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PUBLIC SUMMARY
= This study develops an NIR-II AlIEgen with high photothermal efficiency for wound care.

= Microfluidics enables ultrasmall AIE nanoparticles with antibacterial activity and biocompatibility.

= AIE photothermal nanoparticles prevent bacterial infections and accelerate chronic wound healing.
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Therapeutic strategies are critical for the effective management of diabetic
wounds, which are often complicated by persistent infections and slow
healing. Conventional wound dressings offer limited therapeutic efficacy
and adaptability across diverse clinical scenarios. Here, we report the
development of near-infrared Il (NIR-1I) photothermal nanoparticles based
on aggregation-induced emission luminogens (AlEgens) to address these
challenges. Benefiting from unrestricted intramolecular motion in the
aggregated state, AlEgens demonstrate high photothermal conversion effi-
ciency under 808 nm irradiation. Integration with a microfluidic synthesis
platform enables precise control over nanoparticle size, resulting in ultra-
small AIE nanoparticles (~ 20 nm) with excellent biocompatibility and broad-
spectrum antibacterial activity. Upon in situ deposition onto infected
wounds, these AIE nanoparticles function as efficient photothermal agents,
providing adaptable and comfortable coverage while markedly accelerating
diabetic wound healing. This work not only introduces a versatile
photothermal platform for infection-responsive therapy but also offers a
promising strategy for the development of AIE-based healthcare.

INTRODUCTION

Diabetes mellitus has become a major global health burden, affecting
10.5% of adults aged 20-79 years and ranking among the leading causes of
morbidity and mortality.”* Among its severe complications, chronic diabetic
wounds pose a persistent clinical challenge due to delayed healing, often
requiring 8-12 weeks to close. These wounds are further complicated by
sustained hyperglycemia, which exacerbates inflalnmation, promotes bacte-
rial colonization, particularly by multidrug-resistant (MDR) strains, and
impairs tissue regeneration.”® As a result, diabetic wounds may stall at any
phase of the healing process, including inflammation, proliferation, and
remodeling, increasing the risk of recurrent bacterial infections and
mortality.”® Current clinical treatments, such as antibiotic therapy and wound
dressings, often fail to address these challenges effectively.”'"” This highlights
the urgent need for advanced therapies capable of both combating MDR
bacterial infections and facilitating tissue repair throughout the protracted
healing process.''™"*

Photothermal therapy (PTT) has emerged as a promising strategy for
antibacterial treatment and wound healing.'"'® By converting near-infrared
(NIR) light into localized heat, PTT enables precise bacterial eradication with
minimal damage to surrounding tissues.'"'® Compared to traditional antibac-
terial approaches, PTT offers high spatial-temporal selectivity, non-invasive-
ness, and favorable biocompatibility.'**” However, achieving high photother-
mal conversion efficiency (PCE) under low-power irradiation remains a key
cyanine green (ICG) and methylene blue (MB), have demonstrated clinical
safety and biodegradability.””** Nonetheless, conventional organic molecules
suffer from m—t stacking, which limits the boost of photothermal efficiency in
the aggregate state, ultimately limiting their biomedical utility.”’

Aggregation-induced emission (AIE) materials provide a viable alternative
to the limitations of conventional organic photothermal agents.”™ Unlike
traditional organic molecules that suffer from aggregation-caused quench-
ing (ACQ), the highly distorted molecular skeleton of AIE materials provides

ample space for its active molecular motion, which leads to superior
photothermal conversion efficiency in the aggregate state.” ™ These proper-
ties make them ideal candidates for biomedical applications, including
antibacterial phototherapy and real-time imaging.”* Despite their advan-
tages, AlE-based photothermal agents can exhibit challenges such as
hydrophobicity and uncontrolled nanoparticle aggregation, which limit their
bioavailability and therapeutic efficacy.””* Addressing these issues requires
rational AIE nanoparticle engineering to achieve optimized physicochemical
properties and enhanced therapeutic outcomes.

