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Abstract Drug-induced liver injury (DILI) is a predominant cause of acute liver failure, intricately

associated with excessive reactive oxygen species (ROS) production and the activation of inflammatory

cascades. In this study, a metal—drug coordinated nanozyme (M-dCNs) is rationally designed to simul-

taneously scavenge ROS and polarize Kupffer cells to alleviate DILI. Specifically, the coordination be-

tween ferric ions (Fe3+) and the complementary therapeutic agents of hesperetin (HST) and KPLH

(KPLH1130) facilitates the formation of M-dCNs with uniform particle distribution and enhances struc-

tural stability. Notably, M-dCNs exhibits intrinsic antioxidant enzyme-mimetic activity, efficiently

neutralizing intracellular ROS in damaged hepatocytes and thereby disrupting apoptosis-related signaling

pathways. In parallel, M-dCNs synergistically reprograms hepatic macrophages toward an anti-

inflammatory phenotype, leading to a marked reduction in pro-inflammatory cytokines such as tumor ne-

crosis factor α (TNF-α) and interleukin 1ß (IL-1ß), and ultimately suppressing inflammatory cascades.

In vivo studies demonstrate the hepatoprotective potential and therapeutic efficacy of M-dCNs in
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attenuating oxidative stress, reducing inflammatory cell infiltration, and restoring liver function. Collec-

tively, this work presents a promising strategy for the treatment of DILI via the concurrent modulation of

redox homeostasis and inflammatory microenvironment.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute liver failure is a life-threatening condition marked by a

spectrum of clinical manifestations, including coagulopathy, en-

cephalopathy, and multi-organ dysfunction, with its etiology pre-

dominantly linked to viral infections, chronic alcohol

consumption, and drug-induced toxicity1,2. Among these, drug-

induced liver injury (DILI), particularly that caused by acet-

aminophen (APAP) overdose, has emerged as the leading cause of

acute liver failure in clinical settings3—5. The underlying patho-

physiological mechanism involves the excessive metabolism of

APAP into the toxic intermediate N-acetyl-p-benzoquinone imine,

which depletes hepatic glutathione (GSH) stores and triggers a

cascade of oxidative stress through the overproduction of reactive

oxygen species (ROS), ultimately resulting in hepatocellular

necrosis6—8. In parallel, damage-associated molecular patterns

released from necrotic hepatocytes activate resident Kupffer cells,

leading to the secretion of pro-inflammatory cytokines and che-

mokines such as tumor necrosis factor α (TNF-α) and interleukin

1ß (IL-1ß), thereby promoting neutrophil infiltration and the

recruitment of monocyte-derived macrophages into hepatic

tissue9—11. Current treatment on DILI mainly focuses on hepato-

cytes detoxification. Taking the first line drug N-acetylcysteine

(NAC) for example, NAC alleviates DILI by repleting glutathione

(GSH) to neutralize the toxic metabolite N-acetyl-p-benzoquinone

imine in hepatocytes. However, therapeutic efficacy is hindered by

the excessive ROS generation once the GSH levels in hepatocytes

are exhausted. Notably, excessive ROS levels have also been

shown to skew Kupffer cells polarization toward the M1 pheno-

type macrophages in liver tissue, which is associated with

heightened secretion of pro-inflammatory mediators that aggra-

vate local inflammation and tissue injury12—15. Given the char-

acteristics of ROS elevation and M1 macrophage activation in

DILI, therapeutic interventions aimed at ROS scavenging for he-

patocytes detoxification and Kupffer cells polarization to repro-

gram the inflammatory microenvironment hold substantial

promise for the effective management of DILI.

Kupffer cells are the resident macrophages in liver, which can

be classified into pro-inflammatory M1 and anti-inflammatory M2

phenotypes, and their inherent plasticity offers a promising strat-

egy for alleviating inflammation associated with DILI16—19. To

date, various chemical agents, including peroxisome proliferator-

activated receptor gamma agonists, Toll-like receptor 4 antago-

nists, and AMP-activated protein kinase activators, have been

shown to regulate macrophage polarization for treatments on

repairing liver injury20—23. Especially, KPLH functions as a py-

ruvate dehydrogenase kinase (PDK) inhibitor that promotes M2

macrophage polarization and elicits potent anti-inflammatory re-

sponses, suggesting its great therapeutic potential for DILI24,25.

