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A B S T R A C T

Phototherapy has emerged to eradicate recalcitrant bacteria without causing drug resistance, but it is often 
accompanied by considerable limitations owing to a high tolerance of recalcitrant bacteria to heat and oxidative 
damage, leading to low efficiency of monotherapy and unwanted side effects. Assuming that employing anti-
microbial peptides (AMPs) to disrupt bacterial membranes could reduce bacterial tolerance, a multifunctional 
“on-demand” nanosystem based on zeolitic imidazolate framework-8 (ZIF-8) with metal ions for intrinsic anti-
bacterial activity was constructed to potently kill methicillin-resistant Staphylococcus aureus (MRSA). Then, 
microneedles (MNs) were used to transdermally deliver the ZIF-8-based nanosystem for localized skin infection. 
After MNs insertion, the nanoplatform could specifically deliver the loaded therapeutic components to bacterial 
infection sites through employing hyaluronic acid (HA) as a capping agent, thus realizing the “on-demand” 
payload release triggered by excess hyaluronidase secreted by MRSA. The prepared nanosystem and MNs were 
confirmed to exert an amplified triple therapy originating from membranolytic effect, phototherapy, and ion 
therapy, thus displaying a powerful bactericidal and MRSA biofilm destruction ability. This intelligent antimi-
crobial strategy may bring a dawn of hope for eradicating multidrug-resistant bacteria and biofilms.

1. Introduction

Bacteria are ubiquitous in nature, existing in, on, and around us. Due 
to their rapid metabolism, they can replicate within minutes. Pathogenic 
bacteria often attach to human skin and mucosal surfaces using 
specialized components, leading to skin infections. In severe cases, these 
infections can extend into subcutaneous tissues, causing conditions like 
cellulitis or carbuncles. Unfortunately, the widespread misuse of anti-
biotics, coupled with inappropriate infection control measures, has led 
to the emergence of antibiotic-resistant pathogens, including the noto-
rious superbug methicillin-resistant Staphylococcus aureus (MRSA) [1]. 
To make matters worse, MRSA can encase bacterial communities in a 
self-produced extracellular polymeric matrix, forming biofilms that 
shield the bacteria from therapeutic agents [2]. The rise of 
antibiotic-resistant bacterial infections has thus intensified the research 
for potent new antimicrobial treatments [3,4].

Phototherapy has emerged as a promising antibacterial strategy, 

primarily through photothermal therapy (PTT) and photodynamic 
therapy (PDT). These approaches rely on photosensitizers, which are 
activated by specific wavelengths of light to either generate heat or 
convert surrounding oxygen molecules into cytotoxic reactive oxygen 
species (ROS) [5]. PTT is particularly advantageous due to its rapid 
action and efficacy without fostering drug resistance. However, bacteria 
have a high tolerance to temperature, creating a dilemma for PTT: 
moderate temperatures (around 50 ◦C) are insufficient to eradicate 
bacteria, while higher temperatures (above 60 ◦C) risk damaging sur-
rounding healthy tissues. PDT, on the other hand, struggles to penetrate 
deeper bacterial biofilms due to the short lifespan (less than 4 μs), 
confined diffusion, and small coverage area of cytotoxic ROS [6,7]. As a 
result, recalcitrant microorganisms are difficult to eliminate using PTT 
or PDT alone. In addition, free photosensitizers are often prone to 
degradation and suffer from aggregation-caused quenching in aqueous 
solutions, reducing their fluorescence efficiency and overall photo-
therapy effectiveness [8–10].
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Porous nanoparticles (NPs) have shown promise in addressing these 
challenges. With their high porosity and well-defined structures, NPs 
can deliver photosensitizer molecules while preventing quenching and 
enhancing physiological stability via a steric-hindrance effect [11–13]. 
However, traditional NPs merely serve as carriers without any thera-
peutic enhancement, and uncontrolled release of photosensitizers may 
cause toxic side effects to normal tissues. Therefore, the development of 
novel, “on-demand” nanosystems that improve the delivery of 
photo-excited antimicrobial agents is urgently required. Among the 
various alternatives, metal-organic frameworks (MOFs) have gained 
attention for their unique properties, including tunable composition and 
structure, high surface area, easy of functionalization, and excellent 
biodegradability [14–16]. One of the most studied MOFs, Zeolitic imi-
dazolate framework-8 (ZIF-8), is composed of tetrahedral zinc centers 
bridged by 2-methyl imidazole (2-MeIM) ligands through coordination 
bonds [17,18]. ZIF-8’s acid-responsive disassembly property, triggered 
by protonated ligands at acidic pH [19], makes it particularly attractive 
for antibacterial applications, as the microenvironment of bacterial in-
fections and biofilms is inherently acidic (pH 4.5–6.5) [20]. Once dis-
assembled, ZIF-8 releases zinc ions (Zn2+) which disrupt bacterial ion 
channels, disturb the environmental ionic balance, and produce free 
radicals [21–23].

In addition to MOFs, various materials, including antimicrobial 
peptides (AMPs), 2D nanosheets (MXenes [24–26], molybdenum disul-
fide [27], single-layered graphene [14]), bacteriophages [28,29], and 
lysins [30,31], have been explored for their ability to perforate bacterial 
membranes and interact with intracellular components. Among these, 
AMPs are naturally occurring alkaline peptides with strong cationic 
properties, many of which have an isoelectric point greater than 7 [32]. 
As an AMP naturally produced by Streptomyces albulus, ε-poly-L-lysine 
(PL) contains 25–30 lysine residues, which has strong bactericidal ac-
tivity and thermal stability (120 ◦C, 20 min) [33]. PL’s mechanism in-
volves electrostatic attraction to bacterial membranes, leading to 
membrane disruption and ion leakage, ultimately causing bacterial 
death. Due to its unique mode of action, PL has a low propensity for 
developing drug resistance, making it a viable alternative to traditional 
antibiotics.

Building on these findings, we hypothesize that disrupting bacterial 
membranes first can reduce bacterial thermal tolerance and enhance the 
penetration of ROS, resulting in synergistic therapeutic effects. In this 
study, we designed a multifunctional core-shell nanocomposite with 
intelligent responsiveness and self-activating capability for treating 

bacterial infections. The core consists of the photosensitizer indocyanine 
green (ICG) encapsulated within a ZIF-8 skeleton (ZIF-8-ICG, ZI), while 
the PL is physically adsorbed onto the surface (PL@ZI, PZ). To enable 
“on-demand” release, we further coated the nanocomposite with a hy-
aluronic acid (HA) shell, creating a hybrid nanosystem (PL@ZI-HA, 
PZH). Many bacteria, including S. aureus and MRSA, secrete virulence- 
related enzymes like hyaluronidase (HAase) [34–36], which degrades 
HA to trigger responsive payload release in the bacterial 
microenvironment.

