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a b s t r a c t

Nanozymes, particularly single-atom nanozymes (SAzymes), have gained attention as potential ferroptosis

inducers for cancer therapy due to their high catalytic efficiency and selectivity. However, the catalytic ac-

tivity of SAzymes is often limited by the symmetrical electronic structure at their active sites. To enhance

their performance, heteroatom doping strategies have been applied to modulate the electronic properties

of SAzyme catalysts. In this study, we synthesized sulfur-doped FNS SAzymes with an Fe-N-S-C asymmet-

ric coordination structure through pyrolysis. Enzyme kinetics analysis and density functional theory cal-

culations revealed that FNS SAzymes exhibit highly efficient peroxidase-like and glutathione oxidase-like

activities. These nanozymes are capable of catalyzing the decomposition of H2O2 to produce reactive oxy-

gen species and depleting glutathione (GSH), thereby inducing ferroptosis. The FNS SAzymes were com-

bined with an alkyl radical (•R) initiator, 2,2-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH),

and assembled into microneedle patches for enhanced ferroptosis therapy (FNSA-MN). Beyond the dual

enzyme activities of FNS SAzymes, 808 nm laser activation induced a photothermal effect that facilitated

the rapid dissociation of AIPH to generate •R. This FNSA-MN significantly enhanced lipid peroxidation

within cells, thereby promoting ferroptosis. In vivo studies demonstrated significant suppression of tumor

growth and strong anti-metastatic effects, highlighting a promising strategy for localized cancer therapy.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferroptosis represents a newly unveiled type of programmed

cell death that relies on iron, whose molecular mechanism primar-

ily relies on the catalytic action of intracellular iron ions to induce

lipid peroxidation (LPO) [1,2]. It may result in the disturbance of

the lipid bilayer architecture within cell membranes, modifications

in membrane permeability, and loss of cellular function [3]. Recent

studies have shown that ferroptosis is mainly influenced by the

balance of iron, redox status, and lipid metabolism in mammalian

cells, and plays a critical role in various pathophysiological pro-

cesses [4–7]. Contrary to apoptosis and necrosis, ferroptosis is char-

acterized by the disturbance of LPO regulation and the breakdown
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of antioxidant protective mechanisms, particularly those associated

with glutathione (GSH) and glutathione peroxidase 4 (GPX4) [8–

11]. Since the identification of Fe3O4 nanoparticles (NPs) display-

ing peroxidase (POD)-mimicking activity, nanomaterials possess-

ing enzyme-like catalytic characteristics have garnered consider-

able interest owing to their outstanding biocompatibility and sta-

bility [12–14]. As research advances, the application of nanozymes

in ferroptosis-based cancer therapy has become a promising area

of focus. Current ferroptosis inducers include iron alloys [15], iron

oxides [16], iron complexes [17], and metal-organic frameworks

(MOFs) [18]. These NPs can react in the tumor-specific acidic en-

vironment to generate reactive oxygen species (ROS), causing the

accumulation of LPO, ultimately leading to tumor cell death [19].

Nevertheless, the catalytic efficacy of the majority of nanozymes

is constrained by the fact that merely a limited portion of active

sites are present on their surfaces, resulting in low atomic utiliza-
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tion efficiency, which significantly restricts their overall catalytic

effectiveness [20].

In recent years, single-atom nanozymes (SAzymes), known for

achieving the highest level of atomic utilization efficiency, have

garnered significant attention due to their outstanding catalytic ac-

tivity and diversity [21–24]. The atomically dispersed structure not

only maximizes the utilization of metal (M) atoms but also en-

dows SAzymes with high catalytic activity and selectivity, as the

stable M-N4 coordination sites resemble the structure of metal

porphyrins [25–27]. A key challenge in developing highly effi-

cient SAzymes is optimizing the coordination environment of ac-

tive sites to enhance their enzyme-mimetic activity and elucidate

their structure-activity relationship [28]. Despite the exceptional

enzyme-mimetic properties exhibited by SAzymes with M-N4 cat-

alytic sites, their POD-like activity is often suboptimal due to the

symmetrical electronic density distribution at the active site [29].

To address this constraint, researchers have put forward the idea

of disrupting the symmetrical electronic arrangement of SAzymes

in order to regulate the adsorption characteristics of reaction in-

termediates at the active site [30]. The heteroatom doping strategy

(X=O, P, S) effectively tunes the electronic structure of the M-N4

active center, thereby enhancing its catalytic activity [31–33]. The

N atoms directly bonded to the central metal atom constitute the

first coordination shell [34]. For instance, Niu et al. developed a Cu-

N3S SAzymes (Cu-NS@UK@POx) co-loaded with UK5099 and pyru-

vate oxidase (POx). By substituting the nitrogen in the first coor-

dination layer with weakly electronegative sulfur (S), they altered

the original spatial symmetry of the Cu-N-C electronic distribution,

effectively modulating the enzyme-mimetic catalytic process [35].

When heteroatoms are doped into the second coordination shell of

M-N4, they can modify the electronic density of the metal center,

thereby influencing its ability to adsorb and activate reactants. Re-

cent studies have demonstrated that Fe-N-C catalysts doped with

S atoms in the second coordination shell exhibit superior perfor-

mance in the oxygen reduction reaction (ORR) compared to their

phosphorus-doped counterparts [36]. This enhancement is primar-

ily attributed to the electronic properties of S. Unlike phosphorus,

which has higher electronegativity and weaker electron-donating

capability, sulfur can more effectively modulate the d-orbital en-

ergy levels of the Fe center. This adjustment improves the adsorp-

tion and activation of O2 molecules on the catalyst surface. More-

over, due to the relatively small atomic radius of sulfur, its incor-

poration into the second coordination shell does not impose sig-

nificant steric hindrance around the Fe-N-C active site. Drawing in-

spiration from this, it is anticipated that the precise regulation of

electron cloud distribution through heteroatom doping will further

augment the catalytic activity and therapeutic efficacy of SAzymes

in tumor therapy. This strategy provides a novel approach for de-

signing highly efficient and stable SAzymes.