Meanwhile, bioactive components and their metabolites originated

from traditional Chinese medicine (TCM), have demonstrated

great potent antioxidation and ROS elimination for hepatocytes

detoxification, which have been applied for protection against

liver injury
26—34. Of note, hesperetin (HST) is a bioactive

metabolite of hesperidin from TCM Tangerine peel, which exerts

the Nrf2—NFκB pathway dependent antioxidant defense by ROS

scavenging in drug injured hepatocytes35—37. It is assumed that the

chemical agent KPLH and the TCM bioactive compound HST

could synergistically improve the therapeutic efficacy of DILI by

facilitating hepatocytes detoxification and Kupffer cells polariza-

tion. However, different pharmaceutical behaviors and unspecific

targeting ability hinder their further application on DILI. To

maximize the therapeutic efficacy, the co-delivery of synergistic

agents KPLH and HST directly to DILI sites is crucial.

In recent years, self-assembled nanoparticles based on the

bioactive compounds of TCM have attracted considerable interests

in fields of drug delivery due to their carriers-free design38,39.

Compared with the traditional drug delivery system, TCM

bioactive compounds self-assembled nanoparticles are constructed

by the bioactive compounds of TCM with molecular interactions,

including hydrogen bonds, van der Waals forces and electrostatic

attraction, thereby offering significant advantages on self-drug

delivery, high drug loading efficacy and passive targeting abil-

ity40. Moreover, owing to their unique chemical structures and

functional groups, some TCM bioactive compounds can strongly

coordinate with transition metal (e.g., Fe, Ce, Cu, Pt) to form

nanozymes, which have been widely used for antioxidant defense

on tumor therapy and different organ injury. These nanozymes

exhibit SOD-, POD-, and CAT-like activities, catalytically

decomposing ROS via redox cycling (e.g., Fe2+/Fe3+)41—46.

Notably, our previous studies have demonstrated that metal ions

can strongly coordinate with phenolic hydroxyl groups, facili-

tating the self-assembly of phenolic-containing drugs and

enhancing their structural stability47,48. Considering the phenolic

hydroxyl group of HST, we speculates that the TCM bioactive

compound HST and Fe3+ might self-assemble as nanozymes due

to the coordination between the phenolic hydroxyl structure and

ferric ions, which would not only facilitate the hepatocytes

detoxification by self-HST delivery, but also improve ROS

clearance ability via nanozymes-like activities. Meanwhile, the

nanozymes loaded with the anti-inflammatory inhibitor KPLH

might accumulate on hepatic injured sites via natural uptake of

Kupffer cells, thus enhancing ROS scavenge and Kupffer cells

polarization for DILI treatment. However, the nanozymic catalytic

potential of such metal-drug coordination nanomedicines has

rarely been explored, and their therapeutic efficacy in DILI re-

mains largely uninvestigated.

Taking the consideration above, a metal-drug coordinated

nanozyme (M-dCNs) was developed to simultaneously scavenge

ROS and polarize Kupffer cells for the effective alleviation of

DILI. The coordination among ferric ions, HST and KPLH

facilitated the formation of M-dCNs with uniform particle distri-

bution and enhanced structural stability (Scheme 1A). Notably,

M-dCNs exhibited intrinsic antioxidant enzyme-mimetic activity,
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enabling efficient neutralization of intracellular ROS within

damaged hepatocytes and thereby interrupting apoptosis-

associated signaling pathways (Scheme 1B). In addition,

M-dCNs effectively reprogrammed hepatic macrophages toward

anti-inflammatory phenotypes, resulting in a marked reduction in

pro-inflammatory cytokines such as TNF-α and IL-1ß and sup-

pression of downstream inflammatory cascades. Both in vitro and

in vivo evaluations confirmed the hepatoprotective potential and

therapeutic efficacy of M-dCNs, as evidenced by significant his-

topathological repair of necrotic lesions, substantial inhibition of

oxidative stress and inflammatory cell infiltration, and restoration

of liver function. Collectively, this metal—drug coordinated

nanozyme offers a promising strategy for mitigating liver injury

through the concurrent modulation of redox homeostasis and the

inflammatory microenvironment.

2. Materials and methods

2.1. Materials

HST and KPLH (Taoshu Biotechnology Co., Ltd., 50 mg,

Shanghai, China). FeCl3‧6H2O (Damao Chemical Reagent Fac-

tory, Tianjin, China). Alanine aminotransferase (ALT) and

Scheme 1 Fabrication and the proposed mechanism of M-dCNs for DILI treatment. (A) The flavonoids compounds HST, macrophage

polarized small molecule drugs KPLH, and ferric ion can self-assemble into the metal—drug coordinated nanozyme (M-dCNs) by coordination

effect. (B) The mechanism of M-dCNs alleviates liver injury includes two aspects. On the one hand, HST exerts antioxidant effects in liver cells

and pro-inflammatory macrophages, eliminating excessive accumulation of biological damage substances included ROS and DPPH in the liver.

