, they could be selectively internalized by both S. aureus and E.
coli to upregulate their intracellular ROS levels, owing to the presence of Mal layer.
MBT nanosheets were further modified by GeIMA hydrogels to fabricate a MBTM
microneedle. The results demonstrated that MBTM microneedles exhibited both
biocompatibility and bioactivity to promote cell migration, as well as broad-spectrum
antibacterial activity to inhibit bacterial survival and proliferation. Thus, MBTM
successfully addressed the cytotoxicity concerns that accompany ROS-mediated
antibacterial treatment. Under ultrasound stimulation, MBTM microneedles facilitated
the healing of infected wounds via multifaceted mechanisms, including mitigation of
local infection and oxidative stress, regulation of the inflammatory microenvironment,
and enhancement of cell proliferation, angiogenesis, and collagen deposition. Notably,
the overall therapeutic performance of MBTM microneedles was superior to that of a
commercial 3M® wound dressing. In conclusion, this study provides a potential
microneedle platform that combines selective antibacterial activity and

biocompatibility for infected wound management.



Materials and Methods

Materials

Ba(NO3)2, Ti(OC4Ho)4, oleic acid, 1-butanol, and ethyl alcohol were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 4-O-(alpha-D-
glucopyranosyl)-D-glucopyranose (Mal, CAS: 69-79-4, purity > 99.0%), methacrylic
anhydride (MA), paraformaldehyde (PFA), and 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (12959) were obtained from Macklin Chemical Regent Co., Ltd.
(Shanghai, China). Dicyclohexyl carbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), and N,N-dimethylformamide (DMF) were purchased from Aladdin Scientific
Co., Ltd. (Shanghai, China). A microneedle mold was obtained from Zhongding
Yuxuan New Material Technology Co., Ltd. (Hefei, China). L.929 cells were generously
provided as a gift by the Medical Research Center, Zhongnan Hospital of Wuhan
University. Cell culture medium, trypsin, fetal bovine serum (FBS), and phosphate-
buffered saline (PBS) were sourced from Thermo-Fisher Scientific Inc. (Shanghai,
China). No further purification was performed on the other chemicals and reagents.
Preparation of BTO nanosheets

One mmol of Ba(NO3)», and 12.5 mmol of NaOH were dissolved into 5 mL of deionized
water, respectively. 1 mmol of Ti(OC4Ho)s and 2.5 mL of oleic acid were added into 5
mL of 1-butanol. They were mixed together, and then transferred into a 100 mL
stainless-steel autoclave. After reacted at 135°C for at least 18 h, the autoclave was
cooled to room temperature. BTO nanosheets were harvested by centrifugation (8000
rpm, 5 min), washed three times with ethanol, and then redispersed in DMF for
subsequent experiments.

Preparation of MBT nanosheets

BTO were dispersed into DMF (2 mg/mL), and Mal were dissolved into DMF (20
mg/mL). Subsequently, BTO solution (20 mL) and Mal solution (20 mL) were
combined with DCC (50 mg) and DMAP (6 mg), and the mixture was stirred
continuously at 40 °C for 12 h. The products were sequentially rinsed with DMF and

methanol for three times, and vacuum-dried to obtain MBT nanosheets.



Fabrication of MBT-laden MBTH hydrogels

GelMA was lab-customized following our previous protocols [49]. GelMA was
dissolved into ultrapure water to prepare 15% (w/w) GelMA solution. As shown in
Table 1, GeIMA solution, MBT and 12959 were mechanically stirred with specific
ratios. The resulting mixture was degassed by centrifugation, cast into molds, and
irradiated with UV light for 300 s to initiate chemical cross-linking of the hydrogels. In
this work, four composite hydrogel formulations were prepared and designated as

MBTH-n (n=0, 0.2, 0.5, and 0.8), corresponding to different MBT nanosheet contents.