Microneedle (MN) technology is an advanced transdermal drug

delivery method that utilizes MN arrays to painlessly penetrate the

stratum corneum (SC) and facilitate drug transport with minimal

invasiveness [37,38]. Given that breast cancer is a superficial tu-

mor, the application of MN-based transdermal drug delivery of-

fers substantial advantages [39]. MNs can bypass the SC barrier

and directly deliver therapeutic agents to the target site, thereby

avoiding hepatic first-pass metabolism and gastrointestinal degra-

dation, significantly improving the bioavailability of the drug [40].

Furthermore, this administration route minimizes systemic toxicity

and reduces adverse systemic side effects, offering a safe and ef-

ficient localized drug delivery strategy for breast cancer treatment

[41].

In this study, we developed an integrated MN patch (FNSA-

MN) combining Fe-N-S-C coordination structure SAzymes (FNS

SAzymes) and the alkyl radical initiator 2,2-azobis[2-(2-imidazolin-

2-yl)propane] dihydrochloride (AIPH) for improved ferroptosis

Fig. 1. (A) TEM image of FNS SAzymes. (B) HAADF-STEM image, and (C) an enlarged

view of FNS SAzymes. (D) EDS mapping images of FNS SAzymes. (E) Normalized Fe

K-edge XANES spectra, (F) FT-EXAFS spectra at R-space, and (G) Wavelet transform

EXAFS of FNS SAzymes with Fe2O3, FeO and Fe foil as the references.

therapy (Fig. S1 in Supporting information). Zeolitic imidazo-

late framework-8 (ZIF-8) was synthesized using a liquid-phase

method, with iron sources and dopants uniformly dispersed in

the precursor. Pyrolysis produced Fe-N-S-C coordination structure

SAzymes. Enzyme kinetics revealed that sulfur doping enhanced

the POD-like and glutathione oxidase (GSHOx)-like activities of

FNS SAzymes. Density functional theory (DFT) calculations showed

that sulfur doping shifted the electronic cloud at the interface, im-

proving catalytic efficiency and boosting dual-enzyme activity. FNS

SAzymes and AIPH were loaded onto MN tips. When MNs de-

graded at the tumor site in mice, they catalyzed the breakdown

of H2O2, generating toxic hydroxyl radicals (•OH) and promoting

LPO. Additionally, FNS SAzymes depleted intracellular GSH, increas-

ing oxidative stress in tumor cells. Under 808 nm laser stimula-

tion, FNS SAzymes exhibited thermal effects, while AIPH generated
•R upon heat dissociation, further increasing LPO and enhancing

ferroptosis. FNSA-MN also activated the immune system in 4T1

tumor-bearing mice, showing promising anti-lung metastatic po-

tential.

The fabrication procedures of FNS SAzyme are illustrated in

Fig. S2 (Supporting information). Initially, we successfully synthe-

sized ZIF-8 using the classic liquid-phase direct synthesis method

at room temperature, resulting in a white powder. As shown in

Fig. S3 (Supporting information), the scanning electron microscope

(SEM) and transmission electron microscopy (TEM) images fur-

ther characterized ZIF-8, demonstrating a well-defined, regular do-

decahedral structure (Figs. S3A and D). To improve the perfor-

mance of ZIF-8, we introduced Fe and S elements, which caused

the powder to change color from white to yellow to obtain the

FNS SAzymes precursor. Interestingly, while the introduction of Fe

and S did not significantly alter the skeletal features of ZIF-8, it

did make the NP surfaces noticeably rougher (Figs. S3B and E).

The FNS SAzymes precursor was then subjected to pyrolysis at

700 °C for 2 h under an argon atmosphere, resulting in the for-

mation of a black powder. FNS SAzymes largely retained their ini-

tial dodecahedral morphology, exhibited a relatively uniform parti-

cle size distribution, and displayed a well-defined layered porous

structure (Fig. 1A, Figs. S3C and S4 in Supporting information).

To evaluate the pH-responsive stability of FNS SAzymes, we mea-
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sured their hydrodynamic sizes in buffer solutions of varying pH

values. As shown in Fig. S5 (Supporting information), the hydro-

dynamic diameters of FNS SAzymes exhibited negligible changes

across different pH conditions, indicating the absence of signifi-

cant aggregation. These results collectively demonstrate the excel-

lent stability of FNS SAzymes under diverse pH environments and

physiological environment. To investigate the specific surface area

and pore size distribution of FNS SAzymes, nitrogen adsorption-

desorption isotherms were measured (Fig. S6 in Supporting infor-

mation). The isotherm exhibited the characteristics of a type IV

isotherm with an H4-hysteresis loop, confirming that FNS SAzymes

are a mesoporous material. Energy dispersive spectrometer (EDS)

images further confirmed the uniform distribution of C, N, Fe, and

S in FNS SAzymes (Fig. 1D), indicating successful Fe loading with

high dispersion. X-ray diffraction (XRD) analysis revealed charac-

teristic diffraction peaks of carbon at 25° and 44° (Fig. S7 in Sup-

porting information), corresponding to the (002) and (101) planes

of carbon, respectively. No diffraction peaks related to metallic Fe

were observed, suggesting that Fe in FNS SAzymes may exist in

an amorphous or highly dispersed form. High-resolution transmis-

sion electron microscopy (HRTEM) observations revealed no lat-

tice fringes corresponding to elemental iron in FNS SAzymes (Fig.