On the other hand, KPLH regulates the inflammatory environment by preventing macrophages from polarizing towards M1 type, further alle-

viating DILI.
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aspartate aminotransferase (AST) detection kits (Jiancheng

Bioengineering Research Institute, 96 T, Nanjing, China). 2,7-

Dichlorofluorescein diacetate (DCFH-DA) (Futong Biotech-

nology Co., Ltd., 0.1 mL, Shanghai, China). Anti-CD206,

inducible nitric oxide synthase (iNOS), CD80, Arginase 1

(Arg-1), and high mobility group box 1 (HMGB1) antibodies

(Abcam plc, 50 μL, Cambridge, UK). AML12 (alpha mouse liver

12) cell line (Shanghai Institute of Cell Biology, 5 × 106 cells,

Shanghai, China). Kupffer cells (WHELAB C2186) (WHELAB

BIOSCIENCE Co., Ltd., 1 × 106 cells, Shanghai, China).

Annexin V-FITC/PI apoptosis detection kit, catalase detection kit,

total SOD activity detection kit, bicinchoninic acid protein assay

kit, TNF-α and PDK ELISA kit (Beyotime Biotechnology Inc.,

96 T, Shanghai, China). Dulbecco’s modified Eagle’s medium

(DMEM) and fetal bovine serum (FBS) (Grand Island Biological

Co., 500 mL, CA, USA). Penicillin streptomycin (Grand Island

Biological Co., 100 mL, CA, USA). ITS

(insulin + transferrin + selenium) (Grand Island Biological Co.,

10 mL, CA, USA). Dexamethasone (MedChemExpress LLC,

25 mg, NJ, USA). Cy5.5 and DiR (MedChemExpress LLC,

10 mg, NJ, USA). Hydroxylamine hydrochloride, ortho phenan-

threne and sodium acetate (Aladdin Biochemical Technology Co.,

Ltd., 1 g, Shanghai, China). DMSO (Macklin Biochemical Co.,

Ltd., 500 mL, Shanghai, China). •DPPH (MedChemExpress LLC,

25 mg, NJ, USA).

2.2. Cell culture medium

Kupffer cells were cultured in DMEM supplemented with 10%

FBS and 1% penicillin streptomycin. AML12 cells from alpha

mouse liver were cultured in DMEM containing 10% high-quality

FBS, 1% ITS, 40 μg/L dexamethasone, and 1% penicillin strep-

tomycin. The cells were stored in a humidified incubator at 37 ◦C

and 5% CO2 to ensure optimal growth conditions during the

cultivation process.

2.3. Preparation and characterization of M-dCNs

2.3.1. Preparation of M-dCNs

1 mL of ultrapure water was added into a penicillin bottle, then

20 μL FeCl3‧6H2O (10 mg/mL, dissolved in ultrapure water) and

30 μL HST (10 mg/mL, dissolved in DMSO) was added while

stirring. After completion, 20 μL KPLH (10 mg/mL, dissolved in

DMSO) was added and the stirring was continued for 9 min. The

mixture was collected and centrifuged at 10,000×g (Eppendorf

AG, 5810R, Hamburg, Germany) for 30 min. Finally, the pre-

cipitate in distilled water was obtained as M-dCNs and stored at

4 ◦C for further experiments. Cy5.5 labeled M-dCNs and DiR

labeled M-dCNs were prepared by the same procedure of

M-dCNs, in which KPLH was substituted to fluorescent dyes of

Cy5.5 or DiR, respectively.

2.3.2. Characterization of M-dCNs

M-dCNs with different mass ratios of HST:Fe3+:KPLH were

synthesized, and 10 μL M-dCNs was dropped onto a copper mesh

covered with a 1 carbon support film. The appearance was

observed under a transmission electron microscope (TEM, JEOL

Ltd., JEM1400PLUS, Tokyo, Japan). Zeta sizer Nano ZS90

analyzer (Malvern Instruments Ltd., Worcestershire, UK) was

used to measure the particle size and zeta potential values of

M-dCNs. TEM mapping was used to perform elemental analysis

on M-dCNs.