Table 1. Designations, formulations, and fabrication conditions of MBTH hydrogels.
15% GeIMA  MBT 10% 12959 Lamp power Curing duration

(mL) (mg) (kL) (W) (s)
MBTH-0 20 0 200 500 300
MBTH-0.2 20 6 200 500 300
MBTH-0.5 20 15 200 500 300
MBTH-0.8 20 24 200 500 300

Fabrication of bilayer microneedle patches

The bilayer MBTM microneedle patches were fabricated using a mold-casting
technique. The base layer was composed of MBTH-0 hydrogels, while the tip layer was
composed of MBTH-0.5 hydrogels. Detailed fabrication processes were illustrated in
our previous report[50]. The patch dimensions are 14.5 x 14.5 mm, with 400
microneedles per patch, each measuring 600 pm in height and 250 pum in base diameter.
Based on the concentration of the tip-loading solution and the volume of a single needle
tip, the actual MBT loading per patch was calculated to be approximately 2.95 ng. To
evaluate the performances of MBTM microneedles, this study also prepared the neat
GelMA microneedles (coded as GM) and BTO-laden GeIMA microneedles (coded as
BTOM) as the controls.
Physicochemical characterizations
The morphology and elemental composition of the nanosheets were characterized by

TEM (FEI Talos F200x, Thermo-Fisher, USA). FT-IR (Nicolet Is10, Thermo-Fisher,



USA), XRD (D8 Advance, Bruker, Germany), and XPS (ESCALAB 250Xi, Thermo-
Fisher, USA) were employed to analyze the chemical composition and lattice
information of the nanosheets. FT-IR spectra were acquired in the wavenumber range
of 400-4000 cm™. XRD data were collected with monochromatic Cu Ka radiation as
the X-ray source; diffraction patterns were recorded from 10° to 80° (20) at a scanning
rate of 10°min'. The thermal stability of the nanosheets was assessed by
thermogravimetric (TG) analysis on a STA 2500 Regulus instrument (Netzsch,
Germany). TG measurements were carried out under a continuous N2 flow at a heating
rate of 10°-min’!, and weight loss was monitored over 30-800 °C. Zeta potential was
measured using a Zetasizer Pro (Malvern Instruments, UK) based on dynamic light
scattering.

Piezoelectric tests

BTO and MBT nanosheets were homogeneously dispersed in ethanol to form a 5
mg/mL suspension. The resulting dispersion was uniformly drop-cast onto carbon sheet
electrodes and air-dried to fabricate the working electrode. Electrochemical
measurements were carried out in a three-electrode configuration consisting of a
Hg/Hg>Cl> reference electrode, a platinum counter electrode, and the as-prepared
working electrode. A 5% sodium sulfate solution served as the electrolyte. EIS, LSV,
and ultrasonic current density-time curve measurements were carried out at open-circuit
potential. The piezoelectric properties of the nanosheets were further characterized by
PFM (FX40, Park, China), where amplitude and phase signals of the vertical
piezoelectric response were acquired under an externally applied voltage of + 10 V to
generate piezoelectric mapping.

Evaluations of bacteria-specific internalization

Proliferative E. coli and S. aureus were cultured in Luria-Bertani liquid medium
overnight. Bacterial suspension was collected by centrifugation, rinsed for three times,
and resuspended into PBS with a concentration of 1.0 x 10’ CFU. An aliquot of 20 pL
of bacterial resuspension was co-incubated with BTO and MBT at 37°C for 2 h.
Bacteria were collected by centrifugation to obtain the bacterial pellet, primarily fixed

with 2.5% glutaraldehyde at 4°C for 4 h, washed with 0.1 M phosphate buffer, and then



post-fixed with 1% osmium tetroxide at 4°C for 2 h. Following dehydration in a graded
ethanol series (50—100%) and subsequent substitution with 100% acetone, the samples
were infiltrated and embedded using graded acetone: resin mixtures (1:1, 1:3, and pure
resin), followed by polymerization at 60°C for 48 h. The embedded blocks were
trimmed and sectioned into 60 - 90 nm ultrathin sections, which were collected on
copper grids, stained with uranyl acetate and lead citrate, and finally observed and
imaged under TEM.

MBT nanosheets were further labelled with FITC fluorescence for confocal
observation of bacterial internalization. MBT was dissolved in carbonate buffer to
ensure deprotonation of the hydroxyl groups on maltose. Subsequently, MBT and FITC
solution were added into a light-shielded tube, and reacted with constant stirring in an
ice bath for 12 h. The mass ratio of FITC to MBT was 1:50. After the reaction, the
mixture was transferred into a dialysis bag and dialyzed against ultrapure water for 2 d.

FITC-labelled MBT nanosheets were added into a competitive co-culture system
containing both bacteria and L929 cells. After 2 h of co-culturing, free MBT nanosheets
were removed by centrifugation. The biodistribution of MBT nanosheets was visualized
by laser confocal microscopy (Stellaris, Leica, Germany). Both bright-field and green
fluorescence channels (excitation wavelength 488 nm, emission wavelength 525 nm)
were detected. The focus and exposure parameters were adjusted to capture bright-field
and fluorescence images across different fields of view, documenting the binding of
FITC-MBT composites to bacterial surfaces, cellular internalization, and distribution
patterns in the co-culture system.

