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Abstract

Background: Post-surgical biofilm infections present a major clinical challenge due to their exceptional tolerance to antibiotics and
the physical barrier of extracellular polymeric substance (EPS), calling for innovative non-antibiotic therapeutic strategies. Methods:
We engineered a synergistic platform by constructing curcumin-loaded iron-based metal-organic framework (MIL@Cur) nanoparticles
and incorporating them into a dissolvable hyaluronic acid-based hydrogel to fabricate composite microneedles (MIL@Cur microneedle
(FCMN)). The system was characterized for its physicochemical properties and evaluated for antibacterial efficacy in vitro and in a
murinemethicillin-resistant staphylococcus aureus (MRSA)-infectedwoundmodel. Results: TheMIL@Cur nanoparticles demonstrated
well-defined morphology, high photothermal conversion efficiency (reaching >50 °C under laser irradiation), and pH-responsive drug
release. In vitro, MIL@Cur with laser irradiation achieved synergistic bacterial eradication through photothermal therapy and iron-
overload-induced chemodynamic therapy (CDT), while also disrupting pre-formed biofilms and inhibiting new biofilm formation via
quorum sensing (QS) suppression. The FCMN patch exhibited excellent mechanical strength and efficient transdermal delivery. In vivo,
the FCMN + Laser group showed accelerated wound closure, ∼ 2-log reduction in bacterial load, enhanced collagen deposition and
angiogenesis, and no systemic toxicity. Conclusions: This microneedle-mediated platform effectively combines multiple antimicrobial
modalities, providing a powerful and translatable strategy for treating stubborn biofilm infections and promoting wound repair.
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Introduction
Postoperative bacterial infections, particularly those

caused by drug-resistant bacteria leading to biofilm forma-
tion, pose a severe challenge in modern healthcare [1–3].
Biofilms are structured microbial communities that form
when bacteria adhere to surfaces and become encased in
a self-produced extracellular polymeric substance (EPS)
[4,5]. This three-dimensional matrix not only provides a
physical barrier that significantly impedes the penetration
of antibiotics and attacks by host immune cells but also
creates a unique microenvironment that promotes high lev-
els of bacterial drug resistance and persistence, often re-
sulting in chronic, difficult-to-treat infections that increase

complexity and cost of care [6,7]. Although the develop-
ment of novel antibiotics continues, its pace lags far behind
the rapid evolution of bacterial resistance [8]. Therefore,
there is an urgent need to develop innovative anti-infection
strategies that can circumvent traditional antibiotic mecha-
nisms, specifically targeting the structural characteristics of
biofilms [9,10].

The rise of nanomedicine in recent years offers
promising solutions to this challenge [11–13]. Among
these, metal-organic frameworks (MOFs) have garnered
significant attention due to their tunable structures, high
porosity, and good biocompatibility [14–16]. Iron-based
MOFs hold unique multifunctional promise for such ap-
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plications. First, they display excellent photothermal con-
version in the near-infrared (NIR) region. As efficient
photothermal agents, they produce localized high temper-
atures under laser irradiation, physically disrupting bacte-
rial membranes [17]. Second, the iron ions in their frame-
work serve as ideal Fenton-reaction catalysts [18]. In the
acidic milieu of infection sites, these ions convert bacteri-
ally overexpressed hydrogen peroxide (H2O2) into highly
toxic hydroxyl radicals, inducing oxidative stress and bac-
terial death through chemodynamic therapy (CDT) [19,20].
Moreover, released iron ions trigger an “iron overload” ef-
fect inside bacterial cells. This disrupts their iron metabolic
homeostasis, accelerating their demise from within [21].
However, a single sterilization mode is often insufficient
to eradicate structurally complex biofilms and fails to ef-
fectively prevent their regrowth. Unlike the direct bacte-
ricidal action of traditional antibiotics, curcumin acts as a
potent bacterial quorum sensing (QS) inhibitor. By inter-
fering with chemical signal communication between bac-
teria, it effectively suppresses their aggregation, virulence
factor secretion, and biofilm formation, while also promot-
ing the loosening and disintegration of established biofilms
[22,23]. Combining curcumin with iron-based MOFs to
construct nanohybrid materials not only preserves the direct
bactericidal function of MOFs but also endows them with
the ability to “inhibit formation” and “promote disintegra-
tion” of biofilms, achieving synergistic suppression against
both planktonic bacteria and biofilm pathogens.

Although nanomedicines demonstrate excellent per-
formance in vitro, their effective delivery in vivo is cru-
cial for therapeutic success. Traditional administration
methods such as intravenous injection or topical applica-
tion often fail to ensure adequate drug penetration through
the skin barrier and accumulation at deep infection sites
[24,25]. Furthermore, the extracellular polymeric matrix
formed by biofilms severely hinders drug permeation, fre-
quently leading to treatment failure. Hydrogel microneedle
(MN) technology provides an elegant solution to this deliv-
ery challenge [26–28]. Comprising arrays of hundreds of
micron-sized needles, this technology can painlessly pene-
trate the stratum corneum, delivering drugs directly to the
dermal infection layer like a “submarine”. By encapsulat-
ing nanomedicines within hydrogel microneedles, this ap-
proach not only protects drug activity but also enables rapid
drug release upon needle insertion and subsequent disso-
lution, creating a high-concentration drug reservoir at the
infection site for precise, uniform, and highly efficient tar-
geted therapy. Based on these strategies, this study suc-
cessfully designed and constructed a synergistic therapeutic
platform integrating iron-based MOFs, curcumin, and hy-
drogel microneedles. The platform utilizes microneedles
for accurate transdermal drug delivery. Upon activation
by NIR laser, the nanomedicine simultaneously executes
photothermal therapy to directly kill bacteria, releases iron
ions to induce iron overload/CDT, and releases curcumin to

inhibit the QS system, thereby dismantling and suppress-
ing biofilm formation. This multi-mechanism synergy of
“membrane disruption-bacterial killing-biofilm inhibition”
aims to achieve comprehensive and efficient eradication of
stubborn bacterial biofilm infections, providing a solid the-
oretical and experimental foundation for developing novel
anti-biofilm infection therapies.