2.3.3. The drug loading of M-dCNs

The content of Fe3+ in M-dCNs was determined by ortho phe-

nanthroline spectrophotometry. 5 mL M-dCNs was accurately

extracted and placed in 50 mL colorimetric tubes. 1 mL hydrox-

ylamine hydrochloride solution (100.00 g/L) was added to each

tube and shaken well. Then 2 mL ortho phenanthrene aqueous

solution (1.50 g/L) and 5 mL sodium acetate solution (137.09 g/L)

were added and diluted to the mark with distilled water. After

10 min, the absorbance of each solution was measured at a

wavelength of 510 nm. Standard curve with Ferrous concentra-

tions (ranging on 0—4 mg/L) with the same processes was used as

the positive control. The iron content in M-dCNs was calculated

based on the standard curve.

The content of HST and KPLH was determined by high-

performance liquid chromatography (HPLC, Shimadzu Corp., LC-

20AT, Kyoto, Japan) with eluents of H2O + 0.1% HCOOH and

CH3CN + 0.1% HCOOH. HST solutions (5, 10, 50, 100, 200,

300 mg/L) and KPLH solutions (5, 10, 25, 50, 100, 200 mg/L) at

various concentrations was prepared, and a standard curve was

obtained using HPLC. In addition, M-dCNs was dissolved in

DMSO and determined by HPLC. The peak areas corresponding

to HST and KPLH were substituted into the standard curves to get

the contents of HST and KPLH.

The 1000 Da dialysis bags were pre-equilibrated in phosphate

buffered saline (PBS) buffers at pH 5.5 and pH 7.4, respectively.

Subsequently, 2 mL of M-dCNs solution was loaded into each pre-

treated dialysis bag, which was then placed in a 50 mL centrifuge

tube containing PBS buffer at the corresponding pH. The tubes

were secured on an orbital shaker and incubated at 37 ◦C with

constant shaking at 200 rpm (Eppendorf AG). Sampling was

performed at predetermined time points (0, 5, 10, 15, 20, 30 min;

1, 2, 4, 6, 8, 12, 24, 36, 48 h) at each interval. 1 mL of the release

medium was collected and immediately replaced with an equal

volume of fresh PBS buffer at the same pH. The drug content in

the samples was quantitatively analyzed by HPLC.

2.4. •DPPH scavenging ability

•DPPH was mixed with methanol to prepare a 0.1 mmol/L •DPPH

solution. Subsequently, tested samples of HST, Fe3+, KPLH,

HST + Fe3+ + KPLH, and M-dCNs solutions were respectively

mixed with •DPPH solution, and kept at room temperature in the

dark for 30 min. The absorbance of each tested sample was

measured at 517 nm. Samples substituted with distilled water and
•DPPH solution were selected as the positive control. The •DPPH

scavenging ability was calculated by the absorbances. Enzyme

activity was determined according to the standard procedure of the

reagent kit. The kinetic parameters, Km and Vmax, were

measured as described in prior studies55.

2.5. Hydroxyl radical scavenging ability

Tested samples including HST, Fe3+, KPLH, HST + Fe3+ +

KPLH, and M-dCNs were mixed with the working solution con-

taining FeSO4 (9 mmol/L), salicylic acid ethanol solution

(2 mmol/L), and 0.03% H2O2 at a volume ratio of 5:4:4:4 in a

colorimetric tube, respectively. The mixture was shaken well and

heated in a 37 ◦C water bath for 15 min. The absorbance was

detected at 510 nm. Samples substituted with distilled water and

the working solution were selected as the positive control, and

samples without the working solution were selected as the
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negative control. The clearance rate was calculated by the

following Eq. (1):

R% � [A0− (AX− AX0)]/A0 × 100% (1)

where A0 is the absorbance value of the positive control, AX is the

absorbance value of the tested samples, and AX0 is the absorbance

value of the negative control.

2.6. Cellular uptake behavior

AML12 cells and Kupffer cells were respectively seeded and

cultured into the confocal dishes with cell destiny of 1 × 106 per

well overnight. Then, cells were incubated with Cy5.5 labeled

M-dCNs (16.10 mg/L) for different incubation time (2, 4, and 8 h),

respectively. Afterwards, the treated cells were washed with PBS

thrice and stained with Hoechst for 30 min. Finally, intracellular

fluorescence was observed using the confocal laser scanning mi-

croscopy (CLSM, Carl Zeiss AG, Zeiss LSM 880, Oberkochen,

Germany). Meanwhile, cells were subjected to the same treatment

and the fluorescence analysis was performed by a flow cytometer

(Beckman Coulter, Inc., CytoFLEX S.4, CA, USA).