S3F). Additionally, high-angle annular dark-field scanning transmis-

sion electron microscopy (HAADF-STEM) images revealed numer-

ous highly dispersed white spots (marked by yellow circles), indi-

cating the presence of isolated single Fe atoms on FNS SAzymes

(Figs. 1B and C).

X-ray photoelectron spectroscopy (XPS) was further employed

to analyze the chemical environment and elemental states in the

FNS SAzymes. In the C 1s spectrum, the prominent peak at 284.8

eV corresponds to C-C or C=C bonds; the peak at 285.9 eV is at-

tributed to C-N or C-S bonds, and the peaks at 287.0 and 288.7 eV

correspond to C=O and O-C=O bonds, respectively. As shown in

Fig. S8 (Supporting information), this result indicates that the car-

bon atoms in the material possess multiple distinct chemical en-

vironments (Fig. S8A) [42]. In the N 1s spectrum, FNS SAzymes

shows characteristic peaks at 398.8, 401.2, and 402.4 eV, corre-

sponding to pyridine nitrogen, pyrrole nitrogen, and graphite ni-

trogen, respectively (Fig. S8B) [43]. Additionally, an absorption peak

at 399.8 eV was observed, indicating the presence of an Fe-N co-

ordination structure in the sample (Fig. S8E). Furthermore, the Fe

2p XPS spectrum of FNS SAzymes shows characteristic signals of

Fe 2p3/2 and Fe 2p1/2 at 711.2 and 725.2 eV, respectively, which

are higher than the Fe0 peak at 707.0 eV, confirming that all

forms of Fe exist in an oxidized state (Fig. S8C) [44]. Notably, in

comparison to FN SAzymes, the Fe peak in FNS SAzymes under-

goes a shift toward lower binding energy, while the N peak shifts

to a higher binding energy (Fig. S8F). This supports the success-

ful introduction of S into the structure, which in turn affects the

charge distribution. Fig. S8D illustrates that the two prominent

peaks, located at 163.1 and 164.8 eV, are respectively associated

with the 2p3/2 and 2p1/2 peaks characteristic of C-S-N within the S

2p XPS spectrum [45]. Importantly, the XPS analysis indicates that

there are no Fe-S bonds in FNS SAzymes, ruling out the possibil-

ity of direct Fe-S coordination. Both FN SAzyme and FNS SAzyme

exhibited a characteristic Fe-N stretching vibration at 593 cm−1,

while no detectable Fe-S vibrational signature was observed in the

FNS SAzyme spectrum. This further confirms the successful forma-

tion of Fe-N coordination without the incorporation of Fe-S bonds.

Combined with XPS and synchrotron-based characterizations, the

coordination mode of sulfur in the FNS SAzyme was further identi-

fied as Fe-N-S-C (Fig. S9 in Supporting information). The Fe K-edge

X-ray absorption near edge structure (XANES) and extended X-ray

absorption fine structure (EXAFS) analyses provide precise confir-

mation of the electronic state and coordination environment of Fe

species in FNS SAzymes. As shown in Fig. 1E, XANES spectra were

collected at the Fe K-edge for FNS and several reference materi-

als (Fe-foil, FeO, Fe2O3, and FePc). Notably, the absorption edge of

FNS SAzymes lies between those of FeO and Fe2O3, indicating the

presence of Feδ+ (2 < δ < 3) in the material, corresponding to an

oxidation state between Fe2+ and Fe3+. This finding is consistent

with the XPS analysis. The Fourier-transform EXAFS (FT-EXAFS) of

Fe K-edge extended spectrum further reveals the local coordination

environment of Fe atoms in FNS (Fig. 1F). The fitting results show

that the peak position of Fe species in FNS is closer to that of the

FePc reference, with a peak at approximately 1.4 Å (uncorrected

phase shift), which is attributed to the characteristic Fe-N bond.

Simultaneously, no peak at 2.1 Å is observed, which clearly corre-

sponds to the Fe-Fe peak in the Fe foil. This suggests that the FNS

does not contain metallic Fe NPs, highlighting the single-atom dis-

persion of Fe in FNS SAzymes. In agreement with the Fourier trans-

form results, the wavelet transform contour plots display a promi-

nent peak at approximately 5.01 Å in k-space, resembling the peak

observed in FePc and clearly differing from other reference signals

(Fig. 1G).

FNS SAzymes NPs exhibit superior light absorption properties

in the 200–2500 nm wavelength range compared to ZIF-8 and the

precursor of FNS SAzymes, with particularly enhanced absorption

in the NIR region (Fig. S10 in Supporting information). As shown

in Fig. S11 (Supporting information), experimental data revealed a

significant increase in temperature with the rising concentration

of the material and laser power density (Figs. S11A and B). Further

photothermal stability tests demonstrated that, after three on/off

cycles, the photothermal performance of FNS SAzymes remained

stable, showing no noticeable changes, thus confirming their excel-

lent photothermal stability (Fig. S11C). Additionally, the photother-

mal conversion efficiency of FNS SAzymes was calculated to be

23.9% (Fig. S11D), indicating that FNS SAzymes serve as highly ef-

fective photothermal agents. Previous studies have indicated that

endogenous H2O2 within tumor cells can be catalytically converted

into •OH by nanoenzymes, offering a promising approach for tu-

mor catalytic therapy [46]. To assess the POD-like activity of FNS

SAzymes, a reference enzyme without S coordination was synthe-

sized by preparing FN SAzymes, which lack the sulfur coordination

typical of FNS SAzymes. As shown in Fig. S12 (Supporting infor-

mation), compared to FN, FNS is capable of inducing a more ex-

tensive chemical reaction in H2O2, generating higher amounts of
•OH, which subsequently catalyze the oxidation of TMB to form a

blue oxidized TMB (oxTMB) detectable at 655 nm. This confirms

that FNS SAzymes exhibit POD-like activity (Fig. 2A and Fig. S12A).