Materials and Methods
Synthesis of MIL-101(Fe) Nanoparticles

MIL-101(Fe) nanoparticles were synthesized via a
one-step solvothermal method [29]. Briefly, 300 mg of fer-
ric chloride hexahydrate (FeCl3ꞏ6H2O, #236489, Sigma-
Aldrich, St. Louis, Missouri, USA) and 166 mg of tereph-
thalic acid (T0025, TCI Chemicals, Tokyo, Japan) were dis-
solved in 15 mL of anhydrous N, N-Dimethylformamide
(DMF, #227056, Sigma-Aldrich, USA) with magnetic stir-
ring for 30 minutes. The mixture was then transferred into
a 25 mL Teflon-lined stainless-steel autoclave and heated
at 110 °C for 12 hours. After cooling to room temper-
ature naturally, the resulting brown precipitate was col-
lected by centrifugation at 10,000 rpm for 10 minutes. The
product was washed thoroughly with DMF and absolute
ethanol (#459844, Sigma-Aldrich, USA) three times each
to remove unreacted precursors. Finally, the purified MIL-
101(Fe) nanoparticles were dried under vacuum at 60 °C
for 12 hours, yielding a brown powder that was stored in a
desiccator for further use.

Preparation of Curcumin-Loaded Iron-Based
Metal-Organic Framework (MIL@Cur) Nanoparticles

Curcumin (C1386, Sigma-Aldrich, USA) was loaded
into the MIL-101(Fe) nanoparticles via a solution immer-
sion method. Specifically, 20 mg of the as-synthesized
MIL-101(Fe) nanoparticles were dispersed in 10 mL of
ethanol. Subsequently, 20 mg of curcumin (corresponding
to a 1:1 mass ratio, as optimized from the drug loading effi-
ciency experiments) was dissolved in 5 mL of ethanol and
added dropwise to the MIL-101(Fe) dispersion under mag-
netic stirring. The mixture was stirred continuously at room
temperature for 24 hours in the dark to allow for sufficient
diffusion and loading of curcumin into the MOF pores. Af-
ter the reaction, the loaded nanoparticles (MIL@Cur) were
collected by centrifugation at 10,000 rpm for 10 minutes
andwashedwith ethanol three times to remove superficially
adsorbed curcumin. The final product was vacuum-dried at
40 °C for 6 hours.

Material Characterization
The morphology and size of the nanoparticles were

examined using a transmission electron microscope (TEM,
JEM-1400Flash, JEOL Ltd., Tokyo, Japan) operating at
an acceleration voltage of 120 kV. Elemental composition
and distribution were analyzed via energy-dispersive X-
ray spectroscopy (EDS) using the X-MaxN 80T Silicon
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Drift Detector (SDD) detector (Oxford Instruments, Abing-
don, Oxfordshire, UK) attached to the TEM. The hydrody-
namic diameter and zeta potential of the nanoparticles were
measured using a dynamic light scattering (DLS) analyzer
(Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern,
Worcestershire, UK) at 25 °C. A standard curve for cur-
cumin was established by measuring the absorbance (425
nm) of a series of curcumin/ethanol solutions with known
concentrations (0, 5, 10, 20, 40, 60 µg/mL) using a UV-
Vis spectrophotometer (UV-2600, Shimadzu Corporation,
Kyoto, Japan). The drug loading efficiency (DLE) was cal-
culated using the following formulas:

DLE (%) = (Weight of loaded curcumin / Weight of
initial curcumin fed) × 100 %

The weight of loaded curcumin was determined by
subtracting the amount of curcumin in the combined super-
natants (from loading and washing steps) from the initial
amount fed, using the standard curve for quantification.

In Vitro Performance Evaluation
In vitro release profile: 5 mg of MIL@Cur nanoparti-

cles were dispersed in 10 mL of phosphate-buffered saline
(PBS, 10010023, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) at different pH values (5.0, 6.0, 7.0),
placed in a dialysis bag with a molecular weight cutoff of 8–
14 kDa, and immersed in 50 mL of the corresponding PBS
release medium. The system was incubated in a thermo-
static shaker at 37 °C and 100 rpm in the dark. At predeter-
mined time intervals (0, 2, 4, 8, 12, 24, 36, 48 hours), 1 mL
of the external release medium was sampled and replaced
with an equal volume of fresh, pre-warmed buffer. The col-
lected samples were centrifuged, and the supernatants were
used to determine curcumin concentration (425 nm) and
iron ion concentration (using an iron assay kit, ab83366,
Abcam, Cambridge, UK).

Photothermal performance measurement: 1 mL of
PBS solution containing MIL@Cur nanoparticles (200
µg/mL) was placed in a quartz cuvette and irradiated with
an 808 nm NIR laser at different power densities vertically
for 5minutes. The temperature change of the solution at dif-
ferent laser powers wasmonitored and recorded in real-time
using an infrared thermal imaging camera. Photostability
was assessed by subjecting the solution to five consecutive
laser on (5 minutes)/off (cooling to room temperature) cy-
cles.

Cytotoxicity Assay
The cytotoxicity ofMIL@Cur nanoparticles was eval-

uated against murine-drived macrophage RAW264.7 cells
(#CL-0190, Procell System®, Wuhan, China), which were
authenticated by Short Tandem Repeat (STR) analysis and
confirmed to be mycoplasma-free. Briefly, RAW264.7
cells were seeded in a 96-well plate at a density of 1 × 104
cells per well and cultured for 24 hours to allow for cell
attachment. The culture medium was then replaced with

fresh medium containing MIL@Cur nanoparticles at vari-
ous final concentrations (10, 20, 50, 100, and 200 µg/mL).
Wells containing cells with culture medium only served as
the negative control (100% viability). After 24 hours of co-
incubation, the medium was carefully removed, and each
well was washed with PBS. Subsequently, 100 µL of fresh
medium containing 10 % (v/v) cell counting kit-8 (CCK-
8, CK04, Dojindo, Kumamoto, Japan) solution was added
to each well, followed by incubation at 37 °C for 2 hours.
The absorbance of each well at 450 nmwas measured using
a microplate reader (BioTek Synergy H1, Winousky, Ver-
mont, USA).

In Vitro Antibacterial and Anti-Biofilm Assays

Bacterial strains and experimental groups: Test strains
included staphylococcus aureus (S. aureus, ATCC 25923,
Manassas, Virginia, USA), methicillin-resistant staphylo-
coccus aureus (MRSA,ATCC 43300), and Escherichia coli
(E. coli, ATCC 35218). Experiments were divided into
five groups. Control group: Treated with PBS; Curcumin
group: Treated with free curcumin (40 µg/mL); MIL-
101(Fe) group: Treated with MIL-101(Fe) nanoparticles
(100 µg/mL); MIL@Cur group: Treated with MIL@Cur
nanoparticles (100 µg/mL, equivalent to 40 µg/mL cur-
cumin); MIL@Cur + Laser group: Treated with MIL@Cur
nanoparticles (same concentration) followed by irradiation
with an 808 nm NIR laser (Model: CME-L808, Zhongke
microenerg Technology Co., Ltd., Beijing, China) for 5
minutes with power of 1.0 W/cm2.