Characterizations of ROS generation

The content of superoxide anion was measured by NBT assay. Specifically, 0.092 mg
of NBT (750 uM) and 0.414 mg of methionine (130 mM) were added into 3 mL of PBS
containing the nanosheets. Subsequently, the mixture was subjected to ultrasound
treatment in a light-shielded environment. The ultrasound frequency was 1.0 MHz, the
intensity was 1.2 W/cm?, and the duty cycle was 50%. Each treatment lasted for 10 min.
The solution was then centrifuged, and the absorption value of NBT was detected using

an UV-Vis spectrophotometer. To comprehensively evaluate the superoxide anion-



generating capability, additional experiments were also performed across a range of
MBT concentrations (1, 2, 3, 4, 5, 10, and 20 mg/mL) and ultrasound treatment times
(0, 5, 10, 15, 20, and 25 min).

The content of hydroxyl radical was measured by TMB assay. Specifically, 0.577
mg of TMB (0.8 mM) and 3.4 mg of H>O> (10 mM) were added to 3 mL of PBS solution
containing the nanosheets. Subsequently, the mixture was subjected to ultrasound
treatment in a light-shielded environment. The solution was then centrifuged, and the
absorption value at 652 nm was measured. To comprehensively evaluate the hydroxyl
radical generation capability, additional experiments were also performed across a
range of MBT concentrations (1, 2, 3, 4, 5, 10, and 20 mg/mL) and ultrasound treatment
times (0, 5, 10, 15, 20, and 25 min).

The generation of hydroxyl radicals was further detected by EPR with DMPO as
the spin-trapping agent. Briefly, a 10 mg aliquot of the sample was transferred into 2
mL of ultrapure water and initially dispersed with a vortex mixer. After 20 min of
ultrasound treatment, the sample was centrifuged to collect the supernatant. 100 uL of
the supernatant was mixed with 3 pL of DMPO, and the content of hydroxyl radical
was immediately determined using EPR spectroscopy (ELEXSYS, BRUKER,
Germany). Following the similar procedure, the content of superoxide anion was
detected using methanol as the solvent.

Characterizations of composite hydrogels and microneedle patches

The hydrogels were freeze-dried for 48 h and then brittle-fractured using liquid nitrogen.
The cross-sectional morphology and elemental distribution were analyzed using a SEM
(Sigma 500, ZEISS, Germany) on the fractured sections. For mechanical tests, the
hydrogels were cast into cylindrical samples prior to testing. The height and diameter
of each sample were measured. Compressive tests were performed using a universal
materials testing machine (CMT4000, SASTEST, China), with the compression fixture
descending at 1 mm/min. Stress-strain curves were recorded, and the compressive
modulus for each group was calculated from the initial 10% slope of the curve. The
compression curves of microneedles were also detected at dry condition. Water contact

angle of the hydrogels was measured using a contact angle tester (SZ-CAMBI,



SUNZERN, China). To evaluate the swelling behavior, hydrogel samples were cut into
square specimens and vacuum-dried at 60 °C for 24 h to remove residual moisture. The
initial dry mass was weighed on an analytical balance and denoted as Wo. The samples
were then immersed in PBS. At preset time points, they were retrieved and gently
blotted with filter paper to eliminate excess surface water. The wet mass was measured
and recorded as W.. Swelling ratios were calculated from three independent samples.
As previously reported[51], the in vitro release dynamics of the microneedles were
evaluated using rhodamine B as a model compound. For the skin puncture test, 4-week-
old female BALB/c-nu nude mice were employed. Prior to testing, animals received
isoflurane inhalation anesthesia. The dorsal skin was harvested with sterile surgical
instruments and immobilized on a flat plate. The microneedles were subsequently
pressed against the excised skin for 1 min. Microneedle penetration was documented
using a digital camera.

Biocompatibility evaluations

The microneedle patches were sterilized under UV irradiation. Mouse lung fibroblasts
(L929) were seeded onto the upper surface of the samples and co-cultured for 48 h.
Subsequently, 10% MTT reagent was added to each sample, followed by incubation for
an additional 4 h. The culture medium was then completely removed, and dimethyl
sulfoxide was added. After shaking in the dark for 10 min, 150 uL of the solution was
transferred to a 96-well plate, and the absorbance at 490 nm was measured. According
to the manufacturers’ protocols, L929 cells adhered onto the microneedle patches were
stained using a live/dead viability kit. An inverted fluorescence microscope was used
for photo acquisition.