As shown in Fig. S12B, FNS SAzymes exhibit pH-dependent activ-

ity, with a 1.5-fold increase in acidic buffer (pH 5.4) compared to

neutral buffer (pH 7.4), indicating stronger POD-like activity under

acidic conditions.

Additionally, the generation of •OH increases with FNS SAzymes

concentration, showing a clear concentration-dependent trend,

suggesting effective promotion of H2O2 decomposition to gener-

ate •OH (Fig. S12C). To further assess the ability of FNS SAzymes

to catalyze H2O2 decomposition, ESR spectroscopy was employed,

revealing the characteristic 1:2:2:1 multiplet pattern. The results

indicated that FNS SAzymes generate more •OH under identical

conditions (Fig. 2B). Subsequently, the Michaelis-Menten kinetics

of FNS SAzymes was analyzed at pH 5.4, using a fixed concentra-

tion of TMB and SAzymes while varying the H2O2 concentration

from 1 mmol/L to 60 mmol/L. The kinetic parameters for the POD

substrate H2O2 were obtained. As shown in Figs. 2C and D, the Km

value and maximum reaction rate (Vmax) for FNS SAzymes were

3.71 mmol/L and 1.896×10−7 mol L−1 s−1, respectively, while for

FN, the Km and Vmax values were 14.83 mmol/L and 1.405×10−7

mol L−1 s−1. The faster reaction rate of FNS SAzymes reflects its

stronger POD-like activity compared to FN SAzymes. DFT calcula-

tions on Fe-N-C and Fe-N-S-C structures revealed that S doping
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Fig. 2. (A) Utilization of a TMB probe for the identification of •OH generation across diverse experimental groups within PBS at different concentrations. (B) ESR spectra

of various experimental groups detected through the application of a DMPO probe. (C) Michaelis-Menten kinetic analysis and (D) Lineweaver-Burk plots of FN SAzyme and

FNS SAzyme for POD-like activity with H2O2 as the substrate. (E) The charge density difference and Bader charges of FN SAzyme and FNS SAzyme. (F) Free energy diagrams

of POD-like activity for FN SAzyme and FNS SAzyme. (G) The POD-like and GSHOx-like activities of FNS SAzyme. (H) Time-dependent UV/vis absorption changes in GSH

depletion detection upon the addition of FNS SAzyme. (I) Lineweaver-Burk plots of FN SAzyme and FNS SAzyme for GSHOx-like activity with GSH as the substrate. (J) Free

energy diagrams of GSHOx-like activity for FN SAzyme and FNS SAzyme. All data are presented as the mean ± SD (n=3).

distorts the N atom plane and alters charge distribution due to

S’s larger atomic radius and lower electronegativity. Bader anal-

ysis showed Fe in Fe-N-S-C carries a slightly lower charge (0.91

e) than in Fe-N-C (0.93 e), suggesting reduced electron depletion

and enhanced catalytic activity (Fig. 2E). To understand the cat-

alytic mechanism of Fe-N-C and Fe-N-S-C active sites during H2O2

activation, we conducted DFT calculations to elucidate the catalytic

pathway (Fig. S13 in Supporting information). The results indicate

that the adsorption capacity of Fe-N-S-C for H2O2 is comparable

to that of Fe-N-C (Fig. S14 in Supporting information). This may

be attributed to the optimized H2O2 molecules more readily at-

taching to the single Fe atom in the Fe-N-S-C/Fe-N-C configuration,

facilitating subsequent decomposition. The adsorbed H2O2 under-

goes further dissociation, generating an activated O atom and a

H2O molecule (O∗ +H2O), leading to the formation of a single ad-

sorbed OH∗ at the catalytic site. Ultimately, the adsorbed ∗H2O is

released and the catalytic site (∗ +H2O) is re-exposed. Compara-

tive analysis demonstrates that the Fe site in the Fe-N-S-C configu-

ration exhibits superior catalytic performance, enabling faster and

more efficient generation of •OH, further confirming its excellent

enzymatic activity (Fig. 2F).

Although FNS SAzymes exhibit a clear advantage in generat-

ing ROS under mildly acidic conditions, the excessive presence of

GSH within the tumor microenvironment (TME) can mitigate ROS-

induced oxidative stress by neutralizing the generated ROS. There-

fore, the presence of GSHOx-like activity in FNS SAzymes is cru-

cial, as it allows for the consumption of GSH by oxidizing it into

GSSG (Fig. 2G). To assess this, as shown in Fig. S15 (Supporting

information), FNS SAzyme solutions were mixed with GSH solu-

tions, and the GSH content was quantified at different time points

using DTNB. The results indicated a significant decrease in ab-

sorbance at 412 nm over time, demonstrating that FNS SAzymes

possess GSHOx-like activity and effectively deplete GSH (Fig. 2H

and Fig. S15A). Moreover, their GSH depletion capability was found

to surpass that of the other two groups. It should be empha-

sized that pH levels exert an influence on catalytic activity, as ev-

idenced by FNS SAzymes exhibiting increased GSH consumption

within a simulated, mildly acidic tumor microenvironment (Fig.