Anti-planktonic bacterial activity assessment: Bacte-
ria in the mid-logarithmic growth phase were diluted to ap-
proximately 1 × 108 colony-forming units (CFU)/mL and
co-incubated with an equal volume of the respective treat-
ment solutions for 2 hours. For the MIL@Cur + Laser
groups, laser irradiation was applied during incubation. Af-
ter incubation, the bacterial suspensions were serially di-
luted, and 100µLwas spread onto LB agar plates (#244520,
BD Diagnostics, Franklin Lake, New Jersey, USA). The
plates were incubated at 37 °C for 24 hours, and the colony-
forming units (CFU) were counted.

Bacterial Membrane Integrity Detection

Protein leakage assay: After co-incubation of bacte-
ria with the treatments, the supernatant was collected by
centrifugation. The protein concentration in the supernatant
was measured using a Bicinchoninic acid (BCA) protein as-
say kit (#23225, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA), with absorbance read at 562 nm.

O-Nitrophenyl β-D-galactopyranoside (ONPG) hy-
drolysis assay: Bacteria were resuspended in PBS contain-
ing 1 mM ONPG (N1127, Sigma-Aldrich, St. Louis, Mis-
souri, USA). After adding the treatments and incubating,
the absorbance at 405 nm was measured to monitor the hy-
drolysis product.
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Table 1. Primer sequences.
Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

agrA CCTGCACTGTAATGCCATCG TGGTGCAGATAGTAGCGGTG
AtlE GCTGGTGGTACAGCAAATCG AGCACCAACACCGTTCAGAT
icaA ATGGTCAAGCCCAGACAGAG CGTGTTGTAACGCAATCCAG
icaD AGCGAACGCAATAAATCACC CGTATTTCCGCAGTAGTGCG
16S rRNA GTAGGTGGCAAGCGTTATCC CGCACATCAGCGTCAGTAAT

Intracellular Iron Content Measurement

After co-incubation of MRSA with the respec-
tive treatment groups (Control, Curcumin, MIL-101(Fe),
MIL@Cur, MIL@Cur + Laser), the bacterial cells were col-
lected by centrifugation and thoroughly washed with PBS
to remove extracellular iron. The bacterial pellets were then
lysed using a bacterial protein extraction reagent (#78243,
Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The intracellular iron concentration in the lysates was quan-
tified using an Iron Assay Kit according to the manufac-
turer’s instructions, by measuring the absorbance at the rec-
ommended wavelength.

Intracellular Reactive Oxygen Species (ROS) Detection

The intracellular ROS levels in treated bacte-
ria were measured using the fluorescent probe 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA, D399,
Invitrogen, Carlsbad, California, USA). Briefly, MRSA
suspensions were incubated with the different treatments.
After treatment, bacterial cells were collected, washed with
PBS, and then incubated with 10 µM DCFH-DA in the
dark at 37 °C for 30 minutes. The fluorescence intensity
of the oxidized product was measured using a fluorescence
microplate reader (Excitation: 488 nm, Emission: 525
nm). The relative fluorescence intensity was calculated
compared to the control group.

Iron Chelation Rescue Experiment

To confirm the specific role of iron-mediated toxi-
city in the antibacterial mechanism, a rescue experiment
was performed using the iron chelator deferoxamine (DFO,
D9533, Sigma-Aldrich, St. Louis, Missouri, USA). MRSA
bacteria were pre-treated with 100 µMDFO for 30 minutes
at 37 °C prior to being subjected to the standard MIL@Cur
+ Laser treatment. Following treatment, the bacterial sus-
pensions were collected and stained using a commercial
LIVE/DEAD BacLight TM Bacterial Viability Kit (L7012,
Invitrogen, USA) according to the manufacturer’s protocol.
Briefly, the bacteria were incubated with the SYTO 9 and
Propidium Iodide (PI) dye mixture in the dark for 15 min-
utes. The stained bacteria were then immobilized on a glass
slide and immediately visualized under a fluorescence mi-
croscope. SYTO 9 (green fluorescence) stains all bacteria,
while PI (red fluorescence) only penetrates bacteria with
compromised membranes, indicating dead cells.

Anti-Biofilm Activity Assessment
Biofilm inhibition: Bacteria and the respective treat-

ments were added simultaneously to a 96-well plate and in-
cubated statically at 37 °C for 24 hours to allow biofilm
formation under treatment.

Biofilm disruption: Mature biofilms were first estab-
lished by incubating bacteria in a 96-well plate for 24 hours.
Then, the culture medium was removed, and the respective
treatments were added to the pre-formed biofilms for an-
other 24 hours.

After treatment, the biofilms were stained with 0.1 %
(w/v) crystal violet solution (C0775, Sigma-Aldrich, USA).
The bound dye was dissolved in 95 % ethanol, and the
absorbance was measured at 595 nm. For viable bacte-
rial counts within the biofilms, after treatment, the biofilms
were gently washed with PBS, disaggregated via sonica-
tion, serially diluted, and plated for CFU counting.

Biofilm Structural Analysis by Confocal Laser Scanning
Microscopy (CLSM)

Mature MRSA biofilms were prepared by incubating
bacteria in glass-bottom culture plates for 24 hours. The
pre-formed biofilms were washed, treated with MIL@Cur
nanoparticles (100 µg/mL), and irradiated with an 808
nm NIR laser (1.0 W/cm2, 5 minutes). After treatment,
biofilms were washed and simultaneously stained with
SYTO 9 (3 µM, 20 minutes; #S34854, Invitrogen, Carls-
bad, California, USA) to label all bacterial cells and Con-
canavalin A-Alexa Fluor 647 conjugate (100 µg/mL, 30
minutes; #C21421, Invitrogen, Thermo Fisher Scientific,
USA) to specifically label polysaccharides within the ex-
tracellular matrix. The biofilms were then gently washed
to remove excess dye. The stained biofilms were imaged
using a confocal laser scanning microscope (LSM 980 with
Airyscan 2, Carl Zeiss AG, Oberkochen, Germany) with
consistent settings. Z-stack images were acquired from
multiple random fields. Using Imaris 10.1 software (Abing-
don, Oxfordshire, UK), the biovolume of bacteria (SYTO
9 signal) and extracellular polysaccharides (ConA-647 sig-
nal), as well as the average biofilm thickness, were quanti-
fied.