The PZH NPs were delivered using a transdermal microneedle (MN) 
patch (PZH MNs) for targeted treatment of MRSA-induced skin in-
fections (Scheme 1A). Upon application, the PZH MNs patch non-
invasively penetrated the stratum corneum, physically disrupting 
microbial biofilm architecture [37–39]. In the presence of HAase, the 
HA layer was cleaved, exposing PL with its reactive positive charge [40,
41], leading to membrane disruption, massive leakage of intracellular 
contents, and potentiated phototherapy. NIR light activation of ICG 
induced both localized heat and ROS production, causing damage to 
bacterial proteins, nucleic acids, and lipids. Simultaneously, ZIF-8 
released Zn2+ ions (Scheme 1B), further enhancing the antibacterial 
effect by disrupting bacterial ionic balance and producing free radicals.

Our results demonstrate that this PZH nanosystem and PZH MNs 
patch exhibit significant antimicrobial activity against recalcitrant 
MRSA, offering a promising alternative for treating multidrug-resistant 
bacterial skin infections through a triple therapy originated from 
membranolytic effect, phototherapy, and ion therapy.

2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate [Zn(NO3)2‧6H2O], 2-MeIM, ICG, polyvinyl 
alcohol (PVA), and polyvinylpyrrolidone (PVP) K30 were purchased 
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 
Methanol was provided by Tianjin Zhiyuan Chemical Reagent Co., Ltd. 
(Tianjin, China). PL was acquired from Bainafo Bioengineering Co., Ltd 
(Zhengzhou, China). HA was supplied by Bloomage Freda Biopharm Co., 
Ltd. (Shandong, China), and HAase was purchased from Solarbio 
Technology Co., Ltd. (Beijing, China). PVP K90 was kindly donated by 
BASF SE (Ludwigshafen, Germany). 1,3-Diphenylisobenzofuran (DPBF) 
was provided by Sigma-Aldrich Trading Co., Ltd. (Shanghai, China), and 
2,7-dichloride hydrofluoresceinpreci diacetate (DCFH-DA) was obtained 

Scheme 1. (A) The preparation of “on-demand” nanosystem-integrated microneedles (PZH MNs). (B) Schematic illustration of the amplified triple therapy 
(membranolytic effect, phototherapy, and ion therapy) against recalcitrant bacteria-induced skin infections.
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from Solarbio Technology Co., Ltd, Beijing, China). Mueller-Hinton agar 
(MHA) and Mueller-Hinton broth (MHB) were supplied by Oxoid 
(Basingstoke, England). All the reagents were used as received without 
further purification.

2.2. Synthesis and characterization of nanosystem

2.2.1. Preparation of nanoparticles
Firstly, ZI nanoparticles were facilely synthesized via the modified 

one-pot synthesis method according to our previous work [19]. ICG (30 
mg) was dissolved in 3 mL of methanol containing 90 mg of Zn(NO3)2‧ 
6H2O (solution A), and 198 mg of 2-MeIM was dissolved in an equal 
volume of methanol (solution B). Then solution B was dropped into 
solution A under continuous stirring at 300 rpm for 1 h. The final ZI NPs 
were obtained after centrifugation and redispersed with ultrapure 
water.

Then, PL aqueous solution was dropwise added to ZI suspension (v/v 
1:1) and stirred at 500 rpm for 1 h, which was collected by centrifuga-
tion to generate PL@ZI. For further surface coating, PZ dispersion (4 
mg/mL) was mixed with HA solution (0.2 mg/mL) of the same volume to 
prepare PZH. Fluorescence spectroscopy (FluoroMax-4, HORIBA In-
struments Incorporated) was applied to quantify the ICG loading ca-
pacity, and high-performance liquid chromatography (HPLC, LC-20AT, 
Shimadzu, Japan) was used to determine the free PL content in the su-
pernatant to calculate the adsorbing capacity.

2.2.2. In vitro photothermal conversion and ROS generation detection
The photothermal conversion ability of ICG, ZI, PZ, and PZH acti-

vated by NIR irradiation was respectively determined. The sample so-
lution (1 mL) containing 5, 10, or 20 μg/mL of ICG was irradiated by a 
NIR laser (808 nm, 1.0 W/cm2) for 10 min. The effect of different power 
densities was also investigated. An infrared thermal imager (TiS75, 
Fluke, Shanghai, China) was applied to monitor and record the solution 
temperature.

The photodynamic effect of ZI, PZ, and PZH was carried out using 
DPBF as a ROS indicator. In brief, the mixture solution containing 10 μg/ 
mL of ICG and 75 μM of DPBF was irradiated for 10 min (808 nm, 1.0 W/ 
cm2), and the UV–visible spectra were recorded at predetermined time 
points.

2.2.3. Microenvironment-responsive property and storage stability
To confirm the outer HA layer modification, PZH was incubated with 

HAase (150 U/mL) overnight to observe the change of zeta potential. 
Besides, the lattice structure of PZH was performed by powder X-ray 
diffractometer (pXRD). After immersion in pH 5.4 PBS for 24 h, the 
morphology of NPs was observed by transmission electron microscope 
(TEM) to investigate the pH-responsiveness of the ZIF-8 skeleton. To 
evaluate the storage stability, the ICG content of PZ or PZH aqueous 
suspension was measured by Fluorescence spectroscopy at pre-
determined time intervals.

2.3. In vitro antibacterial activity

In this study, MRSA was selected as the representative gram-positive 
bacteria strain. MRSA was firstly inoculated into MHB medium on a 
37 ◦C shaker overnight and then adjusted to the concentration of 2 ×
105 CFU/mL. The diluted MRSA suspension (500 μL) was cultured with 
an equal volume of PBS, PL, ZI, or PZH for 2 h, and performed with NIR 
laser irradiation for 10 min. The solution temperature change was 
detected by the infrared thermal imager. Finally, the bacterial suspen-
sions were 10-fold diluted serially, and 10 μL was spread onto MHA 
plates, followed by incubation for 24 h to count the colony forming unit 
(CFU).

2.4. Relevant antimicrobial mechanisms

2.4.1. Bacterial membrane integrity and morphological changes
The destruction of bacterial membrane integrity after various treat-

ments was qualitatively assessed using a Live/Dead bacteria staining kit 
(SYTO 9/PI, Thermo Fisher Scientific, Waltham, USA). Briefly, MRSA 
suspension (1 × 108 CFU/mL, 500 μL) was separately treated with 500 
μL of different samples for 2 h and followed by exposure to laser irra-
diation for 10 min. After another 2 h of incubation, bacteria were 
collected by centrifugation at 8000 rpm for 5 min and washed with 
sterile PBS twice. The precipitate was resuspended in 500 μL of pre- 
mixed dye solution (SYTO 9 30 μM, PI 5 μM) at room temperature and 
stained in the dark for 30 min. After removal of excess dye by washing 3 
times, bacterial samples were dispersed with PBS and then imaged using 
a confocal laser scanning microscope (CLSM, FV3000, Olympus Corpo-
ration, Japan).

Then, a biological scanning electron microscope (SEM, SU8010, 
Hitachi, Japan) was used to inspect the morphological changes of MRSA. 
The pretreated bacterial cells were centrifuged at 4000 rpm for 10 min, 
rinsed twice with PBS, and immediately fixed with 2.5 % glutaraldehyde 
overnight at 4 ◦C. Then the bacteria were treated with gradient ethanol 
solution and dehydrated for 15 min in each step, followed by observa-
tion using SEM.