To enhance the therapeutic performance of AlE-based PTT agents, this
study develops near-infrared Il (NIR-II) AlE-based photothermal nanoparti-
cles fabricated via a microfluidic platform for diabetic wound treatment
(Scheme 1). The designed nanoparticles exhibit strong absorption in the NIR-
Il region, ensuring deep tissue penetration and efficient heat generation for
the eradication of bacteria and wound healing. A dual-spiral microfluidic chip
was used to precisely control nanoparticle size, resulting in uniform particles
ranging from 20 to 200 nm. Surface modification with polyethylene glycol
(PEG) further improved the nanoparticles’ stability and biocompatibility, facili-
tating prolonged circulation and targeted accumulation at the wound site, and
demonstrating significant potential for accelerated chronic wound manage-
ment.

MATERIALS AND METHODS
Materials and reagents

All chemical reagents used were commercially purchased and were used
without further processing. Organic reagents such as tetrahydrofuran (THF),
anhydrous ethanol, and N,N-Dimethylformamide (DMF) were purchased from
Sinopharm Chemical Reagent Co., Ltd. DSPE-mPEG2k was obtained from
Avanti, USA. Staphylococcus aureus (ATCC 6538P), Escherichia coli (ATCC
25922), and other strains of antibiotic-resistant bacteria were all sourced
from the China General Microbiological Culture Collection Center. DMEM
medium, fetal bovine serum, and penicillin/streptomycin were purchased
from Gibco, USA. The pure water used in the experiments was ultrapure
water filtered through a Millipore water system.

Fabrication of microfluidic chips

As shown in Figure ST, the microfluidic chip consists of 3 inlets, T outlet, 1
straight mixing channel, and 1 double helical mixing channel. The double helix
channel is divided into 3 positive helical loops and 3 reverse helical loops,
connected through an S-shaped channel. The width of the inlet channels is
100 pm, while other channels have a width of 300 um, and a height of 60 pm.
The microfluidic chip is fabricated using a glass substrate and a poly-
dimethylsiloxane (PDMS) slab. Four plastic tubes are connected to the three
inlets and one outlet, with three needles inserted at the ends of the inlet
tubes. The microchannel pattern is transferred onto the PDMS slab from a
photomask using standard soft-lithography techniques.

Preparation of AIE nanoparticles

As llustrated in Scheme 1, photothermal molecules with solid-state
molecular motion and high-efficiency non-radiative transitions were synthe-
sized in two steps, and theoretical calculations were carried out on the
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Scheme 1. Schematics of microfluidic photothermal AIE nanoparticles for accelerated healthcare of diabetic wound healing NIR-II AIE molecule (namely NDA-MePA) was
synthesized through two reaction steps and fabricated into nanoparticles using a microfluidic chip.

molecular structure. After completing the synthesis of photothermal
molecules, the microfluidic chip platform was used to assemble and encap-
sulate the molecules to prepare water-soluble photothermal nanoparticles.
During the synthesis process on the microfluidic platform, 2 mg of the
synthesized photothermal molecule and 8 mg of DSPE-mPEG2k were
dissolved in 2 mL of THF to prepare a solution with a concentration of 1
mg/mL. This mixed solution was injected into the inlet of the microfluidic chip
through a syringe pump at a flow rate of 3 mL/h. Ultrapure water was intro-
duced from the side inlets of the microfluidic chip at a rate of 120 mL/h. After
thorough mixing in the double helix channel of the microfluidic chip, PEG-
coated water-soluble photothermal nanoparticles can be collected at the
outlet. The preliminary nanoparticle solution contained residual THF solvent,
which required rotary evaporation and ultrafiltration centrifugation to obtain
the final nanoparticle aqueous solution.

Characterization of AIE nanoparticles
After the nanoparticles synthesized by the microfluidic chip were
processed through rotary evaporation and ultrafiltration, their particle size

was analyzed using DLS (Zetasizer 3000HS), especially to test the effect of
different ultrapure water injection rates on the size of the nanoparticles. The
prepared nanoparticles were then drop-cast onto copper grids coated with an
ultra-thin carbon film and dried overnight at room temperature. Their surface
morphology was characterized using TEM.