Quorum Sensing (QS) Gene Expression Analysis
Gene expression analysis was performed on mature

MRSA biofilms after 24 hours of treatment with the re-
spective agents. Total RNA was extracted from the treated
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biofilms using a commercial bacterial RNA extraction kit
(#74104, Qiagen, Finlo, Hesse, Germany), including a
step for DNase I (M0303S, New England Biolabs, Ip-
swich, Massachusetts, USA) treatment to remove genomic
DNA contamination. The concentration and purity of the
RNAwere determined spectrophotometrically. First-strand
Complementary DNA (cDNA) was synthesized from 1 µg
of total RNA using a reverse transcription kit (RR047A,
Takara Bio, Shiga, Japan) with random hexamers. Quanti-
tative real-time polymerase chain reaction (qRT-PCR) was
performed using SYBR Green Master Mix (#4309155, Ap-
plied Biosystems, South San Francisco, California, USA)
on a real-time PCR system. The expression levels of key
QS genes were analyzed using the comparative 2−∆∆Ct

method, with the bacterial 16S rRNA gene serving as an
internal reference control. The sequences of the specific
primers used for each gene were provided in Table 1.

Fabrication and Characterization of the FCMN Patch

Microneedle fabrication: The MIL@Cur micronee-
dles (FCMNs) were prepared using a centrifugal casting
method [30]. First, 200 mg of poly(vinyl alcohol) (PVA,
#363146, Sigma-Aldrich, St. Louis, Missouri, USA) and
50 mg of trehalose (T9531, Sigma-Aldrich, USA) were dis-
solved in 1 mL of deionized water to form a hydrogel pre-
polymer solution. Then, 50 mg of MIL@Cur nanoparti-
cles were uniformly dispersed into this solution. The mix-
ture was poured onto a polydimethylsiloxane (PDMS) mi-
croneedle mold and centrifuged at 4000 rpm for 10 minutes
to ensure the needle cavities were fully filled. The mold
was then frozen at –20 °C for 2 hours, followed by –80 °C
for 2 hours, and finally lyophilized for 24 hours to obtain
the dry, rigid FCMN patch.

Microneedle characterization: The morphology and
elemental composition of the microneedles were exam-
ined using a field emission scanning electron microscope
(FE-SEM, SU8010, Hitachi High-Technologies Corpora-
tion, Tokyo, Japan) equipped with an EDS. The mechan-
ical strength of the FCMN was evaluated using a univer-
sal material testing system (Instron 5943, Norwood, Mas-
sachusetts, USA) equipped with a 50 N load cell. Skin in-
sertion tests were performed on excised mouse skin. The
patch was applied with gentle pressure and held for 5 min-
utes. After removal, the skin tissue was processed for histo-
logical sectioning and hematoxylin and eosin (H&E) stain-
ing. The sections were observed under a microscope to vi-
sualize and measure the depth of the microconduits created
by the needles. To evaluate the local biocompatibility un-
der repeated application conditions, FCMN patches were
applied to the intact mouse skin for 10 minutes daily over
three consecutive days. Macroscopic observations for signs
of local irritation, including redness, swelling, or scabbing,
were recorded daily.

Mouse Wound Infection Model
Sixty male BALB/c mice (6–8 weeks old; 20–22g)

were purchased from Shanghai Model Organisms (Shang-
hai, China). The mice were housed under a standard 12-
hour light/dark cycle. The temperature and humidity were
maintained at 23 ± 2 °C and 50–60 %, respectively. A
full-thickness skin wound with a diameter of 8 mm was
created on the dorsum of each mouse. The wound was
then inoculated with 20 µL of an MRSA suspension con-
taining approximately 1 × 108 CFU to establish the infec-
tion model. Infected mice were randomly divided into five
groups (n = 12 per group). Control group: No treatment;
MN group: Application of a blank microneedle patch for
10 minutes; MIL@Cur group: Topical application of 100
µL of MIL@Cur nanoparticle suspension (5 mg/mL) onto
the wound; FCMN group: Application of the MIL@Cur-
loaded FCMN patch for 10 minutes; FCMN + Laser group:
Application of the FCMN patch for 10 minutes, followed
by irradiation of the wound with an 808 nm NIR laser (1.0
W/cm2) for 5 minutes. The laser beam was adjusted to pro-
duce a circular spot with a diameter of ∼ 12 mm, which
was larger than the wound diameter. This ensured the en-
tire wound area received uniform irradiation. The distance
between the laser aperture and the sample surface was fixed
at 15 cm to achieve the desired spot size and power density.
Investigators responsible for outcome assessment and data
analysis were blinded to the group allocation throughout the
experiment.

In Vivo Evaluation Metrics
Wound healing rate: Mice were anesthetized by in-

traperitoneal injection of sodium pentobarbital (40 mg/kg)
and placed in a standardized position at each time point.
Wounds were photographed alongside a ruler for scale us-
ing a high-resolution digital camera under consistent light-
ing conditions. The wound area was delineated and quan-
tified in square millimeters using the standardized mea-
surement tools in ImageJ2 software (Bethesda, Maryland,
USA).

Bacterial burden: On designated days, mice were
euthanized by intraperitoneal injection of an overdose of
sodium pentobarbital (150 mg/kg). After the cessation of
breathing was confirmed, the entire wound tissue, includ-
ing a 2-mm margin of surrounding skin, was aseptically
excised. The tissue was weighed, homogenized in 1 mL
of sterile PBS using a mechanical homogenizer on ice, and
serially diluted 10-fold in PBS. A 100-µL aliquot of each
dilution was spread onto LB agar plates, which were then
incubated at 37 °C for 24 hours. Bacterial colonies were
counted, and the results were expressed as Log10 CFU per
gram of tissue.