2.4.2. Adenosine triphosphate (ATP) activity assay
Bacterial metabolic activity was assessed by measuring the bacterial 

ATP level using the Enhanced ATP Assay Kit (Beyotime Biotechnology, 
Shanghai, China). Briefly, MRSA was pretreated with different samples 
followed by laser exposure and precipitated by centrifugation at 4 ◦C. 
Then, 200 μL of lysate was added to lysate the bacterial cells in an ice 
bath. After lysis, samples were centrifuged at 12000 rpm for 5 min under 
4 ◦C to collect supernatant, which was subsequently added to a sterile 
96-well white plate supplemented with 100 μL of ATP test solution. The 
ATP luminescence signals were recorded by a multifunctional micro-
plate reader (Flex Station 3, Molecular Devices, USA).

2.4.3. Intracellular content leakage detection
To investigate the cellular content leakage caused by the disruption 

of the cell membrane, MRSA bacteria (1 × 108 CFU/mL) were pretreated 
with different samples, irradiated with NIR laser for 10 min, and 
immediately centrifuged at 12000 rpm for 5 min under 4 ◦C. The su-
pernatant was collected and stored in an ice bath. The concentration of 
leaked proteins of each group was quantified using a BCA Protein Assay 
kit. Besides, the optical density (OD) values at 260 nm and 280 nm were 
recorded on behalf of extracellular nucleic acids and proteins released 
by bacterial cells, respectively.

2.4.4. Intracellular ROS detection in bacteria
The level of ROS generated in bacteria was qualitatively detected. 

Different samples were inoculated with MRSA bacterial suspension (1 ×
108 CFU/mL, 500 μL) for 2 h. The resulting mixture was irradiated by 
NIR laser, centrifuged, and washed three times with PBS. Precipitates 
were collected, resuspended in 1 mL of DCFH-DA probe (a final con-
centration of 10 μM) for 30 min, and finally imaged using CLSM.

2.5. Biofilm disruption and penetration behavior

To obtain biofilm culture, an aliquot of adjusted MRSA suspension (2 
× 107 CFU/mL, 500 μL) was added to a laser confocal 24-well plate. 
After cultivation in a 37 ◦C incubator for 72 h, mature MRSA biofilm was 
obtained. Different drug dispersions (500 μL) were added, followed by 
808 nm NIR irradiation for 10 min, and rinsed carefully with sterile PBS 
twice. SYTO 9 dye solution (30 μM) was added to stain bacteria in the 
dark for 30 min. After the removal of the excess dye, fluorescent images 
were taken by CLSM. For the quantitative analysis of residue living 
bacteria within the biofilm, MRSA suspension was inoculated in a 96- 
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well plate following the same steps above. Viable bacteria were quan-
tified by the agar plate colony-counting method. The biofilm- 
penetration behavior of nanosystems was implemented to figure out 
material-bacteria interaction [42]. The biofilm was incubated with ICG, 
ZI, PZ, or PZH for 4 h, stained with 150 μL of diaminophenyl indole 
(DAPI), followed by imaging using CLSM.

2.6. Fabrication and characterization of NPs-loaded microneedles

The NPs-embedded microneedles were fabricated through a modi-
fied three-step centrifugation method [9,43]. In brief, the nanoparticle 
aqueous suspension was mixed with PVA/PVP K30 to form the needle 
matrix solution (v/v 4:1), which was injected into the negative mold and 
centrifugated at 4000 rpm for 5 min under 4 ◦C. After removing the 
excess solution, the negative mold was centrifuged for 30 min and dried 
overnight in a desiccator. Then, PVA/PVP K30 mixture solution 
(50/300 mg/mL) was filled into the mold under the same centrifugation 
conditions. Finally, PVP K90 ethanol solution (w/v 1:3.2) was employed 
to form the base part via centrifugation. After drying for 48 h, the 
NPs-loaded MNs were gently peeled off.

The morphology of fabricated MNs was observed with SEM (EVO 
MA10, Carl Zeiss AG, Germany), a digital camera, and an inverted mi-
croscope (Eclipse Ts2, Nikon Corporation, Tokyo, Japan). The fracture 
force of the MNs was examined by a texture analyzer (CT3, Brookfield, 
USA) [44,45]. To further assess the skin insertion capability, a piece of 
MN patch was inserted into the mouse back skin (in vivo) or shaved rat 
dorsal skin (ex vivo) for 2 min. After peeling off the patch, the residue 
MNs and insertion site were imaged with a digital camera. SEM was 
applied to observe the dissolution of the microneedle patch, and he-
matoxylin and eosin (H&E) staining was performed to observe the his-
tological character of the punctured skin. The photothermal 
performance of PZH NPs@ MNs was monitored for 20 min. The particle 
size was measured to confirm the recovery of intact nanostructures 
following microneedle administration.

2.7. In vivo antimicrobial efficiency assessment

Four-week-old ICR (CD-1) mice ordered from Guangdong Medical 
Laboratory Animal Center were used for the in vivo antimicrobial ex-
periments. The animal experimental procedures were performed with 
the approval of the Animal Ethics Committee of Sun Yat-sen University 
(SYSU-IACUC-2022-B0874). Briefly, PBS containing 2 × 108 CFU/mL of 
MRSA (50 μL) was subcutaneously injected into the shaved back of each 
mouse to establish the bacterial infection model. After 24 h of inocula-
tion, the mice equipped with abscess were randomly divided into 7 
groups: no treatment, commercial mupirocin ointment (Bactroban, 
SK&F, Tianjin, China), PL MNs, ZI MNs + NIR, PZ MNs + NIR, PZH MNs, 
and PZH MNs + NIR. Two hours after the patch treatment, NIR irradi-
ation was performed for 20 min, throughout which the temperature was 
monitored. Then the mice were euthanized and the infected back skin 
was excised to homogenize with 1 mL of sterile PBS, diluted by a 10-fold 
series, and spread onto the MHA plates for MRSA quantification. The 
abscess sites of mice were photographed.

2.8. In vivo inflammatory response and histological analysis

The degree of inflammatory response was quantitatively evaluated 
according to the expression level of the representative inflammatory 
cytokines in the skin homogenates, including interleukin 6 (IL-6) and 
tumor necrosis factor-α (TNF-α). In brief, the homogenates were 
centrifuged at 8000 rpm for 20 min under 4 ◦C to obtain corresponding 
supernatants for cytokine concentration determination via the enzyme- 
linked immunosorbent assay (ELISA) kit based on the manufacturer’s 
instructions. Beyond that, the back skin lesions after treatment were 
excised and fixed in 4 % paraformaldehyde for H&E and Gram staining.