S15B). During the GSH catalytic reaction, FNS SAzymes exhibited

typical Michaelis-Menten kinetics (Fig. 2I and Fig. S16 in Support-

ing information). The calculated Vmax and Km values were 10.48

mmol/L and 1.562×10−6 mol L−1 s−1, respectively, representing

a significant improvement over FN. DFT analysis revealed that in

both structural configurations, the S atom in the GSH molecule

can interact with the Fe site at the Fe-N-S-C interface, facilitating

GSH adsorption. Following this, an O atom from water can bind

to the active site, promoting the conversion of GSH. The adsorbed

GSH reacts with O, generating ∗GS and ∗OH in the adsorbed state.

Subsequently, another GSH molecule can react with OH, forming
∗GS and H2O. Finally, ∗GS can undergo coupling to form GSSG

(Fig. S17 in Supporting information). As shown in Fig. 2J, the to-

tal Gibbs free energy of the Fe site in the Fe-N-S-C configuration

was the lowest among these models, indicating its high-efficiency

GSHOx-like activity. In summary, the Fe-N-S-C catalytic site signif-

icantly enhances the POD-like and GSHOx activity of FNS SAzymes.

Our results reveal that FNS-SAzymes also exhibit catalase-like ac-

tivity, as demonstrated in Fig. S18 (Supporting information). This

catalase-mimicking functionality enables FNS-SAzymes to decom-

pose endogenous H2O2 and generate oxygen within TEM. The in

situ oxygen production is particularly beneficial during treatment,

as it helps alleviate tumor hypoxia and enhances therapeutic effi-

cacy.

AIPH, as a typical •R precursor, rapidly dissociates to generate
•R upon binding to the photothermally effective FNS SAzyme un-

der laser irradiation [47]. To evaluate the stability of AIPH, we em-

ployed ABTS as a probe to monitor the generation of •R in phos-

phate buffered saline (PBS) buffer at 37 °C. This approach allowed

us to assess its radical-releasing behavior under physiologically rel-

4



J. Yu, Z. Yang, J. Jiang et al. Chinese Chemical Letters 37 (2026) 111693

evant conditions. The results demonstrated that AIPH also main-

tained good stability under simulated physiological conditions (Fig.

S19 in Supporting information). This process significantly ampli-

fies intracellular LPO level, thereby enhancing ferroptosis. MN tech-

nology offers a promising platform for more efficient delivery of

agents to enhance therapeutic outcomes. In this study, we first at-

tempted to fabricate MNs using sodium alginate (SA) hydrogel. At

20 mg/mL, SA’s insufficient fluidity hindered the process. We then

investigated SA solutions at various concentrations, finding that a

5 mg/mL solution couldn’t form a complete MN structure, while

a 10 mg/mL solution exhibited excellent needle formation prop-

erties (Fig. S20 in Supporting information), and thus, it was se-

lected as the optimal concentration. Given that SA and polyvinyl

alcohol (PVA) can undergo inter-molecular crosslinking through re-

peated freeze-thaw cycles, we further introduced PVA into the SA

system for composite modification. By comparing the morpholog-

ical characteristics and mechanical strength of MNs at different

PVA concentrations (Fig. S21 in Supporting information), we de-

termined that 0.1 g/mL was the optimal concentration for PVA ad-

dition. In order to augment the mechanical attributes of the MNs

even further, we incorporated polyvinylpyrrolidone (PVP) into the

SA-PVA composite system. Our findings indicated that the amount

of PVP added had a significant impact on MN performance: exces-

sive PVP concentrations led to increased brittleness and breakage

of the MNs (Fig. S22 in Supporting information), while a moderate

addition of both PVA and PVP notably improved the mechanical

strength of the MNs. This trend was further confirmed in Fig. S23

(Supporting information). In this experiment, MNs were fabricated

using a vacuum-assisted centrifugation method. As shown in Fig.

S24 (Supporting information), through this method, FNS SAzymes

and AIPH were successfully concentrated at the tips of the MNs,

referred to as FNSA-MNs (Fig. S24A). The fabricated MN system

displayed a regular 10×10 array arrangement, with each needle

having a uniform conical structure. SEM characterization revealed

that the needle height was approximately 800 μm, with a base di-

ameter of about 300 μm and an inter-needle spacing of 650 μm

(Figs. S24B and C). Considering the thickness of the human skin

SC is only 15–20 μm, this MN design ensures effective penetration

through the SC barrier, enabling precise drug delivery to the tar-

geted skin lesions. To further assess the mechanical performance

of the MNs, we conducted a foil penetration test (thickness=15

μm). The results showed that after multiple punctures, as shown

in Fig. S25 (Supporting information), the MNs loaded with FNS

SAzymes and AIPH only exhibited minimal tip damage (Fig. S25A).

A comparison of the mechanical strength between blank MNs and

drug-loaded MNs revealed that drug loading had minimal impact

on the structural integrity and mechanical properties of the MNs,

though it did cause a noticeable color change. This finding confirms

that the drug-loaded system maintains its mechanical performance

while effectively delivering the drug (Fig. S25B). To evaluate the

photothermal effects of FNSA-MNs in vitro, samples were divided

into experimental (808 nm laser) and control (no laser) groups.