Histological analysis: On day 10, the entire wound tis-
sue with surrounding edges was harvested and fixed in 4
% paraformaldehyde (#158127, Sigma-Aldrich, St. Louis,
Missouri, USA) for 24 hours. Tissues were then processed
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Fig. 1. Synthesis and characterization of MIL@Cur nanoparticles. (A) Representative TEM images of MIL-101(Fe) and MIL@Cur
nanoparticles. Scale bars: 200 nm. (B) TEM-based elemental mapping of MIL@Cur showing the distribution of C, O, Fe, and N.
Scale bar: 100 nm. (C) Drug loading efficiency of curcumin at different feeding mass ratios. n = 3. (D) Hydrodynamic diameter and
(E) Zeta potential of MIL-101(Fe) and MIL@Cur nanoparticles. n = 5. (F) Cumulative release profile of curcumin and (G) iron ions
from MIL@Cur in PBS at different pH values. n = 3. (H) Photothermal heating curves of PBS, MIL-101(Fe), and MIL@Cur under
808 nm laser irradiation. (I) Photothermal heating curves of MIL@Cur at different laser power densities. (J) Photothermal stability of
MIL@Cur over five laser on/off cycles. MIL@Cur, curcumin-loaded iron-based metal-organic framework; PBS, phosphate-buffered
saline; ns means no significant, **p < 0.01. The images were plotted using GraphPad Prism 9.0 (San Diego, California, USA) and
Adobe Photoshop 2023 software (San Jose, California, USA).

through a graded ethanol series, embedded in paraffin, and
sectioned into 5-µm thick slices. For comprehensive anal-
ysis, sections were stained with: H&E staining follow-
ing standard protocols to evaluate general tissue architec-
ture and inflammatory cell infiltration; Masson’s Trichrome
staining to assess collagen deposition and fiber organi-
zation; immunohistochemical (IHC) staining for tumor
necrosis factor-α (TNF-α), platelet endothelial cell adhe-
sion molecule-1 (CD31), and transforming growth factor-

β (TGF-β). Briefly, after antigen retrieval and blocking,
sections were incubated overnight at 4 °C with primary
antibodies against TNF-α (1:200, ab66579, Abcam, Cam-
bridge, UK), CD31 (1:100, ab28364, Abcam, UK), and
TGF-β (1:150, ab92486, Abcam, UK), followed by incuba-
tion with HRP-conjugated secondary antibodies (#7074S,
Cell Signaling Technology, Danvers, Massachusetts, USA)
and 3,3’-Diaminobenzidine (DAB) (SK-4100, Vector Lab-
oratories, Newark, California, USA) development. Addi-
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Fig. 2. In vitro antibacterial activity against planktonic bacteria. (A) Photographs and (B) corresponding quantitative survival rates of
S. aureus, MRSA, and E. coli colonies after various treatments. n = 5. (C) Bacterial membrane integrity assessed by protein leakage assay.
n = 3. (D) Bacterial membrane permeability evaluated by ONPG hydrolysis assay. n = 3. (E) Intracellular levels of iron ions in MRSA
after different treatments. n = 3. (F) Intracellular ROS levels in MRSA after different treatments. n = 3. (G) Fluorescence microscopy
images of live/dead stained MRSA (green: live bacteria; red: dead bacteria) and the rescue effect of the iron chelator DFO. Scale bars:
50 µm. (H) Schematic diagram of the bactericidal mechanism. MIL@Cur, curcumin-loaded iron-based metal-organic framework; S.
aureus, staphylococcus aureus; MRSA, methicillin-resistant staphylococcus aureus; E. coli, Escherichia coli; ONPG, o-Nitrophenyl
β-D-galactopyranoside; ROS, reactive oxygen species; DFO, deferoxamine. ns means no significant, *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001. The images were plotted using GraphPad Prism 9.0 and Adobe Photoshop 2023 software.

tionally, the major organs (heart, liver, spleen, lungs, and
kidneys) of mice in the control group and the FCMN +
Laser group were collected and subjected to H&E staining
for safety assessment. All stained sections were imaged un-
der a light microscope. Semi-quantitative analysis was per-

formed using ImageJ software, where five random fields
per section were analyzed to determine the percentage of
positively stained area for each marker.

Blood biochemical analysis: On day 10, blood was
collected from themouse orbital sinus into serum separation
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Fig. 3. In vitro anti-biofilm activity. (A) Crystal violet staining and (B) corresponding quantitative analysis of biofilms after various
treatments. n = 3. (C) Photographs and (D) quantitative viable bacterial counts of bacteria recovered from disrupted biofilms after various
treatments. n = 3. (E) Relative mRNA expression levels of key quorum sensing (agrA, AtlE) and biofilm-related (icaA, icaD) genes in
MRSA biofilms after treatment. n = 5. MIL@Cur, curcumin-loaded iron-based metal-organic framework. ns means no significant, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The images were plotted using GraphPad Prism 9.0 and Adobe Photoshop 2023
software.

tubes. After clotting, samples were centrifuged at 3000 rpm
for 15 minutes to obtain serum. The serum levels of ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), and creatinine (CRE)
were measured using commercial diagnostic kits (#Z002-
1-1 and #Z003-1-1, Nanjing Jiancheng Bioengineering In-

stitute, Nanjing, China) according to the manufacturer’s in-
structions.

Statistical Analysis

All experimental data are presented as the mean
± standard deviation. Statistical comparisons between
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Fig. 4. Fabrication and characterization of the FCMN patch. (A) Macroscopic and (B) SEM images of the FCMN patch. Scale bars:
2 mm in A; 200 µm in B. (C) SEM-based elemental mapping of a single microneedle tip. Scale bar: 200 µm. (D) Schematic diagram
illustrating the geometric dimensions of the microneedles. (E) Mechanical strength of a single microneedle assessed by compression
testing. (F) In vitro drug release profile from FCMN in different media. n = 3. (G) Macroscopic images of mouse skin before and after
FCMN application. Scale bars: 200 µm. (H) Statistical analysis of microneedle penetration depth. (I) Statistical analysis of microneedle
penetration efficiency. MN, microneedle; FCMN, MIL@Cur microneedle; FBS, fetal bovine serum; PBS, phosphate-buffered saline; ns
means no significant. The images were plotted using GraphPad Prism 9.0 and Adobe Photoshop 2023 software.

groups were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test in GraphPad
Prism 9.0 (San Diego, California, USA). A p-value of less
than 0.05 (p< 0.05) was considered statistically significant.