2.9. In vivo safety evaluation

Healthy ICR mice were randomly divided into 3 groups: No treat-
ment (normal), PZH MNs, and PZH solution (abbreviated as PZH aq), in 
which 100 μL of PZH aq (2 mg/mL) was subcutaneously injected into the 
back skin of mice. In order to observe the short-term and long-term 
toxicity of the preparations, mice were euthanized 5 h and 5 d after 
administration, respectively. The local skin and main organs were taken 
for histological analysis, and whole blood samples were collected for 
blood routine determination. To investigate skin recovery after the MNs 
application, healthy ICR mice were divided into 4 groups: Normal, PL 
MNs, ZI MNs, and PZH MNs. The skin recovery of mice was pictured at 
predetermined time points post-administration.

2.10. Statistical analysis

All data were presented as mean ± standard deviation (SD). Statis-
tical analyses were performed using a t-test or one-way analysis of 
variance (ANOVA) via Graphpad Prism 9 (Graphpad Software LLC., San 
Diego, USA). P value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of PZH

ZIF-8 is one of the most widely applied MOFs for drug delivery, 
which enjoys a high reputation for its large specific surface area, high 
porosity, and structural sensitivity to acid environments. Herein, it is 
chosen for stabilizing active therapeutics, that is ICG and PL, also 
because the zinc ions that constitute the ZIF-8 backbone can exert an 
auxiliary antibacterial outcome [46]. ZI nanoparticles were firstly syn-
thesized through one-pot drug encapsulation, which would be less likely 
to influence the ICG activity. Due to the negative charge of sulfonic 
groups in ICG molecules, the obtained NPs were equipped with an 
average zeta potential of − 9.63 mV (Table S1, Fig. 1A). Then, PZ with 
the reversed surface charge of +15.60 mV was formed for that PL rich in 
cations had a strong electrostatic force with ZI. The surface absorption of 
the HA shell layer rendered PZH electronegative again (− 9.47 mV). The 
average hydrodynamic size of PZH (162.9 nm) measured by dynamic 
light scattering (DLS) was slightly increased relative to 137.8 nm for ZI 
and 147.5 nm for PZ (Fig. S1), which were larger than their particle 
diameters as indicated by the TEM images (Fig. S2).

Fig. S3–S4 presented the UV–Vis absorption and fluorescence emis-
sion spectra of the samples, with the characteristic peaks appearing after 
ICG encapsulation, while PL and HA exhibited broad UV absorption at 
200–300 nm and no fluorescence. The ICG payload was calculated to be 
~10.67 % as determined by the calibration curve shown in Fig. S5, and 
the PL absorption capacity was determined to be 98.34 %. As shown in 
Fig. S6, the crystalline diffraction peaks of ZIF-8 were retained for each 
sample, indicating that the whole preparation process would not destroy 
the skeleton structure. The Fourier transform infrared spectroscopy (FT- 
IR) was also conducted to further substantiate the ICG encapsulation, PL 
absorption, and HA coating. Fig. S7 demonstrated that the characteristic 
peak of ICG bending vibration around 1080 cm− 1 could be observed in 
the spectra of ZI, PZ, and PZH. The FT-IR spectrum of PL exhibited the 
stretching vibration at 1400 cm− 1 ascribed to the C–N single bond in 
amide, which appeared in the spectra of PZ and PZH as expected, sug-
gesting the successful deposit of PL on the ZI surface. Compared with PZ, 
the fundamental band at 1620~1720 cm− 1 corresponding to the 
stretching vibration of the carbonyl group (–C=O) and the broad band 
around 3200~3600 cm− 1 attributed to the stretching vibration of the 
hydroxyl group (–OH) in PZH verified the successful modification of HA 
layer. The X-ray photoelectron spectroscopy analysis displayed a posi-
tive result with Zn element referring to ZIF-8 and S along with Na ele-
ments referring to ICG, which could further demonstrate the successful 
preparation of the drug-loaded hybrid NPs (Fig. S8).
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3.2. In vitro photothermal conversion and ROS generation detection

As the only FDA-approved substance for in vivo imaging, ICG, a 
biocompatible photosensitizer, can convert optical energy into heat and 
meanwhile generate ROS. As shown in Fig. S9, the temperature of free 
ICG solution (20 μg/mL) raised to 52 ◦C when irradiated by 808 nm laser 
(1.0 W/cm2). By contrast, the temperature of ZI and PZH solution 
evidently rose to 73 ◦C and 67 ◦C respectively (Fig. 1B, S10-S11), from 
which it could be referred that the ICG encapsulation into the ZIF-8 
network helped avoid its aggregation-caused quenching on account of 
spatial confinement. Comparing ZI and PZH at the same concentration, 
it was found that the surface HA coating might have a weak masking 
effect on the heating effect, but the overall effect was not significant. In 
addition, with the increase of ICG concentration, the photothermal 
conversion performance of the solution was also strengthened, indi-
cating the feasibility of tunable photothermal efficiency. A similar result 
was also presented as output power-dependent temperature elevation 
for the PZH nanosystem (Fig. S12).

Next, the in vitro photoinduced ROS generation ability was evaluated 
by DPBF. In Fig. 1C and S13, When DPBF was incubated with ZI, PZ, and 
PZH (ICG: 10 μg/mL), the absorbance at 416 nm continuously declined 
over time under the exposure of irradiation, as compared to the negli-
gible change of pure DPBF probe. The results well demonstrated that the 
restriction of ZIF-8 skeleton on the ICG aggregation and the greatly 
strengthened photostability was conducive to exerting a superior PDT 

effect.

3.3. Microenvironment-responsive characteristic and storage stability

As reported, the bacterial infection microenvironment is typified by 
overexpressed specific enzymes and low pH owing to sugar fermentation 
[36]. To confirm the microenvironment-responsive property (Fig. 1D), 
PZH was incubated with HAase to specifically enzymolyse the HA 
adhesion layer. Fig. 1E showed that in the presence of HAase, the 
average zeta potential of PZH reversed from a negative to a positive 
charge. As presented in Fig. S14A, the incubation with HAase would not 
affect the PZH lattice structure, whereas the pH change appeared to 
cause the partial collapse of the ZIF-8 skeleton, for that the crystalline 
characteristic peak at 2θ of 7.3◦ vanished and other peaks also weakened 
to some extent. The TEM image in Fig. S14B displayed that PZH NPs 
under low pH conditions almost lost their original morphology, with a 
tangled structure and irregular shape observed. These results demon-
strated that our prepared PZH nanosystem possessed the 
microenvironment-responsive property, conducive to exerting a tar-
geted therapeutic effect.