Biocompatibility of AIE nanoparticles

Subsequently, the nanoparticle solution, post rotary evaporation and ultra-
filtration, was formulated into different concentrations (10 pg/mL, 20 pg/mL,
and 40 pg/mL) to validate the cellular compatibility of the nanoparticles
through a cell viability assay. HUVEC and 3T3 cells were pre-cultured in
confocal dishes, with a seeding density of 5x10%. They were co-incubated
with nanoparticles at different particle concentrations and placed in a 37°C
cell incubator with 5% CO, overnight. After that, the culture medium was
removed, and cell live/dead dye (DAPI/PI) was added. The effect of nanopar-
ticles on cell viability was observed under a laser confocal microscope.
Furthermore, nanoparticles with a concentration of 40 pg/mL were injected
into BALB/c mice via tail vein. After a month, tissue sections of major organs
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(heart, liver, spleen, lungs, and kidneys) were observed to evaluate the
biosafety of the nanoparticles.

Evaluation of photothermal efficiency

The photothermal performance of the nanoparticles was systematically
evaluated using an infrared thermal imaging camera (FLIR Systems, USA)
under varying laser power densities and irradiation distances. Temperature
elevation profiles were recorded for nanoparticle dispersions at concentra-
tions of 10, 20, and 40 pg/mL to quantitatively assess their photothermal
conversion efficiency. To investigate antibacterial efficacy, multidrug-resis-
tant Escherichia coli (MDR E.coli) and methicillin-resistant Staphylococcus
aureus (MRSA) were employed as representative bacterial models. Bacterial
suspensions were incubated with different concentrations of nanoparticles
for 20 minutes, followed by laser irradiation (0.5 W/cm?, 13 cm distance) for
10 minutes. Bactericidal effects were evaluated via colony-forming unit (CFU)
assays, bacterial viability staining, crystal violet (CV) staining test and confo-
cal laser scanning microscopy with 3D biofilm reconstruction.

Evaluation of photothermal therapy

For in vivo assessment, diabetic BALB/c mice (female, 25 g) were precon-
ditioned with streptozotocin (30 mg/mL) administered seven days prior to
model establishment. Full-thickness infected wound models were created on
the dorsal surface by inoculating MDR bacteria at a concentration of 1 x 107
CFU. AIE-based photothermal nanoparticles (40 ug/mL, 100 L) were applied
topically to the infected wound sites, followed by a 20-minute incubation and
subsequent NIR laser irradiation (0.5 W/cm? 13 c¢m) for 10 minutes. Wound
healing progression and therapeutic efficacy were monitored on days 3, 5, 10,
and 15 post-treatment.

Statistical analysis was performed using GraphPad Prism (version 10.1.2)
and Origin (version 2021). All data are presented as the mean + standard
deviation (SD). Comparisons between groups were conducted using two-way
ANOVAs. A P value < 0.05 was considered statistically significant. Statistical
significance is denoted as follows: *p < 0.05, **p < 0.01, *++p < 0.001.

RESULTS
Molecular design and synthesis of NIR-1l AlEgen

As illustrated in Scheme 1, the naphthalene diimide-fused 2-(1,3-dithiol-2-
ylidene)acetonitrile (NDA) moiety with extensive m-conjugation was utilized as
an acceptor. 4-methyl-N-phenyl-N-(p-tolyl)aniline, serving as both a donor
and a rotor featuring freely rotatable benzene rings, was directly coupled to
the NDA moiety to afford NDA-MePA. Meanwhile, long alkyl chains posi-
tioned on the side of the conjugated molecular backbone were employed to
weaken intermolecular interactions, thereby providing ample space for
excited-state rotor motion. Such a structural arrangement will facilitate effi-
cient radiative transition processes and enhance photothermal performance.
Simultaneously, strong intramolecular donor—acceptor (D-A) interactions
were anticipated to narrow the energy gap, leading to a red-shifted absorp-
tion band that aligns with the commercial 808 nm laser. The chemical struc-
ture of NDA-MePA was verified by "H NMR, *C NMR, and high-resolution
MALDI-TOF mass spectrometry, yielding satisfactory results (see Figures S2-
S3). The molecular structure and purity of the synthesized AIE molecules
were confirmed by spectroscopic analysis, which revealed well-resolved
characteristic peaks consistent with the proposed chemical structures, indi-
cating successful synthesis without detectable impurities.