Results
Synthesis and Characterization of MIL@Cur
Nanoparticles

MIL-101(Fe) nanoparticles were successfully synthe-
sized via a solvothermal method. TEM images revealed
that both the pristineMIL-101(Fe) and the curcumin-loaded
MIL@Cur nanoparticles maintained a well-defined hexag-
onal star-like morphology (Fig. 1A). Elemental mapping
confirmed the homogeneous distribution of C, O, Fe, and

the N signal from curcumin within the MIL@Cur struc-
ture (Fig. 1B). The drug loading efficiency was optimized,
with a 1:1 mass ratio of curcumin to MIL-101(Fe) yield-
ing an efficiency of approximately 38 %, which was se-
lected for subsequent studies (Fig. 1C). DLSmeasurements
showed that the hydrodynamic diameter of the nanoparti-
cles changed from 553± 24.6 nm forMIL-101(Fe) to 563.6
± 18.6 nm forMIL@Cur (Fig. 1D, p> 0.05), while the zeta
potential became more negative, from –13.2 ± –0.8 mV to
–15.5 ± –0.7 mV (Fig. 1E, p < 0.05). The MIL@Cur
nanoparticles exhibited a pronounced pH-responsive re-
lease profile, with nearly 80 % of both curcumin and Fe
ions released within 48 hours at pH 5.0, significantly faster
than at neutral pH (Fig. 1F,G). Under 808 nm laser irradi-
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ation (1.0 W/cm2), the MIL@Cur solution demonstrated a
rapid temperature increase to 52 °C within 2 minutes, su-
perior to MIL-101(Fe) alone (Fig. 1H). Furthermore, both
the heating rate and peak temperature increased with higher
laser power (Fig. 1I). Notably, MIL@Cur maintained ex-
cellent photostability throughout multiple switching cycles
(Fig. 1J). The RAW264.7 cells were incubated with a se-
ries of concentrations (10, 20, 50, 100, and 200 µg/mL) of
MIL@Cur for 24 hours, and cell viability was assessed us-
ing a CCK-8 assay. As shown in Supplementary Fig. 1,
even at the highest concentration of 200 µg/mL, the cell
viability remained above 95 %, with no significant differ-
ence compared to the control group treated with fresh cul-
ture medium alone (p > 0.05).

In Vitro Antibacterial Activity Against Planktonic Bacteria

The antibacterial efficacy of MIL@Cur was evaluated
against S. aureus, MRSA, and E. coli. Results showed that
the MIL@Cur combined with laser treatment group exhib-
ited the lowest number of colonies formed on agar plates
(Fig. 2A), with bacterial survival rates of 3.1 ± 1.6 % (S.
aureus), 2.4 ± 1.7 % (MRSA), and 3.8 ± 2.3 % (E. coli),
significantly outperforming all other experimental groups
(Fig. 2B, p < 0.05). Both the protein leakage assay (Fig.
2C) and the ONPG hydrolysis assay (Fig. 2D) indicated
that theMIL@Cur + Laser treatment caused themost severe
damage to bacterial membrane integrity (p < 0.05). Tem-
perature monitoring confirmed that the bacterial suspension
in the MIL@Cur + Laser group reached 50.3 °C upon irra-
diation (Supplementary Fig. 2). Additionally, MIL@Cur
+ Laser elevated intracellular iron concentrations in MRSA
by 6-fold (Fig. 2E) and increased ROS levels by 3.7-
fold (Fig. 2F), representing the most pronounced effect
among all treatment groups. Live/dead staining visualized
nearly complete bacterial killing (red fluorescence) in the
MIL@Cur + Laser group, an effect that was markedly re-
versed by the iron chelator DFO (Fig. 2G and Supplemen-
tary Fig. 3). Based on the above results, we inferred the
bactericidal mechanism of MIL@Cur + Laser (Fig. 2H).
Excess iron ions induce ROS accumulation within bacte-
ria, damaging nucleic acids and other active molecules, ul-
timately leading to iron-dependent bacterial death.

In Vitro Anti-Biofilm Activity

We further evaluated the therapeutic efficacy of
MIL@Cur against bacterial biofilm infections. In terms of
inhibiting new biofilm formation and disrupting established
biofilms, the MIL@Cur + Laser-treated group exhibited
the lightest crystal violet staining (Fig. 3A, p < 0.05) and
the lowest corresponding absorbance (Fig. 3B, p < 0.05).
Plate counting revealed that MIL@Cur + Laser reduced the
viable bacterial load within the biofilm by approximately
two orders of magnitude compared to the control group
(Fig. 3C, D). In contrast, the free curcumin group, MIL-
101(Fe) group, and MIL@Cur group exhibited less pro-

nounced anti-biofilm activity. Furthermore, we performed
CLSM to directly visualize and quantify the structural disin-
tegration of the biofilm matrix. Three-dimensional recon-
struction and quantitative analysis revealed that treatment
with MIL@Cur + Laser significantly reduced both aver-
age biofilm thickness and EPS polysaccharide biovolume
compared to all control groups (Supplementary Fig. 4).
The molecular mechanism underlying this enhanced effi-
cacy was investigated via qRT-PCR. The analysis indicated
that MIL@Cur + Laser treatment most significantly down-
regulated key QS genes inMRSA (p< 0.05). This included
agrA and AtlE genes associated with bacterial adhesion, as
well as icaA and icaD genes linked to polysaccharide in-
tercellular adhesin production and biofilm formation (Fig.
3E).

Fabrication and Characterization of the FCMN Patch

To enhance localized drug delivery efficiency, the
MIL@Cur nanoparticles were incorporated into a hydrogel
matrix to form a dissolvable MN patch, termed FCMN. The
resulting FCMN patch displayed a uniform disc-like struc-
ture with a densely packed array of sharp, conical needles
(Fig. 4A, B). Elemental mapping confirmed the success-
ful and uniform distribution of the characteristic elements
(C, O, Fe) of MIL@Cur within the needle tips (Fig. 4C).
The microneedles were fabricated with consistent geome-
try, possessing a height of ∼ 500 µm, a base width of ∼
250 µm, and a tip-to-tip spacing of ∼ 700 µm (Fig. 4D).
Mechanical characterization through compression testing
fully verified the structural robustness of the FCMN patch,
demonstrating that needles prepared using a 10 % concen-
tration hydrogel remained intact without fracture when sub-
jected to pressures exceeding 0.4 N per needle (Fig. 4E).
The drug release profile was evaluated in physiologically
relevant media. When placed in different solutions, the
FCMN achieved rapid and efficient release, with over 80
% of the loaded MIL@Cur released within 5 minutes (Fig.
4F). Upon application to mouse skin ex vivo, the needle tips
dissolved efficiently, leaving behind a porous patch backing
(Fig. 4G). Visualization of the treated skin via H&E stain-
ing confirmed the creation of microconduits with a pene-
tration depth of 283.3 ± 7.6 µm (Fig. 4H) and a high pen-
etration efficiency of 86.7 ± 4.2 % (Fig. 4I). To evaluate
the local biocompatibility of the FCMN patch under con-
ditions mimicking repeated application, a pilot study was
conducted on healthy mice. FCMN patches were applied to
the shaved dorsal skin daily for 10 minutes over three con-
secutive days. Daily macroscopic observation and histolog-
ical analysis revealed no signs of irritation, such as redness,
swelling, or scabbing (Supplementary Fig. 5).