The stability of ICG loaded in PZ and PZH was determined over 21 
d storage at 4 ◦C. As displayed in Fig. 1F, the free ICG rapidly degraded 
to 59.7 % (day 3) and 37.4 % (day 21). For PZ, the ICG content remained 
at 81.3 % and 74.9 % after 3 and 21 days of storage. Attractively, the 
loaded ICG content in PZH consistently maintained above 93 % for 21 

Fig. 1. Characterization of ZI, PZ, and PZH. (A) The zeta potential of the prepared NPs (n = 3). (B) The NIR photothermal conversion performance of PZH solution at 
various concentrations (1.0 W/cm2). (C) The decrement curve of DPBF absorbance at 416 nm under laser irradiation (808 nm, 1.0 W/cm2). (D) Schematic illustration 
of microenvironment-responsive degradation of PZH nanosystem. (E) The change of PZH zeta potential after incubation with HAase (n = 3). (F) The storage stability 
of ICG, PZ, and PZH aqueous solution relative to day 0 (denoted as 100 %) (n = 3). (G) 293T and (H) HaCaT cell viabilities after incubating with various con-
centrations of PZ or PZH (n = 3). (I) Hemolytic activities of PZ and PZH (n = 3). The blue dashed line indicates 5 % hemolysis. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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days, which indicated superior ICG stability owing to the entrapment of 
porous ZIF-8 framework and subsequent HA coating.

3.4. In vitro biocompatibility

3.4.1. Cytotoxicity study
Primarily, high selectivity and good biocompatibility of materials are 

essential prerequisites for their biomedical applications. Thereby, the in 

vitro cytotoxicity on kidney 293T cells and human immortalized 
epidermal cells (HaCaT) of nanosystems was carried out. As shown in 
Fig. 1G and H, as the concentration increased, PZ started to show 
cytotoxicity against both types of cells, and the final cell survival rate 
was below 80 %. Regarding PZH with HA coating, the survival rates of 
both 293T and HaCaT cells were all above 80 %, implying that the outer 
HA shell modification endowed PZH with good cytocompatibility.

Fig. 2. In vitro antibacterial activities against MRSA and the antimicrobial mechanisms. (A) Schematic illustration of antibacterial test by agar plate counting method. 
(B–D) Quantitative bacterial viability by lg (CFU/mL) after various treatments with or without NIR laser irradiation for 10 min (808 nm, 1.0 W/cm2). Data are 
presented as mean ± SD (n = 3), and # represented that no colonies were observed. (E) CLSM images of Live/Dead bacteria staining assay (scale bar: 30 μm). The 
concentrations of PL and ICG were all 20 μg/mL. (F) Biological SEM images of MRSA after different treatments. The arrows signified the morphological damage (scale 
bar: 500 nm). (G) Quantified bacterial ATP activity relative to the control (n = 3). (H) Relative intracellular protein leakage from treated MRSA (n = 3). (I) The 
absorbance at 260 nm of released nucleic acids from MRSA (n = 3). Note: ns signified no significant difference vs control, **p < 0.01 vs control, ****p < 0.0001 vs 
control. The concentrations of PL and ICG in (F-I) were all 30 μg/mL.
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3.4.2. Hemolysis assay
PZ and PZH were then incubated with fresh mammalian erythrocytes 

to assess their hemolytic activities (Fig. 1I). Attractively, PZH induced 
negligible hemolysis even at concentrations up to 2 mg/mL, always 
remaining below 2 %, which suggested its outstanding selectivity for 
anionic microbial membranes but not zwitterionic mammalian cell 
membranes. By contrast, PZ showed a slightly higher hemolytic activity 
of 3.2 % ± 7.6 % at 2 mg/mL. The underlying mechanism that helped 
interpret the difference in the hemolysis behavior of PZH was still 
attributed to the biocompatible HA coating. Overall, the synthetic PZH 
achieved an optimal balance between its antibacterial and hemolytic 
activities, which could be expected to serve as a powerful weapon 
against bacterial infections with a high curative effect.

3.5. In vitro antimicrobial effect

As mentioned before, some bacteria would secrete HAase, which 
could be utilized to design HA-modified nanosystem for targeting spe-
cific bacterial infections. Among them, MRSA is the most representative 
Gram-positive bacterium, as MRSA is resistant to many conventional 
antibiotics and is often associated with hospital infections. So we next 
evaluated the antimicrobial effect of the prepared nanosystems against 
MRSA (Fig. 2A).

Compared to control without treatment, NIR irradiation alone 
exhibited almost no germicidal effect (Fig. 2B). As a common biological 
preservative, PL presented a moderate antimicrobial efficacy at con-
centrations ranging from 2.5 to 60 μg/mL (Fig. 2B–D). Specifically, PL 
reduced ~3.8 and ~6.4 lg CFU/mL against MRSA at the concentration 
of 5 μg/mL and 30 μg/mL, respectively. The antibacterial mechanism 
was mainly based on its positive charge, which helped interact directly 
with the electronegative bacterial membranes, disrupting the cell 
structure of microorganisms. For ZI, the sterilization efficiency was 
significantly strengthened in the presence of NIR. Not surprisingly, the 
combinatorial treatment PZH + NIR achieved the maximum antimi-
crobial effect at all the same concentrations as monotherapy, benefiting 
from the cationic antimicrobial peptide, elevated temperature combined 
with toxic ROS, and concomitant zinc skeleton component.

For better comparison, the ICG concentrations were fixed while the 
concentrations of PL were varied proportionally to explore their syner-
gistic effect. When the ratio of PL and ICG was set as 1:2 (PZH1:2), 100 % 
MRSA killing was achieved with PZH containing 15 μg/mL of PL and 30 
μg/mL of ICG, during which the temperature reached 52 ◦C as shown in 
Fig. S15A–B. However, when the ratio was increased to 1:1 (PZH1:1) and 
2:1 (PZH2:1), PZH containing only 10 μg/mL of ICG was competent to 
realize a complete bactericidal effect. In these two groups, the solutions 
were both only heated to 40 ◦C (Fig. S15C–D), which would well protect 
other normal tissues from thermal damage. Collectively, PZH1:1 exerted 
the best synergistic effect at the lowermost concentration and temper-
ature, and the corresponding plate-counting results were presented in 
Fig. S16. Thereby, we speculated that PZH1:1 could bring their superi-
ority into full play, and was therefore selected for the subsequent in- 
depth studies.

3.6. Antibacterial mechanisms of PZH

3.6.1. Bacterial membrane integrity
To investigate the antimicrobial mechanisms of the nanosystem, 

Live/Dead bacteria staining assay was first employed to assess the 
bacterial membrane integrity. As presented in Fig. 2E, after treatment 
with PBS or NIR alone, almost all MRSA bacteria survived and emitted 
bright green fluorescence, which was consistent with the colony- 
counting results (Fig. 2B). Regarding PL and PZH without NIR irradia-
tion, a relatively weak red fluorescence was observed. In the group of ZI 
+ NIR, the intensity of green fluorescence was significantly diminished 
and the proportion of dead bacteria with red fluorescence increased. 
After exposure to PZ + NIR and PZH + NIR, MRSA with green 

fluorescence was no longer in existence instead of all stained predomi-
nately with red PI dye, suggesting that most of the bacteria cells were 
metabolically devitalized. These results corroborated those obtained by 
the in vitro plate-counting assay, underlining the superior synergistic 
effect of AMPs, phototherapy, and metal ions.