Infrared imaging showed a significant temperature rise in the ex-

perimental group. As shown in Fig. S26 (Supporting information),

further tests with varying laser power densities (0.5–2 W/cm2) re-

vealed that at 1 W/cm2, FNSA-MNs reached temperatures suffi-

cient for effective tumor photothermal therapy (PTT) (Figs. S26A

and C). After six laser on/off cycles, FNSA-MNs maintained stable

photothermal conversion with no noticeable decline (Fig. S26B),

confirming excellent photothermal stability for tumor therapy.

To further investigate the drug release properties of FNSA-MNs,

we systematically studied the release behavior of AIPH in buffer

solution under both laser-irradiated and non-irradiated conditions.

Quantitative analysis based on the standard curve revealed that in

the absence of laser irradiation, approximately 70% of AIPH was

released from the FNSA-MNs within 45 min. As shown in Fig. S27

(Supporting information), in contrast, under 808 nm laser irradia-

tion, nearly 100% of AIPH was released in the same time period.

This significant difference not only confirmed that laser irradiation

can significantly enhance the release kinetics of AIPH but also ac-

celerated the decomposition of AIPH, facilitating the generation of
•R (Figs. S27A and B). As illustrated in Fig. S27C, the release pro-

files under both laser-irradiated and non-irradiated conditions con-

formed well to a typical first-order release pattern. Notably, AIPH

release was significantly accelerated under laser exposure, with a

marked increase observed at 45 min. It is worth noting that under

physiological conditions simulating normal tissue (pH 7.4), even in

the presence of laser irradiation, the cumulative release of AIPH

reached only 61.4%. In contrast, under acidic conditions mimick-

ing TME (pH 5.4), the FNSA-MN microneedle system demonstrated

superior controlled-release behavior, leading to a substantially en-

hanced AIPH release (Fig. S27D). These results highlight the sys-

tem’s pH-responsive and photo-triggered drug release capabilities,

making it well-suited for tumor-targeted therapeutic applications.

To visually demonstrate the laser-induced dissolution of the MNs,

we utilized methylene blue as a marker and conducted an in vitro

simulation experiment to observe the diffusion behavior of the

MNs within a gelatin matrix (mimicking mouse skin). The findings

indicated that the MNs within the laser-treated cohort displayed

notably enhanced dissolution rates and a more extensive diffusion

depth of methylene blue when contrasted with the control group

(Figs. S27E and F), further confirming that laser irradiation effec-

tively accelerates the MN dissolution process. This finding provides

important experimental support for the application of FNSA-MNs.

Utilizing the strong enzymatic activity of FNS SAzymes, we ex-

amined their therapeutic effect on 4T1 tumor cells. MTT assays

showed that FNS SAzymes@AIPH reduced 4T1 cell viability to 70%

at 200μg/mL, indicating significant cytotoxicity. As shown in Fig.

S28 (Supporting information), AIPH alone without laser had no en-

hanced effect, confirming its thermal activation dependence (Fig.

S28A). Biocompatibility tests on L929 normal cells showed over

90% viability at all concentrations, demonstrating the excellent

safety profile of FNS SAzymes (Fig. S28B). As shown in Fig. S28C,

FNS caused moderate cytotoxicity to L929 cells under laser due

to its strong photothermal effect. Co-treatment with FNS and AIPH

enhanced cell killing, indicating a synergistic effect under photoac-

tivation. Although FNS SAzymes may affect normal cells, the use

of a MN patch allows localized delivery to tumors, minimizing off-

target damage. Additionally, biocompatibility tests of the MN ma-

trix materials (SA, PVA, PVP) on L929 and 4T1 cells (Fig. S28D)

showed over 95% viability, confirming their safety for normal cells.

In order to explore the enzymatic activity of FNS SAzymes and the

role of •R in inducing ferroptosis in tumor cells, we conducted fur-

ther experiments by dividing the cells into five groups: (i) control,

(ii) laser, (iii) FNS, (iv) FNS+laser, (v) FNS+AIPH+laser. First, we as-

sessed the depletion of intracellular GSH levels. FNS demonstrated

superior GSH oxidase-like activity, with the FNS+AIPH+laser group

exhibiting the highest level of GSH consumption, indicating that

under the influence of photothermal and •R, this treatment holds

considerable potential for inducing ferroptosis (Fig. S29 in Support-

ing information). Intracellular ROS levels, measured using DCFH-DA

(Fig. S30A in Supporting information), revealed weak fluorescence

in the laser group, while FNS treatment induced stronger ROS sig-

nals. As shown in Fig. 3, the combination of laser and AIPH fur-

ther elevated ROS levels, likely due to higher temperature and en-

hanced LPO reactions (Fig. 3C and Fig. S30B in Supporting infor-

mation). In the DAPGreen probe images depicting autophagy, we

observed the most prominent autophagic activity in cells treated

with FNS+AIPH+laser (Fig. S31 in Supporting information).