For the cell-migration assay, L929 cells that had adhered to the microneedle
patches were harvested and then seeded into 6-well plates at a density of 6 x 10° cells
per well. When cell confluence reached approximately 90%, the culture medium was
removed, and a uniform scratch was created across the cell monolayer using a 200 uLL
pipette tip. The wells were washed three times with PBS, and then 1 mL of medium
supplemented with 2% FBS was added to each well. The cells were cultured for an

additional 24 h. The scratch width was recorded at regular time intervals using an



inverted fluorescence microscope.
In vitro antibacterial evaluation

E. coli and S. aureus were selected as the model bacteria. MRSA was also used as
a clinically relevant drug-resistant strain. The experimental groups included B.C.,
positive control (P.C., antibiotic), Mal, BTOM+US, MBTM, and MBTM+US. Bacteria
were co-incubated with the materials and subjected to ultrasound treatment. The
ultrasound frequency was 1.0 MHz, the intensity was 1.2 W/cm?, and the duty cycle
was 50%. Each treatment lasted for 10 min. According to our previous report, bacterial
proliferation and viability were assessed using proliferation assays and colony-forming
unit counting. Bacteria were stained with a live/dead bacterial staining kit and
subsequently examined by SEM and confocal laser scanning microscopy to assess
bacterial growth. For rescue assay, vitamin E was used as an anti-oxidant.
Wound healing assay

This study was performed in compliance with “Guiding Opinions on the Treatment
of Animals (09/30/2006)” published by the Ministry of Science and Technology of the
People's Republic of China and was approved by the Animal Ethics and Welfare
Committee of Hubei University (Approval No. 20260038). Female Sprague-Dawley
rats weighing 180 - 200 g were provided by the Laboratory Animal Center. Before
surgery, all animals underwent a 7-day acclimation period in a specific-pathogen-free
(SPF) environment. The rats were then randomly allocated to five separate groups: B.C.,
3M® silver alginate dressing, BTOM+US, MBTM microneedles, and MBTM+US.
Each group contained five biologically independent rats (n =5 per group). Each rat was
anesthetized via isoflurane inhalation, after which the dorsal fur was completely shaved
with an electric shaver. Subsequently, a full-thickness skin defect with a diameter of 1.5
cm was created using sterile surgical instruments. Proliferating S. aureus was then
inoculated into the wound sites to establish an infected wound healing model. The
materials were fixed onto the wound sites. The ultrasound frequency was 1.0 MHz, the
intensity was 1.5 W/cm?, and the duty cycle was 50%. During treatment, the ultrasound
transducer was applied to the skin using gel as a coupling medium. Each treatment

lasted for 10 min and was administered once daily.



Post-surgery, all rats were fed routinely for 18 days. No unexpected animal deaths
occurred during the experiment. Wound-healing images were captured using a digital
camera every 3 days. Wound closure was evaluated in all five rats per group. At the
predetermined endpoint, all rats were sacrificed. For histological analysis, three rats per
group were randomly selected from the five rats using a random number generator, and
the remaining two rats per group were not included in histological quantification. One
wound tissue sample per selected rat was harvested and fixed in 4% PFA solution for
48 h. For each selected rat, three representative sections were used for histopathological
staining and imaging, and the average value from the three sections was used as a single
biological replicate. A series of histopathological staining assays were performed,
including H&E and immunofluorescence (DCFH-DA, CD31, Ki67, CD86, CD206).
Image acquisition was performed using a confocal laser scanning microscope. The
percentage of positive area, defined as the ratio of positively stained area to the total
field area, was quantified. All images were acquired with laser intensity, gain, and
exposure parameters set using the blank control group as the reference, and the same
parameters were applied to all other experimental groups. Image acquisition was
completed within the same batch to avoid inter-operator variability. Thresholds were
set using a fixed threshold method, and all quantitative analyses were performed
independently by two researchers.

Statistical analysis

Quantitative results are expressed as the mean * standard deviation (SD). For multiple-
group comparisons, statistical significance was determined using a one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test. Statistical significance was

defined as follows: n.s. indicates no significance, *P < 0.05, **P < 0.01, ***P < (.001.
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