In Vivo Therapeutic Efficacy in a Wound Infection Model

The therapeutic performance of the various formula-
tions was rigorously assessed in a murine model of MRSA-
infected full-thickness skin wounds. Macroscopic obser-
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Fig. 5. In vivo therapeutic efficacy in a murine wound infection model. (A) Representative photographs and (B) corresponding
quantitative healing rates ofMRSA-infected wounds in different groups over 10 days. n = 3. (C) Bodyweight changes of mice throughout
the treatment period. n = 3. (D) Photographs and quantitative bacterial load on (E) day 4 and (F) day 10 from wound homogenates. n = 3.
(G) H&E staining of wound tissues on day 10. Scale bar: 20 µm. (H) Serum biochemical indicators of liver and kidney function on day
10. n = 3. MIL@Cur, curcumin-loaded iron-based metal-organic framework; MN, microneedle; FCMN, MIL@Cur microneedle; H&E,
hematoxylin and eosin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; ns
means no significant, ****p < 0.0001. The images were plotted using GraphPad Prism 9.0 and Adobe Photoshop 2023 software.
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Fig. 6. Histological analysis of wound regeneration on day 10. (A) Representative images of Masson’s trichrome staining and IHC
staining for TNF-α, CD31, and TGF-β in wound tissues from different groups. Scale bars: 20 µm. Quantitative analysis of (B) collagen
deposition area, (C) TNF-α positive area, (D) CD31 positive area, and (E) TGF-β positive area. n = 3. MIL@Cur, curcumin-loaded
iron-based metal-organic framework; MN, microneedle; FCMN, MIL@Cur microneedle; IHC, immunohistochemical; TNF-α, tumor
necrosis factor-α; CD31, platelet endothelial cell adhesion molecule-1; TGF-β, transforming growth factor-β. ns means no significant,
*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. The images were plotted using GraphPad Prism 9.0 and Adobe Photoshop 2023
software.
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vation over 10 days revealed distinct healing trajectories
among the groups (Fig. 5A, B). The Control, MN, and
MIL@Cur groups showed slow wound contraction, with
persistent signs of infection such as erythema and pus. The
FCMN group (without laser) demonstrated improved heal-
ing compared to the topical MIL@Cur group. However, the
FCMN+Laser group exhibited themost rapid and complete
wound closure, with the best visual appearance and min-
imal scarring, by the end of the study. Mice in this group
also showed themost rapid bodyweight recovery (Fig. 5C).
Bacterial counts from wound homogenates provided quan-
titative evidence for the treatment efficacy (Fig. 5D–F). On
day 4, the FCMN + Laser treatment had already reduced
the bacterial burden by about 1 log compared to the con-
trol. By day 10, this group achieved a substantial reduction
of 2 logs, significantly outperforming all other groups, in-
cluding the FCMN group without laser irradiation. Histo-
logical analysis of day-10 wound tissues via H&E staining
correlatedwith these findings, revealing the least inflamma-
tory cell infiltration and the most organized tissue structure
in the FCMN + Laser group (Fig. 5G). Critically, blood
biochemical analysis indicated no significant differences in
liver (ALT, AST) and kidney (BUN, CRE) function mark-
ers among all groups (Fig. 5H). In addition, Supplemen-
tary Fig. 6 showed no observable pathological abnormali-
ties, necrosis, or inflammatory lesions in any of the exam-
ined organs from the FCMN + Laser group compared to the
Control group.

Histological Analysis of Healed Wounds
A detailed histological analysis was conducted on day

10 to evaluate the quality of wound healing and the un-
derlying tissue regeneration processes. Masson’s trichrome
staining revealed significant differences in collagen depo-
sition among the groups (Fig. 6A, B). Tissues from the
FCMN + Laser group showed the most abundant, dense,
and well-organized collagen fibers. In contrast, the Control
and MN groups displayed sparse and disorganized colla-
gen deposition. The MIL@Cur and FCMN groups showed
intermediate levels of collagen. IHC staining provided fur-
ther mechanistic insights (Fig. 6A,C–E). The expression of
the pro-inflammatory cytokine TNF-αwas the lowest in the
FCMN+Laser group. Conversely, the expression of the an-
giogenesismarker CD31was the highest in this group. Sim-
ilarly, the expression of the pro-regenerative growth factor
TGF-β was significantly upregulated in the FCMN + Laser
group.

Discussion
The relentless challenge of biofilm-associated infec-

tions in post-surgical care necessitates innovative ther-
apeutic strategies that transcend conventional antibiotic
paradigms. In this study, we have engineered an inte-
grated microneedle-mediated platform that successfully ad-
dresses the dual barriers of skin penetration and biofilm re-

sistance. This system synergistically co-delivers a photore-
sponsive iron-based MOF (MIL-101(Fe)) and the natural
QS inhibitor curcumin, culminating in a potent multi-modal
therapy for biofilm-infected wounds. The FCMN patch,
upon NIR laser activation, demonstrates unparalleled effi-
cacy in eradicating both planktonic and biofilm-embedded
bacteria while actively promoting a pro-regenerativewound
microenvironment.

The cornerstone of this platform’s success is the
rational design and meticulous characterization of the
MIL@Cur nanohybrid. Our data confirm that the
solvothermally synthesized MIL-101(Fe) possesses a
highly uniform hexagonal star-like morphology, which
remains intact after curcumin loading [31]. This structural
preservation is paramount, as it maintains the high surface
area and porosity essential for efficient photothermal
conversion. The successful and homogeneous incorpora-
tion of curcumin within the MOF pores, corroborated by
elemental mapping, ensures optimal loading and protects
the labile QS inhibitor from premature degradation. Fur-
thermore, the more negative zeta potential of MIL@Cur
compared to its pristine counterpart signifies enhanced
colloidal stability in aqueous media, a critical factor for
reliable performance in physiological environments [32].
The nanohybrid’s intelligent, stimuli-responsive behavior
is evidenced by its accelerated release of both Fe ions
and curcumin under acidic conditions (pH 5.0). This
pH-triggered release profile strategically targets the acidic
microenvironment characteristic of bacterial infection sites
and biofilms, enabling a precise, on-demand therapeutic
action [33,34]. When coupled with its exceptional and
highly stable photothermal performance under 808 nm
NIR laser irradiation—evidenced by a rapid temperature
increase to over 50 °C and consistent performance across
multiple irradiation cycles—the MIL@Cur nanohybrid
establishes itself as an ideal core agent for a triggered,
multi-modal antimicrobial strategy. This multifunctional-
ity enables a concerted physical-chemical-biological attack
that is fundamentally distinct from simply combining two
separate materials, offering a more holistic strategy against
complex biofilm infections.