The accelerated fusion of autophagosomes and lysosomes leads

to extensive degradation of intracellular materials, resulting in the

release of iron and intensification of ferroptosis. LPO accumulation
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Fig. 3. (A) Fluorescence microscopy to observe the intracellular distribution of BOD-

IPY 581/591-C11-indicated peroxides in 4T1 and (B) Western blot analysis of 4T1

cell extracts cells after different treatments. (C) The fluorescence microscopy im-

ages of intracellular ROS production in different treatment groups using DCFH-DA

probe. (D) Assessment of lysosomal membrane integrity in 4T1 cells after differ-

ent treatments using AO probes. (E) The fluorescence microscopy images of 4T1

cells stained with calcein-AM/PI after different treatments (scale bar: 100 μm). (F)

Schematic mechanism of FNSA-MNs enabled 4T1 cell ferroptosis.

is a key feature of ferroptosis. Using the C11-BODIPY581/591 probe,

strong green fluorescence was observed in FNS-treated 4T1 cells

(Fig. 3A and Fig. S31), indicating ROS-induced LPO buildup. The

FNS+AIPH+laser group showed the highest fluorescence, linked

to increased •OH levels from enzyme catalysis and photothermal-

enhanced •R. X-CT is involved in the uptake of oxidized cysteine

(the oxidized form of cysteine) from the extracellular space into

the cytoplasm [48]. Blocking X-CT activity impairs GSH synthe-

sis, lowers intracellular GSH levels, and consequently reduces both

the activity and expression of GPX4. Given that GSH acts as a

cofactor in GPX4-mediated lipid repair, FNS-induced GSH deple-

tion likely leads to downregulation of GPX4 [49]. Western blot

analysis revealed a significant reduction in X-CT and GPX4 ex-

pression in 4T1 cells after FNS treatment, confirming the occur-

rence of ferroptosis (Fig. 3B and Fig. S32 in Supporting informa-

tion). The FNS+AIPH+laser group exhibited the most pronounced

reduction in X-CT and GPX4 expression, suggesting the highest

degree of ferroptosis. Next, we performed AO staining to assess

the integrity of lysosomal membranes in 4T1 cells. Following AO

staining, healthy cells showed yellow-green fluorescence, whereas

apoptotic cells displayed green fluorescence. Among the multi-

tude of groups examined, the FNS+AIPH+laser group exhibited the

most pronounced green fluorescence (Fig. 3D), indicative of sub-

stantial lysosomal membrane disruption.

To evaluate mitochondrial impairment in 4T1 cells, we uti-

lized the JC-1 probe to monitor alterations in mitochondrial mem-

brane potential across the diverse groups. Notably, the control

and laser groups displayed negligible green fluorescence (Fig.

S33 in Supporting information), while the FNS+AIPH+laser group

displayed notable mitochondrial damage. This indicates that the

multi-pathway induction of ferroptosis via enzyme catalysis and

PTT significantly exacerbates mitochondrial damage, thereby en-

hancing the cytotoxic effect on tumor cells. As shown in Fig. 3E

and Fig. S34 (Supporting information), we utilized the calcein-AM

and PI double-staining method to assess the therapeutic efficacy of

different treatment groups on 4T1 cells. The results revealed that

the FNS+AIPH+laser group showing the most intense red fluores-

cence. This indicates that the FNS+AIPH+laser treatment not only

generates substantial ROS to kill tumor cells through the mate-

rial’s inherent properties but also synergizes with photothermal-

triggered AIPH to produce •R, leading to a significantly enhanced

antitumor effect. The above results indicate that the use of FNSA-

MNs significantly enhances the induction of ferroptosis in tumor

cells in vitro (Fig. 3F).

Fig. 4. (A) Relative tumor volumes after different treatments of mice. (B) Changes

in the average tumor weight for the different groups after the 14 days of treatment.

(C) Representative images of tumors in mice after 14 days of treatment. (D) The

flow cytometry analysis of CD80 and CD86 expression after different treatments for

4T1 tumor-bearing mice. (E) Schematic illustration of FNSA-MN+laser for potentiat-

ing immunotherapy. Cytokines level of (F) IFN-γ and (G) TNF-α in plasma collected

by using ELISA. Data are presented as mean ± standard deviation (SD) (n=5).

Encouraged by the promising in vitro results and the enhanced

antitumor effects that promotes ferroptosis in tumor cells by in-

creasing LPO levels, we proceeded with a preliminary in vivo in-

vestigation on 4T1 tumor-bearing mice. All animal experiments

were reviewed and approved by the Ethics Research Committee

of Harbin Normal University (No. HNUARIA2022003). As shown in

Fig. S35 (Supporting information), the treatment protocol is out-

lined (Fig. S35A). When the tumor size reached ∼50 mm3, the

tumor-bearing mice were randomly assigned into five treatment

groups: (i) control, (ii) laser group, (iii) FNS-MN group, (iv) FNS-

MN+laser group, and (v) FNSA-MN+laser group. The fabricated

MNs were carefully inserted into the tumor site of the mice. After

2 min of precise localization, they were easily removed, with the

puncture channels observed to gradually close over time, achieving

self-healing within 10 min (Fig. S35B). This confirmed the excel-

lent minimally invasive nature of the system. Under near-infrared

laser irradiation (808 nm, 1 W/cm2), it was found that the tumor

temperature in the laser-only group increased minimally (�T <

2 °C), while the FNS-MN+laser and FNSA-MN+laser groups exhib-

ited significant photothermal conversion ability. The local tumor

temperature in these groups reached approximately 60.0 °C (Figs.

S35C and D). Tumor volume monitoring demonstrated that, com-

pared to the control group, the FNS-MN group exhibited moderate

tumor suppression, primarily attributed to ferroptosis induced by

the dual-enzyme activity (Fig. 4A and Fig. S36 in Supporting infor-

mation). However, the FNS-MN+laser group showed enhanced tu-

mor inhibition, as the photothermal effect further activated POD-

like and GSHOx-like, amplifying ferroptosis. The FNSA-MN+laser

group displayed the most pronounced tumor suppression, primar-

ily due to the additional heat promoting the release of •R. The

combined dual-enzyme activity of FNSA-MN further enhanced fer-

roptosis, leading to optimal antitumor effects. After 14 days, the

relative tumor weight and images are shown Figs. 4B and C, with

tumor weight differences among the treatment groups consistent

with the tumor growth curves. It is noteworthy that no significant

weight loss was observed in the FNSA-MN+laser group mice dur-

ing the treatment period (Fig. S37 in Supporting information).
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To assess clearance and biosafety of the FNSA-MN system, in-

ductively coupled plasma-mass spectrometry (ICP-MS) was used

to monitor urinary iron levels after FNSA-MN+laser treatment.