Photophysical properties and theoretical calculation

To further investigate the photophysical properties and electronic interac-
tions at the molecular level, theoretical calculations using the Gaussian 09
program were performed. As shown in Figures TA-C, due to its electron-defi-
cient nature, the lowest unoccupied molecular orbital (LUMO) electron cloud
of the NDA-MePA molecule is primarily distributed over the NDA acceptor
moiety, while the highest occupied molecular orbital (HOMO) electron cloud is
mainly located on the electron-donating fragment. This separated
HOMO-LUMO distribution indicates that NDA-MePA exhibits intramolecular
charge transfer (ICT) transition characteristics, resulting in a small molecular
energy gap (1.26 eV). The torsion angles between the molecular fragments
are 33.2° and 41°, respectively, which helps to suppress intermolecular 1-1t

interactions and facilitate the motion of the molecular excited state.

To analyze their absorption and emission characteristics, UV-visible-near-
infrared (UV-NIR) and photoluminescence (PL) spectra were measured. The
optical properties of the NDA-MePA molecule were investigated in DMF/H,0
mixtures. As shown in Figures 1D-E, the NDA-MePA molecule exhibited a
maximum absorption wavelength at 725 nm and a maximum emission at
1055 nm. NDA-MePA molecule showed elongated emission wavelengths
with a portion of the emission spectrum in the NIR-Il window. Then, the AIE
feature of the NDA-MePA molecule was analyzed by monitoring its fluores-
cence in a DMF/H,0 mixed solvent with varying water fractions. Figures 1F &
S4 illustrate that the NIR-II molecule manifested weak fluorescence in pure
DMF, with its fluorescence gradually intensifying as the water fraction
increased, signifying its favorable performance of AIE.

Fabrication and characterization of AIE nanoparticles

After the synthesis of the photothermal molecule was completed, the
molecular surface was PEG-coated using a microfluidic chip (Figures 1G &
S4). At different feed flow rates (30 mL/h-120 mL/h), the size of the water-
soluble nanoparticles obtained was significantly different. At the highest flow
rate of 120 mL/h, the nanoparticles measured approximately 18 nm in diam-
eter. As the pure water feed flow rate decreased, the size of the nanoparticles
gradually increased, with the largest size being around 200 nm (Figure TH).
Ultra-small nanoparticles prepared at a flow rate of 120 mL/h were observed
using a transmission electron microscope, revealing that the sizes of the
nanoparticles were relatively uniform, mostly dispersed within the 10-20 nm
range (Figure 11).

Next, the biocompatibility of microfluidic nanoparticles at different concen-
trations was evaluated using cell experiments and animal experiments.
Firstly, the nanoparticles synthesized by microfluidics were subjected to
rotary evaporation and ultrafiltration to remove the THF solvent and DSPE-
mMPEG2k residues from the solution, resulting in agueous solutions with
concentrations of 10 yg/mL, 20 pg/mL, and 40 pg/mL. HUVEC cells and NIH-
3T3 cells were chosen as experimental cell lines. They were pre-planted on
the surface of confocal dishes, and then incubated with nanoparticles of
different concentrations. Observations were made using live/dead cell stain-
ing and a laser scanning confocal microscope. As shown in Figure 1J, after
incubation with nanoparticles of different concentrations, both HUVEC and
3T3 cells exhibited high viability. Even at the highest concentration of 40
pa/mL, cell growth was not significantly affected, thus proving the excellent
cytocompatibility of the nanoparticles. Furthermore, using the cell counting
kit-8 (CCK-8) assay kit, the effect of nanoparticles on cell proliferation was
quantitatively evaluated. As seen in Figures 1K & S5, cell proliferation did not
show significant changes with increasing nanoparticle concentrations. Flow
cytometry analysis revealed only a slight increase in fluorescence intensity in
mammalian cells after 30 min incubation with AIE nanoparticles, even at
higher concentrations, indicating minimal cellular internalization (Figure S6).
Consistently, live/dead staining under NIR irradiation showed that L929 cells
treated with AIE nanoparticles (40 ug/mL) maintained high viability, compa-
rable to the untreated control group. To further evaluate biocompatibility,
metabolism studies under local wound treatment conditions suggested that
the nanoparticles were primarily cleared through the wound skin rather than
systemic circulation (Figure S7). Finally, through tail vein injection and tissue
sectioning, the results also confirmed the tissue compatibility of the microflu-
idic photothermal nanoparticles, showing no impact on major organs such as
the heart, liver, spleen, lungs, and kidneys (Figure S8). Moreover, T-month in
vivo studies following either local wound administration or intravenous injec-
tion revealed no observable pathological damage in major organs, demon-
strating favorable long-term biosafety (Figure S9). In summary, the water-
soluble photothermal nanoparticles prepared using the microfluidic chip have
the advantage of controllable size, with the smallest nanoparticles measur-
ing around 20 nm in diameter, and the microfluidic nanoparticles demon-
strate excellent cellular and tissue compatibility.