The exceptional antibacterial and anti-biofilm out-
comes observed both in vitro and in vivo can be decon-
structed into a compelling triple-synergistic mechanism.
First, the instantaneous photothermal effect upon NIR ir-
radiation inflicts direct and irreparable physical damage to
bacterial membranes [35]. This is quantitatively demon-
strated by themarked increase in protein leakage andONPG
hydrolysis in the MIL@Cur + Laser group. This membrane
disruption serves a dual purpose: it directly lyses bacterial
cells and potently enhances the permeability of the biofilm
matrix and bacterial envelopes, thereby facilitating the in-
flux of subsequent therapeutic agents. Second, the local-
ized heat acts as a smart trigger, explosively releasing a
high concentration of Fe ions from the MOF framework.
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These ions are rapidly internalized by bacteria, inducing a
lethal state of iron overload. The subsequent Fenton reac-
tions within the bacterial cells catalyze the conversion of
endogenous H2O2 into highly cytotoxic hydroxyl radicals,
leading to catastrophic oxidative stress. The pivotal role of
this iron-mediated CDT is definitively proven by our res-
cue experiment, where pre-treatment with the iron chelator
DFO significantly restored bacterial viability, as visually
confirmed by the shift from red (dead) to green (live) flu-
orescence in live/dead staining. Third, operating concur-
rently with this physical and chemical assault, the released
curcumin executes a sophisticated biological intervention.
By potently suppressing the QS system—as molecularly
evidenced by the significant downregulation of key genes
(agrA, AtlE, icaA, icaD) governing adhesion and biofilm
matrix synthesis—curcumin disrupts the very communica-
tion network that coordinates biofilm development and vir-
ulence [36,37]. This anti-virulence strategy, distinct from
direct bactericidal action, effectively disarms the bacteria,
sensitizing the biofilm structure to disintegration and cru-
cially mitigating the potential for resistance development.
The hierarchical efficacy observed across treatment groups,
from the modest effects of free curcumin or MIL-101(Fe)
alone to the profound synergy of the combined MIL@Cur
+ Laser treatment, underscores the necessity of integrating
all three modalities.

The translation of this potent nano-agent from in vitro
promise to in vivo reality was critically contingent upon
the advanced design of the FCMN delivery platform. Dis-
solvable microneedles have emerged as a powerful tool
for transdermal drug delivery, including for antimicro-
bials. However, most current systems are designed to de-
liver small molecules, peptides, or single-mode nanopar-
ticles [38–40]. Our work advances this paradigm by en-
gineering MNs for the co-delivery of a complex, multi-
functional nanocomposite system (MIL@Cur). The patch
features an array of microneedles with optimized geom-
etry and demonstrable mechanical robustness, capable of
withstanding pressures over 0.4 N per needle—far exceed-
ing the force required for reliable skin penetration [41].
This capability was quantitatively verified by the high pen-
etration efficiency (∼ 87 %) and consistent depth (∼ 283
µm) achieved in ex vivo skin, ensuring direct bypass of
the stratum corneum barrier. The uniform distribution of
MIL@Cur within the needle matrix, confirmed by elemen-
tal mapping, guarantees the coherent delivery of the full
therapeutic payload. Crucially, the rapid dissolution of the
hydrogel needles within minutes post-application enables
the immediate and localized deposition of nano-agents di-
rectly into the wound bed and biofilm. This targeted de-
livery paradigm is instrumental in overcoming the dual de-
fensive barriers of the skin and the biofilm’s EPS, achieving
high local drug concentrations precisely at the infection epi-
center. The stark contrast in in vivo outcomes between the
topical MIL@Cur application and the FCMN-mediated de-

livery, with the latter showing dramatically enhanced bac-
terial clearance and wound healing, irrefutably highlights
the indispensability of this sophisticated delivery system to
the platform’s overall success.

Beyond achieving superior infection control, the
FCMN + Laser therapy demonstrated a remarkable capac-
ity to orchestrate a regenerative wound microenvironment.
Histological analyses revealed that this combined treatment
led to a significant reduction in the pro-inflammatory cy-
tokine TNF-α, effectively resolving the chronic inflam-
mation that impedes healing [42]. Concurrently, it pro-
moted robust angiogenesis, as indicated by upregulated
CD31 expression, ensuring adequate nutrient and oxygen
supply [43,44]. The observed increase in TGF-β expression
and the consequent deposition of abundant, well-organized
collagen fibers, as seen in Masson’s trichrome staining,
are hallmarks of high-quality, functional tissue repair [45].
This shift from a stagnant, pro-inflammatory state to a dy-
namic, pro-regenerative phase underscores the therapy’s
ability to not only clear the pathogen but also to actively
drive the wound healing process towards an optimal out-
come [46].

Despite the promising results, several limitations of
the current study should be acknowledged, which also point
to directions for future research. First, the therapeutic ef-
ficacy was validated primarily in a subcutaneous wound
model. The performance of this platform against deeper
tissue infections or biofilm formation on medical implants
remains to be investigated. Second, while this study thor-
oughly elucidated the intrinsic multi-mechanistic synergy
of our platform, a direct comparative efficacy assessment
against standard-of-care antimicrobials (e.g., topical van-
comycin) was not conducted. Such comparisons in rele-
vant infection models will be crucial for precisely defining
its potential clinical advantage, especially in scenarios in-
volving multidrug-resistant pathogens [47]. Third, regard-
ing safety, our assessment confirmed the absence of acute
systemic and local toxicity within the 10-day treatment win-
dow, coinciding with wound healing. However, a dedicated
long-term study evaluating the biodistribution, metabolic
fate, and safety of repeated application over extended peri-
ods would be a valuable next step in the translational path-
way [48]. Addressing these aspects in future work will fur-
ther solidify the platform’s potential for clinical application
against stubborn biofilm infections.

Conclusions
In conclusion, we have successfully developed a dis-

solvable microneedle patch that co-delivers a photore-
sponsive iron-based MOF and curcumin for highly effec-
tive treatment of biofilm infections. This platform syner-
gistically combines photothermal therapy, iron-overload-
mediated CDT, and QS inhibition, which collectively dis-
rupt biofilms, eradicate embedded bacteria, and promote
wound healing, as validated in both in vitro and in vivomod-
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els. This work provides a potent and clinically translatable
strategy for combating multidrug-resistant bacterial infec-
tions without relying on traditional antibiotics.
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