Iron levels gradually declined over 14 days, indicating renal ex-

cretion. Biodistribution analysis showed iron mainly accumulated

in the liver, suggesting hepatic metabolism (Fig. S38 in Support-

ing information). Furthermore, Hematological analysis across treat-

ment groups showed no significant changes in white blood cells

(WBC), red blood cells (RBC), platelets (PLT), mean corpuscu-

lar hemoglobin (MCH), mean corpuscular volume (MCV), hemat-

ocrit (HCT), hemoglobin concentration (HGB), and mean corpuscu-

lar hemoglobin concentration (MCHC), confirming good systemic

biocompatibility of the FNSA-MN therapy (Fig. S39 in Support-

ing information). No significant damage was observed in these

organs (heart, liver, spleen, lungs, and kidneys), indicating the

safety of the combined FNSA-MN+laser treatment. Hematoxylin-

eosin (H&E) staining of 4T1 tumor tissue sections revealed typical

nuclear dissolution in the treatment groups, indicating severe tu-

mor cell damage (Fig. S40 in Supporting information). These find-

ings demonstrate that the enhanced enzymatic activity of FNSA-

MN and the release of •R significantly potentiated ferroptosis, ef-

fectively inducing tumor cell death in vivo. Dendritic cells (DCs)

are crucial antigen-presenting cells in innate and adaptive immu-

nity. Upon antigen exposure, immature DCs mature and spread, es-

pecially in the lymphatic system and spleen [50–52]. This study

evaluated how various treatments affect DC maturation. We mea-

sured CD80 and CD86, key maturation markers, by flow cytome-

try to assess DC maturation (Fig. 4D) [53–55]. Compared to the

control group (8.3%) and the laser group (12.6%), the FNS-MN

group (22.4%), FNS-MN+laser group (27.6%), and FNSA-MN+laser

group (30.5%) exhibited significantly higher maturation rates of

DCs, suggesting that these treatments effectively enhanced the

tumor immunogenic response. Mature DCs present antigen pep-

tides to naïve T-cells via major histocompatibility complex (MHC)

molecules and secrete cytokines to regulate T-cell activation, prolif-

eration, and differentiation. To assess the immune modulation in-

duced by these treatments, we collected serum samples from the

blood of mouse ocular veins in each group and analyzed immune-

regulatory cytokines, including tumor necrosis factor (TNF-α) and

interferon-gamma (IFN-γ ), using enzyme-linked immunosorbent

assay (ELISA) (Fig. 4E). The FNSA-MN+laser group showed the

highest expression levels of these cytokines, confirming that the

combination therapy effectively stimulates the immune system

(Figs. 4F and G).

To systematically evaluate the inhibition of tumor lung metas-

tasis by the FNSA-MN-mediated ferroptosis-enhanced therapy, we

established a 4T1 tumor-bearing mouse model. Both the FNSA-

MN+laser and untreated groups were injected with 4T1 tumor

cells via the tail vein on day 8. As shown in Fig. S41 (Sup-

porting information), all mice were sacrificed on day 30, and

lung tissues were collected for metastatic nodule counting, with

metastatic foci highlighted by red circles (Figs. S41A and B). Re-

markably, the FNSA-MN+laser group exhibited an absence of dis-

cernible metastatic nodules, a stark disparity from the multitude

of nodules observed in the control group. These observations were

further substantiated by histological assessment of lung tissue via

H&E staining (Fig. S41C). During the experiment, the physiologi-

cal status of the mice was monitored, revealing that the treat-

ment group maintained stable body weight with a slight upward

trend, whereas the control group showed significant weight loss

and worsening physiological conditions after 8 days of tumor cell

inoculation (Fig. S41D). These results suggest that the combination

of FNSA-MN and laser irradiation can significantly inhibit primary

tumor growth and effectively block tumor metastasis through a

synergistic enhancement of ferroptosis.

In summary, we synthesized FNS SAzymes with an Fe-N-S-C

asymmetric coordination structure. S doping induces distortion of

the nitrogen coordination plane and disrupts charge distribution,

affecting the electronic structure of the Fe active sites. Enzyme

kinetics and DFT calculations show that S doping enhances both

POD-like and GSHOx-like activities, promoting H2O2 decomposi-

tion and •OH generation. The GSHOx-like activity depletes intra-

cellular GSH, increasing oxidative stress and triggering ferropto-

sis. FNS SAzymes exhibit photothermal effects under laser irra-

diation, which can stimulate co-loaded AIPH to rapidly generate
•R. The FNSA-MN, fabricated using vacuum-assisted centrifugation,

demonstrates exceptional mechanical properties and rapid disso-

lution, along with controllable drug release kinetics. In vitro and

in vivo experimental results reveal that FNSA-MN exhibits potent

cytotoxicity against tumor cells, enhancing ferroptosis-based ther-

apy with strong antitumor efficacy. Furthermore, FNSA-MN is ca-

pable of triggering an immune response within the body, effec-

tively inhibiting tumor growth and metastasis. Our research pro-

poses a novel coordination strategy to enhance ferroptosis and of-

fers a promising platform for future tumor treatment and diagnos-

tic approaches.
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