To further clarify the disorganization ability of bacterial membranes, 
the morphology of treated MRSA was visualized by SEM (Fig. 2F). The 
MRSA without any treatment maintained the typical spherical shape 
with smooth surfaces and intact membrane. On the contrary, damaged 
MRSA cells with various degrees of morphological deformity were 
clearly observed after incubation with different samples. Of particular 
note, MRSA treated by PZH + NIR exhibited the most drastic membrane 
destruction with clearly observed wrinkled surfaces and irregular edges, 
demonstrating that the triple therapy originated from PZH + NIR could 
strongly disrupt the bacterial cellular membrane integrity, which may 
subsequently trigger the leakage of cellular contents and eventually lead 
to cell death.

3.6.2. Bacterial ATP activity assay
To figure out the effect of our prepared nanosystems on the bacterial 

metabolic activity, the cellular ATP level of treated MRSA was quanti-
tatively determined. As shown in Fig. 2G, compared with PBS control, 
approximately 48 % ATP was depleted in the group of PL, suggesting the 
positive influence of AMPs on interfering with bacterial metabolic pro-
cesses. Regarding ZI + NIR and PZH, approximately 85 % and 81 % 
impairment of ATP activity occurred, respectively, potentially leading to 
a metabolic crisis. In the group of PZH + NIR, the lowest ATP level with 
only 4 % remaining implied a marked inhibition of metabolism and gave 
rise to the dramatic loss of bacterial viability.

3.6.3. Intracellular content leakage detection
As mentioned above, when the bacterial membrane integrity was 

impaired with perforated surfaces, the leakage of intracellular compo-
nents would be triggered. First, the cytoplasmic protein leakage was 
assayed according to the BCA principle [47]. A more pronounced in-
crease of leaked proteins was observed in those groups with light irra-
diation assistance, especially in the PZH + NIR group (~2.4-fold that of 
control) (Fig. 2H). In Fig. S17, the OD value at 280 nm was thus eval-
uated since most proteins had a characteristic maximum absorption at 
280 nm. The PZH + NIR group resulted in as much as 2.7 times more 
protein leakage than the control. Besides, the leakage of DNA and RNA 
from the moribund MRSA bacteria could bring about bacterial 
dysfunction and apoptosis [48]. Clearly, MRSA incubated with PZH +
NIR induced the largest amount of intracellular DNA and RNA leakage, 
up to 8 times higher than the control group (Fig. 2I).

3.6.4. Intracellular ROS generation in MRSA
The intracellular ROS generation was further detected in treated 

MRSA employing DCFH-DA probe, which could be oxidized by ROS to 
DCF with green fluorescence. As presented in Fig. S18, PBS-treated 
MRSA only emitted a very faint green fluorescence, while bacteria 
processed with ZI plus NIR produced a moderate DCF fluorescence. Not 
surprisingly, those bacterial cells treated by PZH and subsequent NIR 
irradiation displayed apparently strengthened green fluorescence, 
revealing the production of abundant ROS. It was worth mentioning that 
PZH was able to generate more ROS than ZI under light conditions, 
which was also consistent with the in vitro results shown in Fig. 1C, 
presumably because the PL adsorption and HA modification further 
helped enhance the stability of ICG, thus enabling better PDT efficacy.

To sum up, after the HA layer was enzymatically hydrolyzed in the 
local lesion’s microenvironment, the cationic PL directly interacted with 
the bacterial surface and exerted the membranolytic effect, which would 
be also assisted by the sustained released Zn2+, leading to the massive 
leakage of intracellular proteins and nucleic acids. The local hyper-
thermia and generated ROS originating from phototherapy functioned 
via perturbing the bacterial structure, oxidizing inner components, and 
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destroying the enzyme activities. The ATP synthesis process and the 
respiratory electron transport chain were also intercepted for compro-
mised energy metabolism. Altogether drug-resistant MRSA could be 
readily inactivated in this course.

3.7. Biofilm disruption and penetration performances of PZH

Bacterial biofilm is a mass of bacterial aggregates formed by bacteria 
adhering to contact surfaces, secreting polysaccharide matrix, fibro-
nectin, and lipoprotein, and encasing themselves in the pellicle [49]. 
Compared to the planktonic confreres, bacteria in biofilms are more 
drug-resistant and not susceptible to being attacked. During pellicle 
formation, the biofilm development was qualitatively assessed by SYTO 
9 staining [50]. As depicted by Fig. 3A, the untreated biofilm exhibited a 
relatively compact green fluorescence. The biofilm was greatly attenu-
ated in the groups of PZH-L + NIR (20 μg/mL of ICG) and PZH-H + NIR 
(30 μg/mL of ICG), indicating the disintegration of the bacterial pellicle. 
The superior anti-biofilm performance of PZH nanosystem was attrib-
uted to the mutually reinforced triple therapy, which altogether 
damaged polysaccharides, proteins, and nucleic acids that consisted of 
MRSA biofilm structure, subsequently inactivating the inner bacteria 
(Fig. 3B). Other treatments also exerted moderate destruction of biofilm. 
To further visualize their anti-biofilm efficacy, the residue living bac-
teria were quantitatively assayed (Fig. 3C–E). Consistent with the bio-
film staining, the anti-biofilm activity of PZH + NIR was the most 
pronounced even at different concentrations, eradicating more than 
99.30 % alive MRSA enclosed in biofilm.

Encouraged by the excellent anti-biofilm performances of the 

nanosystems, bacteria-targeting behaviors of ZI, PZ, and PZH were 
investigated on MRSA biofilm (Fig. 3F). Pearson’s correlation co-
efficients between bacteria and different samples were calculated to 
evaluate the biofilm permeability. Coefficient ranging − 1.0~0.5 means 
no colocalization relationship, while 0.5–1.0 means co-located. There-
fore, it could be considered that there was no obvious colocalization 
relationship between MRSA and ICG or ZI, whereas PZ and PZH were 
shown to have a colocalization with bacteria. The low penetration 
behavior of ZI was speculated to be ascribed to its negative charge. 
Although the colocalization coefficients of PZ and PZH were approxi-
mate, PZH emitted a much stronger ICG fluorescence than PZ, pre-
sumedly due to the HA-mediated targeting ability of PZH to MRSA. The 
biofilm-penetration ability provided concrete evidence of the effective 
bacteria eradication and biofilm destruction ability of the PZH nano-
system under light conditions.

3.8. Fabrication and characterization of PZH MNs

Bacterial skin infections can generally be treated with topical or oral 
medications. However, the former is often accompanied by the limita-
tions of low skin permeability, while the latter is subject to the liver first- 
pass effect and may induce systemic side effects. Recently, microneedle 
technique has provided a new paradigm for efficient transdermal drug 
delivery, which can break through the skin stratum corneum to create 
multiple micron-level channels, significantly improving the transdermal 
drug penetration. Controlling the length of microneedles helps to avoid 
touching the rich capillaries and nerve endings in the dermis, elimi-
nating the pain associated with the administration.