Antibacterial activity of AIE nanoparticles

To explore the antibacterial property of AIE nanoparticles, the photother-
mal generation efficiencies were firstly investigated under the irradiation of
808 nm laser at the concentration of 0-40 ug/mL. A laser power density of
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Figure 1. Photophysical properties and cell viability of AIE nanoparticles (A) Theoretical calculation of the LUMO of the photothermal molecule. (B) Theoretical calculation
results of the HOMO of the photothermal molecule. (C) Calculation of the torsion angle of the photothermal molecule. (D) The absorption spectra of NDA-MePA in DMF/H,0
mixtures. (E) The PL spectra of NDA-MePA in DMF/H,0 mixtures. (F) PL spectra of NDA-MePA in DMF/H,0 mixtures with different toluene fractions (f7). (G) Schematic of the
microfluidic nanoparticle encapsulation. (H) Particle size distribution results of the microfluidic nanoparticles. (I) TEM image of ultra-small nanoparticles. (J) Live/dead staining
results of cells after incubation with nanoparticles of different concentrations on HUVEC cells and 3T3 cells. (K) Cell viability statistics after treatment with nanoparticles.

0.5 W/cm? and an irradiation height of 13 cm were chosen to test the heat  ture also rises, reaching a maximum of 55°C within 5 minutes, which fully

production of the nanoparticles. From Figures 2A-B, it can be observed that  meets the temperature requirements for photothermal therapy. The tempera-