Fig. 3. In vitro anti-biofilm and penetration performances. (A) 3D and 2D images of SYTO 9-stained MRSA biofilm after various treatments. (B) Schematic diagram of 
anti-biofilm mechanisms of PZH nanosystem. (C) Images of residue MRSA in biofilm spread on agar plates. (D) The number of viable MRSA bacteria in biofilm after 
treatments (n = 3). Note: ####p < 0.0001 vs PZH + NIR. (E) The biofilm bacterial viability relative to the control group (n = 3). Note: #p < 0.05 vs PZH + NIR, ####p 
< 0.0001 vs PZH + NIR. (F) The penetration of free drug or different nanoparticles into MRSA biofilm (scale bar: 30 μm), and the corresponding colocalization curve 
in each group: a) free ICG, b) ZI, c) PZ, d) PZH.
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Based on the above considerations, PZH nanoparticles were packed 
into MNs for transdermal delivery to the topical bacterial skin infection. 
When MNs were applied to the skin, the MNs matrix would be dissolved 
by the interstitial fluid, so the encapsulated NPs were released to the 
target lesion site to perform their functions. The microneedles patch was 
composed of 144 single needles (12 × 12 array) on a backing layer. A 
multi-step centrifugation method was employed to fabricate PZH MNs, 
as illustrated in Fig. 4A. The SEM image of PZH MNs in Fig. 4B depicted 
the microscopic morphology of one needle with 1200 μm in height and 
300 μm in width, without any cracks or defects. Blank MNs in Fig. S19
displayed smooth needle tips, whereas it could be clearly observed that 
the nanoparticles were almost deposited on the needle tips in PZH MNs 
(Fig. 4C and D) and PZ MNs (Fig. S20). Furthermore, the digital 
photograph (Fig. 4E) showed the green NPs homogeneously distributed 
in the needle tips of MNs, which was conducive to the deeper 

penetration of the PZH nanosystem to lesion sites after skin puncture. 
The micrograph in Fig. 4F and the 3D reconstruction fluorescence image 
in Fig. 4G of PZH MNs also revealed the same conclusion.

Microneedles should possess good mechanical strength for insertion 
into the skin while resisting fracture. As reported, the force required for 
each needle to penetrate the skin stratum corneum was less than 0.1 N 
[51]. As shown in Fig. 4H and I, the fracture forces of the four types of 
NPs-embedded MNs patches were similar with all more than 250 N, 
significantly greater than the minimum force required to puncture the 
skin. Then, one piece of PZH MNs was pressed to the mouse back skin, 
and the created orderly arranged array of micropores could be distinctly 
observed in Fig. 4J with a penetration rate above 95 %. Microchannels 
also could be found in the H&E-stained skin tissue after microneedle 
puncture for ZI MNs (Fig. S21) and PZH MNs (Fig. 4K). Additionally, it 
was found that the needles on the backing layer thoroughly dissolved 

Fig. 4. Fabrication and characterization of PZH MNs. (A) Schematic illustration of the preparation procedures for PZH MNs. (B–D) SEM images of PZH MNs (scale 
bar: 100 μm and 10 μm). (E) Digital photograph of PZH MNs patch. (F) The micrograph of PZH MNs under bright field. (G) The 3D reconstruction fluorescence image 
of PZH MNs. (H) A function of the force and distance recorded by a texture analyzer. (I) The fracture forces of various MNs (n = 3). (J) The photograph of mouse back 
skin after insertion of PZH MNs. (K) Corresponding H&E staining section of inserted rat skin (scale bar: 100 μm). (L) The digital photograph and (M) SEM image of 
PZH MNs after rat skin insertion for 2 min.
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after skin insertion (Fig. 4L and M). Collectively, the obtained PZH MNs 
possessed enough mechanical strength to pierce the skin and rapid 
dissolution capacity to release the payload.

3.9. The photothermal performance and stability of PZH MNs

The photothermal conversion ability of the prepared MNs was 
assessed. For the blank MNs, there was no significant temperature 
change under the 808 nm NIR irradiation with an output density of 1.0 
W/cm2 (Fig. 5A and B). In contrast, the temperature of PZH MNs soared 
to ~96 ◦C after exposure to the same NIR laser for only 1 min, and it was 
maintained stable at around 100 ◦C for the next 20 min. As depicted in 
Fig. 5C and D, the temperature was enhanced to 39 ◦C, 58 ◦C, 80 ◦C, and 
108 ◦C with the increasing laser power densities from 0.3 to 1.0 W/cm2, 
respectively. These results demonstrated the feasibility of controlling 
the heating effect for PZH MNs, and that the outstanding photothermal 
conversion ability of PZH NPs would not be altered after integration into 
the MNs.

Next, we further corroborated whether encapsulation in MNs would 
affect the structure of the PZH NPs. The hydrodynamic size of PZH was 
determined to increase slightly to 174.7 nm after being loaded into 
microneedles (no statistical difference), revealing the presence of intact 
nanostructure (Fig. 5E). As shown in Fig. 5F and G, the drug loading of 
ICG and PL in PZH MNs remained essentially stable after storage at room 
temperature, with no statistical difference relative to day 0. This should 

be attributed to that the nanoparticle structure helped to maintain the 
ultrahigh stability of the ICG and PL payloads in microneedles.

3.10. In vivo anti-MRSA infection studies

Drug-resistant MRSA often causes recurrent and persistent skin in-
fections that are hard to cure and eradicate. Thereby in this study, an 
animal model of back skin abscess was established. As shown in Fig. S22, 
24 h after subcutaneous inoculation of MRSA bacteria, a prominent red 
and swollen protrusion was observed on both the front and side. The 
lesion site was then excised and the area was found to be severely 
infected with a yellowish abscess, indicating successful modeling.

For the photothermal groups, the temperature increased under NIR 
light irradiation after MNs administration (Fig. 6A and B). After 
administration of PZH MNs plus laser irradiation, the average skin ab-
scess surface temperature of mice was around 48–52 ◦C, indicating that 
PZH MNs could induce moderate hyperthermia and avoid affecting the 
surrounding normal tissues. The groups of ZI MNs + NIR and PZ MNs +
NIR also resulted in a similar heating effect. As a topical antibiotic for 
skin infections, mupirocin ointment acted as a positive control. At the 
end of the treatment, the infected site skin was collected as presented in 
Fig. 6C that the control group showed the most severe subcutaneous 
infection and necrosis, whereas the infection was largely relieved and 
closest to the normal skin in the PZH MNs + NIR group. Other groups 
also showed some degree of remission. Then the excised lesion sites were 

Fig. 5. The photothermal performance and stability of PZH MNs. (A) The thermographic images and (B) temperature change curves of blank MNs and PZH MNs 
under 808 nm NIR laser irradiation at 1.0 W/cm2 (C)The thermographic images and (D) temperature change curves of PZH MNs under 808 nm laser irradiation at 
different power intensities. (E) The hydrodynamic size of PZH before and after loaded in microneedles (n = 3). The amount of (F) ICG and (G) PL in PZH MNs after 
storage for 14 d (n = 3). Note: ns signified no significant difference.
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homogenized and cultured on agar plates to visualize the density of alive 
MRSA bacteria. As shown in Fig. 6D, no target MRSA colonies were 
present on the normal skin. The untreated control group had a high 
number of viable bacteria in dense growth. In contrast, after treatment 
with mupirocin ointment or different MNs, the growth of MRSA colonies 
was significantly less than that in the control group. In particular, the 
bacterial growth condition of PZH MNs + NIR was more inhibited, with 
the relatively least number of viable bacteria surviving. Then the viable 
bacterial colony number was quantified. As shown in Fig. 6E and F, the 
untreated control group presented the highest logarithmic value of 
viable bacteria at approximately 7.77 lg, and the mupirocin ointment 
group displayed a decrease of 1.24 lg (***p < 0.001) compared to the 
control. For the groups exerting monotherapy, a decrease of 0.93 lg, 
1.04 lg, and 1.02 lg (**p < 0.01 for all) was achieved for PL MNs, ZI MNs 
+ NIR, and PZH MNs, respectively. As expected, the PZH MNs + NIR 
group significantly minimized the number of residual MRSA with 1.67 lg 
colonial reduction (***p < 0.001 vs control) and presented the highest 
germicidal effect (~97.50 %) among all the seven groups. It demon-
strated the effective inhibition of MRSA growth by the triple therapy of 
PZH MNs plus NIR irradiation.

3.11. In vivo inflammatory response and histological analysis

For bacterial infections, pyrogens including the bacteria themselves 
and their metabolites will induce the inflammatory response. Thus, the 
expression levels of pro-inflammatory cytokines (mainly IL-6 and TNF- 
α) were determined to assess the anti-inflammatory effect (Fig. 7A–C). 
For IL-6, the average concentration was decreased from 940 pg/mL in 
the control group to 258 and 233 pg/mL in commercial ointment and 
PZH MNs + NIR, respectively. In like manner, the expression of TNF-α 
was the least after being treated by PZH MNs + NIR, while there was no 
significant difference between the ointment and control group.

Histological analysis of the infected skin was performed, and the 
H&E staining results were shown in Fig. 7D. In the control group, acute 
and chronic inflammatory cells, mainly neutrophils, had infiltrated into 
the dermis. The presence of distinct inflammatory foci and massive 

necrotic areas indicated the typical inflammatory response. In contrast, 
fewer neutrophil aggregates were observed in the treatment groups, 
among which PZH MNs + NIR displayed the least inflammatory infil-
tration. The histological morphology of skin sections treated with the 
PZH MNs + NIR group was closest to that of the normal healthy group, 
with arranged epidermal cells and no collagen fiber breakage. As one of 
the Gram-positive bacteria, MRSA could be stained blue-purple by Gram 
staining. In Fig. 7E, a large amount of blue-purple dye was deposited in 
the skin section of the control group, indicating the presence of alive 
MRSA bacteria. Regarding the treated skin by PZH MNs plus NIR, a 
conspicuous alleviation of bacterial infection could be observed in 
comparison with other groups, implying the potent inhibition of MRSA 
growth by the triple therapy. The H&E staining of main organs 
(including heart, liver, spleen, lung, and kidney) showed that no sub-
stantial organ lesions or damage were observed in all groups, without 
appreciable inflammatory cells (Fig. S23).

Combining the above results, the application of MNs would not affect 
the normal tissues and meanwhile contributed to the transdermal de-
livery of the PZH nanosystem. PZH MNs plus NIR could not only erad-
icate bacterial proliferation but also alleviate the inflammatory 
response, which functioned by working along both lines against MRSA- 
induced skin infection.

3.12. In vivo safety evaluation

Inspired by the superior antimicrobial efficacy of PZH MNs, the in 
vivo biocompatibility was further investigated to illustrate the potential 
for clinical treatment. First, the short-term and long-term toxicity of PZH 
MNs and PZH aq were assessed in vivo. As shown in Fig. 8A, the skin 
sections in both groups showed no abnormal morphological changes 
after 5 h or 5 d of administration, which was typified by well-defined 
epidermal and dermal structures. Then the cumulative toxicity was 
figured out by collecting major organs for morphological analysis 
(Fig. 8B). Not any pathological changes (inflammation, fibrosis, etc.) 
were observed after short-term and long-term administration in com-
parison with healthy tissue.

Fig. 6. In vivo photothermal conversion and anti-MRSA performances. (A) Near-infrared photothermal images of mice. (B) The local temperature curves of the 
infected skin (n = 5). (C) Representative images showing the subcutaneous abscess in MRSA-infected skin after different treatments. (D) Photographic images of in 
vivo MRSA colonies cultured on agar plates. (E) The number of in vivo viable MRSA that expressed as lg (CFU/mL) (n = 5). Note: ns signified no significant difference 
vs control, **p < 0.01 vs control, ***p < 0.001 vs control, #p < 0.05 vs PZH MNs + NIR. (F) The bacterial survival rate relative to the control (n = 5).

T. Wen et al.                                                                                                                                                                                                                                     Materials Today Bio 29 (2024) 101327 

11 



Blood routine tests were performed to explore their hemocompati-
bility. After 5 h of administration, the level of neutrophils slightly 
elevated, while lymphocytes and eosinophils showed decreased levels in 
PZH MNs, but it was generally manageable (Fig. S24). Five days after 
dosing, the levels of white blood cells, red blood cells, hemoglobin, 
platelets, lymphocytes, neutrophils, and monocytes in the groups of PZH 
MNs and PZH aq were not significantly different compared to healthy 
mice (Fig. S25), implying the application of PZH and MNs did not pro-
duce hemolytic anemia, inflammation, coagulation dysfunction, or 
other side effects.

Finally, Fig. S26 displayed the skin recovery on the back of mice after 
treatment with blank MNs and PZH MNs. Both groups of mice showed 
distinct puncture pores and slight redness on the skin surface just after 
MNs insertion. Then, the skin gradually returned to normal about 1 
d later, indicating that the MN patches could be tolerated with sound 
safety.

4. Conclusion

This study provided a facile and effective triple therapy strategy 
against multidrug-resistant bacteria and biofilms by constructing ver-
satile MOFs-based “on-demand” nanosystem-integrated microneedles. 
The fabricated PZH MNs could pierce the skin stratum corneum for 
enhanced transdermal drug delivery into topical bacterial skin infection 
and physical puncture of the bacterial biofilms. After the nanoparticles 
were released from MNs, the outer HA layer in response to bacterial 

infection micromilieu endowed the nanosystem with selective targeting 
and enhanced biosafety. Under pH/NIR dual stimuli, PL first disrupted 
the bacterial membrane integrity, ICG-induced local hyperthermia and 
cytotoxic ROS resulted in the dysfunction of intracellular components, 
and zinc ions disturbed ion balance and generated free radicals. Mean-
while, the bacterial metabolism was intercepted by blocking the ATP 
synthesis process. In vitro and in vivo experiments validated the ampli-
fied antimicrobial and anti-inflammatory effect of the PZH nanoplat-
form, which also displayed a superior biofilm destruction ability 
(>99.30 % eradication). Looking forward, the three-in-one nanosystem- 
integrated MNs fosters a novel antibiotics-free avenue for combating 
bacterial infection and biofilm growth, promising for future biomedical 
applications.
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