as the concentration of AIE nanoparticles increases, the generated tempera-  ture change of AIE nanoparticles solution (40 pg/mL) under 808 nm irradia-
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tion at 0.5 W/cm? was confirmed for effective photothermal therapy (43°C) to
eliminate bacteria in vivo.™ As displayed in Figure 2C, the photothermal
stability of AIE nanoparticles (40 pg/mL) was evaluated by 4 "ON/OFF" cycles
of laser irradiation, which further confirmed the heating and cooling capacity.
The AIE nanoparticles exhibited a photothermal conversion efficiency (PCE)
of 32.4%. While not the highest among reported photothermal systems, this
efficiency is adequate to achieve rapid and effective antibacterial perfor-
mance (Figure S10). AIE nanoparticles retained superior photothermal stabil-
ity, displaying ideal advantages for long-term antibacterial treatment. Mean-
while, the microfluidic AIE nanoparticles also demonstrated excellent NIR-II
imaging and photothermal performance. Using a mouse subcutaneous
tumor model, the in vivo biodistribution and photothermal behavior of the AIE
nanoparticles were monitored in situ. As shown in Figures S11-S14, the AIE
nanoparticles exhibited outstanding NIR-Il imaging and photothermal capa-
bilities. Moreover, the stability of the AIE nanoparticles was significantly
enhanced by PEGylation. As shown in Figure S15, the PEGylated AIE
nanoparticles exhibited good colloidal stability in H,0, PBS, and FBS. No obvi-
ous metabolic distribution or accumulation of the nanoparticles in the blood
or major organs was observed during the local wound treatment period
(Figure S16). In addition, blood circulation studies indicated that the nanopar-
ticles exhibited an extended in vivo half-life of more than 4 h (Figure S17).
Inspired by the ideal photothermal conversion efficiency of AIE nanoparti-
cles, we carried out in vitro photothermal antibacterial performance of AlE
nanoparticles. Considering that chronic wounds often suffer from MDR
bacterial infections during the delayed healing process, MDR Staphylococcus
aureus (MRSA) and Escherichia coli (MDR E.coli) were used as Gram-posi-
tive and Gram-negative bacterial models. A standard plant counting
approach was used for evaluating the antibacterial activity of AIE nanoparti-
cles. AIE nanoparticles of different concentrations were incubated with two
antibiotic-resistant bacteria to test the photothermal sterilization perfor-
mance. Within the tested concentration range, AIE NPs exerted no apprecia-
ble effect on bacterial viability in the absence of laser irradiation, indicating
minimal dark toxicity (Figure S18). By contrast, as shown in Figure 2D, under
the laser irradiation, as the NPs concentration increased, the magnitude of
the temperature rise was amplified, which in turn further suppressed bacte-
rial viability and concomitantly enhanced bactericidal efficacy. Ultimately, at a
concentration of 40 pg/mL, a 10-minute laser irradiation was sufficient to
completely eradicate both MRSA and MDR E.coli, demonstrating excellent
photothermal sterilization effects and spectral sterilization capabilities (Figure
2E). Lastly, we utilized the confocal microscope to investigate the photother-
mal antibacterial properties of AIE nanoparticles. Syto9 and propidium iodide
(PI) were used to present the live/dead bacterial activity after PTT treatment
with AIE nanoparticles. As shown in Figure 2F, fluorescence confocal images
confirmed the effective eradication of two MDR bacteria. With increasing the
concentration of AIE nanoparticles, more red/dead bacteria were observed,
demonstrating the excellent antibacterial activity of AIE nanoparticles for
preventing bacterial infections. In addition, the antibiofilm activity of AIE NPs
was quantified using a crystal violet (CV) assay, with CV absorbance serving
as a surrogate for total biofilm biomass. For MRSA, compared with non-irra-
diated controls, 808 nm laser activation induced a concentration-dependent
decrease in CV absorbance, indicating a marked reduction in biofilm accrual
and demonstrating a light-triggered antibiofilm effect (Figures S19-S20). As
morphological corroboration, confocal laser scanning microscopy with 3D
reconstruction revealed concomitant decreases in biofilm thickness, reduced
surface coverage, and disrupted matrix continuity, consistent with the CV
readouts (Figure S21). Collectively, these findings substantiate the nanoparti-
cle's potent antibacterial performance and its efficacy in suppressing biofilm
formation under photonic activation. antibiofilm-related experiments demon-
strated that the nanoparticles not only effectively inhibited biofilm formation
but also disrupted established biofilms under NIR laser irradiation, highlight-
ing their relevance for treating biofilm-associated bacterial infections. To
clarify the antibacterial mechanism, reactive oxygen species (ROS) genera-
tion was evaluated using the DCFH-DA probe. The nanoparticles exhibited
only ~ 4-fold higher ROS levels than the water control, indicating negligible
photodynamic activity and excluding ROS-mediated antibacterial effects. In
contrast, upon 808 nm laser irradiation, the pronounced photothermal heat-
ing disrupted bacterial membranes and biofilm structures, thereby inhibiting

biofilm formation and effectively eradicating pre-formed biofilms (Figure
S29).

In situ deposited AIE nanoparticles for wound care

In vitro antibacterial tests demonstrated the excellent cell compatibility,
photothermal conversion performance, and photothermal sterilization capa-
bility of the microfluidic nanoparticles. The optimal antibacterial concentra-
tion was determined to be 40 pg/mL, with a laser power of 0.5 W/cm? an
irradiation height of 13 ¢cm, and an irradiation duration of 10 min. Subse-
quently, an in-depth evaluation of the photothermal sterilization performance
of the nanoparticles was carried out using animal experiments. As shown in
Figure 3A, female BALB/c mice were pre-injected with streptozotocin to
induce diabetes symptoms. Skin wounds were created on the backs of the
mice, followed by bacterial infection using antibiotic-resistant strains. The
wounds were then sprayed with photothermal AIE nanoparticles for
photothermal antibacterial treatment, and changes in wound area through-
out the healing process were observed. From Figure 3B, within a 15-day
treatment period, the healing speed of the diabetic wounds treated with
nanoparticle photothermal therapy significantly accelerated. In contrast,
wounds in the control group experienced severe bacterial infections and
purulent symptoms, resembling the condition of clinical diabetic wounds.
From the statistics on wound area (Figures 3C-D), it's evident that for infec-
tious wounds caused by both antibiotic-resistant gram-negative and gram-
positive bacteria, AIE nanoparticles photothermal treatment significantly
enhances the wound healing speed and repair conditions. Throughout the
animal treatment process, a thermal imager was used to continuously record
the laser irradiation conditions on the wounds. As Figures 3E-F show, AIE
nanoparticles sprayed on the surface of mouse wounds can achieve temper-
atures as high as 53°C, effectively killing antibiotic-resistant bacteria on the
wound surface. In summary, based on microfluidic nanoparticles, photother-
mal sterilization treatment can be applied to infected diabetic wounds, signif-
icantly accelerating the healing process of diabetic wounds.

Photothermal AIE nanoparticles for diabetic wound healing

Furthermore, to verify the therapeutic effect of photothermal nanoparticles
on infectious wounds, we employed Western blot experiments to quantita-
tively analyze the tissue of infected wounds five days after treatment. As can
be seen from Figure 4A, compared to the control group, the photothermal
nanoparticle treatment group exhibited a significantly lower level of immune
expression. Statistical results indicate that the amounts of two inflammatory
cytokines, IL-6 and TNF-a, were notably reduced in wound tissues after
photothermal treatment, suggesting a significant improvement in the infec-
tion status of the wound (Figures 4B-C). This further substantiates the
antibacterial effect of photothermal treatment. More in-depth immunofluo-
rescence images also confirm the antibacterial effect of nanoparticle
photothermal treatment, which can significantly inhibit wound infection. The
immunofluorescence images of CD31, CD86, CD206, and F4-80 factors in the
surrounding wound tissue clearly indicate the inflammatory condition of the
wound tissue after treatment (Figure 4D). On the 10th day of wound treat-
ment, surrounding tissues were excised, ground, and bacterial plated. From
Figures 4E-F, compared to the control group, bacterial infection in the wound
was significantly improved after photothermal treatment with nanoparticles.
The inflammatory response in the tissue was notably suppressed, facilitating
rapid healing of chronic diabetic wounds.

Finally, through immunohistochemical HE staining and Masson staining,
the treated wound tissues were observed to evaluate the wound healing and
repair effects. As shown in Figures 5A-B, the wound tissue regeneration level
in the nanoparticle photothermal treatment group was higher, and the degree
of epithelial regeneration was significantly greater than that in the control
group. Furthermore, the collagen deposition in the wound tissue of the
photothermal treatment group was notably higher than in the standard
control group, indicating a marked enhancement in wound healing and
regeneration levels (Figure 5C). Throughout the wound healing process, by
continuously monitoring the weight of diabetic mice, results also showed that
photothermal treatment is safe, as there was no significant weight change
compared to the control group (Figure 5D). Hemolysis experiments were
used to quantitatively evaluate the blood compatibility of the nanoparticles.
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Figure 2. Photothermal properties and antibacterial activity of AIE nanoparticles (A) Temperature change curve of nanoparticle solutions of different concentrations after irra-
diation with an 808 nm laser. (B) Infrared imaging of nanoparticles of different concentrations after irradiation with an 808 nm laser. (C) Photothermal stability of AIE nanoparti-
cles (40 pg/mL) during 4 on/off irradiation cycles under 808 nm laser at 0.5 W/cm? (D) Bacterial plating results after photothermal sterilization of nanoparticles at different
concentrations. (E) Bacteria survival rate of MRSA and MDR E.coli treated with AIE nanoparticles (40 pug/mL). (F) Confocal images of live/dead staining of bacteria after
photothermal treatment. Live (Syto 9, green) and dead (PI, red).
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(D) Area statistics for infectious wounds caused by antibiotic-resistant E.coli (data presented mean + SD, n=6). (E) Thermal imaging recordings of the wound surface during the
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The results revealed that the red blood cell compatibility of the nanoparticles
meets the requirements for in vivo animal experiments (Figure 5E). In conclu-
sion, the animal experimental model successfully demonstrated that
nanoparticle photothermal treatment can effectively inhibit bacterial infec-
tions in diabetic wounds, accelerate tissue repair and skin regeneration, and
greatly promote wound healing outcomes.

Many conventional photothermal agents suffer from aggregation-caused
quenching (ACQ) or compromised photothermal performance in the aggre-

gated state, which limits their practical biomedical applications. In this work,
NDA-MePA is an aggregation-induced emission (AlE)-active photothermal
molecule, whose photophysical properties are particularly advantageous
under aggregated or nanoparticle-confined conditions. NDA-MePA can main-
tain highly efficient intramolecular motion in the solid and aggregated states
within nanoparticles, which promotes non-radiative decay pathways. Most of
the absorbed optical energy is dissipated as heat, leading to enhanced
photothermal conversion efficiency, while simultaneously providing strong
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Figure 4. Evaluation of antibacterial efficacy and anti-inflammatory effects of AIE photothermal nanoparticles (A) Western blot results of infectious wound tissues after
photothermal treatment. (B) and (C) Statistical result charts of the two inflammatory cytokines, IL-6 and TNF-q, in the wound tissue (data presented mean + SD, n=3). *p < 0.05,
#*p < 0.01, #++p< 0.001 (two-way ANOVA). (D) Immunofluorescence images of the treated wound tissue. (E) and (F) Bacterial plating results and quantity statistics of the tissue

surrounding the wound after photothermal treatment (data presented mean + SD, n=3).

NIR-II fluorescence emission for in vivo applications.

Compared with previously reported AlE-based photothermal or photody-
namic antibacterial systems, the present platform emphasizes localized
photothermal antibacterial activity combined with controlled nanoparticle
fabrication via microfluidics, offering improved size uniformity and batch-to-
batch reproducibility. These features are advantageous for biomedical appli-
cations requiring precise physicochemical control. However, it should be
noted that current microfluidic fabrication strategies are inherently limited by
relatively low throughput, which may restrict direct large-scale manufactur-
ing for clinical use. To address this limitation, scalable strategies such as
parallelization of microfluidic channels and scale-out device architectures

have been proposed in recent studies and could be integrated into future
designs.

CONCLUSION

Using a microfluidic chip, ultra-small photothermal nanoparticles were
successfully prepared. The size of the nanoparticles can be precisely
controlled by adjusting the flow rate, with the smallest nanoparticle size being
around 18 nm. Not only do these microfluidic nanoparticles exhibit excellent
water solubility and cellular biocompatibility, but they also demonstrate
outstanding photothermal conversion capabilities, with the ability to heat up
to 55°C, fully meeting the requirements of photothermal therapy applications.
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Figure 5. Evaluation of tissue regeneration and biosafety of AIE photothermal nanoparticles (A) HE staining results of wound tissue after photothermal treatment. (B) Masson
staining results of wound tissue after photothermal treatment. (C) Statistical chart of collagen deposition in wound tissue. (D) Weight statistics of diabetic mice during the
photothermal treatment process. (E) Results and statistics of the hemolysis experiment for the nanoparticles.

Using microfluidic nanoparticles combined with photothermal treatment, a
broad-spectrum antibacterial effect can be achieved against both gram-
negative and gram-positive bacteria, demonstrating excellent photothermal
sterilization properties. In treating bacterial infections in chronic diabetic
wounds, microfluidic nanoparticles exhibit a strong ability to prevent bacte-
rial infections. A mere 10-minute laser irradiation can effectively kill antibiotic-
resistant bacteria in the wound, significantly accelerating wound healing.
Photothermal treatment with nanoparticles can significantly suppress the
inflammatory response in wounds, promoting tissue regeneration and repair.
This offers a new material and technological approach to expedite the heal-
ing of diabetic wounds and skin wound repair.
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