2.7. MTT assay

AML12 cells and Kupffer cells with the cell density of 1 × 104 per

well were seeded onto the 96-well plates and cultured for 24 h,

respectively. To investigate the biocompatibility of M-dCNs, cells

were incubated with HST, Fe3+, KPLH, HST + Fe3+ + KPLH,

and M-dCNs (with HST concentrations ranging from 0.75 to

25.00 mg/L, Fe3+ concentrations ranging from 0.06 to 2.00 mg/L

and KPLH concentrations ranging from 0.06 to 2.00 mg/L),

respectively. After 24 h incubation, 20 μL of 3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide solution (MTT,

5 mg/mL) was added to each well and incubated for another 4 h.

The culture medium was then replaced with 150 μL DMSO per

well. Finally, the absorbance of each well was measured using a

microplate reader (Thermo Fisher Scientific Inc., Varioskan ALF,

DE, USA) at 570 nm. Cell viability was calculated by comparing

the absorbance values between treated and untreated cell groups.

To investigate the in vitro hepatoprotection of M-dCNs, the

AML12 cells were pretreated with HST, Fe3+, KPLH,

HST + Fe3+ + KPLH, and M-dCNs (with HST concentrations of

2.5 mg/L and KPLH concentrations of 0.2 mg/L) for 2 h,

respectively. Afterwards, drug pretreated AML12 cells were

incubated with 50 mmol/L APAP for 24 h. Finally, cell viability

was measured by MTT assay with the same procedure mentioned

above.

2.8. ROS detection

AML12 cells and Kupffer cells with the cell density of 1 × 106 per

well were seeded into the confocal dishes and cultured for 24 h,

respectively. Then, cells were separately pre-incubated with PBS,

HST, KPLH, Fe3+, HST + Fe3+ + KPLH, M-dCNs (11.67 mg/L

(equivalent to HST concentration of 10.00 mg/L, KPLH concen-

tration of 0.80 mg/L and Fe3+ concentration of 0.87 mg/L),

15 mg/L, 20 mg/L) and NAC (100 μmol/L) for 2 h, followed with

another co-culture of APAP (15 mmol/L) for 8 h. After that, the

treated cells were washed three times with PBS. Finally, the cells

were incubated with the green probe DCFH-DA for ROS detection

and observed by CLSM (Carl Zeiss AG). Cells without APAP

treatment were selected as the control.

2.9. Cell apoptosis staining

AML12 cells with the cell density of 1 × 106 per well were seeded

into the 6-well plates and cultured for 24 h, respectively. AML12

cells were separately incubated with PBS, HST, Fe3+, KPLH,

HST + Fe3+ + KPLH, and M-dCNs (equivalent to 2.50 mg/L

HST, 0.20 mg/L KPLH, and 0.22 mg/L Fe3+) for 2 h and stim-

ulated with APAP (50 mmol/L) for another 24 h. Then,

AML12 cells were collected and washed with PBS thrice, fol-

lowed by fluorescent staining according to the instruction on

Annexin V-FITC/PI apoptosis detection kit (Beyotime Biotech-

nology Inc.). Finally, a flow cytometer (Beckman Coulter, Inc.)

was used to detect the cell apoptosis rates. AML12 cells without

APAP treatment were chosen as the control.

2.10. Immunofluorescence staining

Kupffer cells with the cell density of 1 × 106 per well were seeded

into the confocal dishes and cultured overnight. Then, cells were

pretreated with lipopolysaccharide (LPS, 50.00 μg/L) for 24 h.

Afterwards, the LPS pretreated cells were co-cultured with HST,

Fe3+, KPLH, HST + Fe3+ + KPLH, and M-dCNs (11.67 mg/L

(equivalent to HST concentration of 10.00 mg/L, KPLH concen-

tration of 0.80 mg/L and Fe3+ concentration of 0.87 mg/L),

15 mg/L, 20 mg/L) for another 24 h, respectively. Subsequently,

cells were collected and separately incubated at 4 ◦C with anti-

iNOS, anti-CD80, anti-Arg1, and anti-CD206 antibodies. After

12 h incubation, the cells were washed 3 times with PBS and

stained with secondary antibody goat anti rabbit IgG labeled with

Alexa Fluor 488 for 1 h in the dark. Finally, the cells were stained

with DAPI dye and observed by CLSM (Carl Zeiss AG). Kupffer

cells stimulated with LPS and interleukin 4 (IL-4, 50.00 μg/L) for

24 h were selected as the control.

2.11. Cytokine detection

Kupffer cells (1 × 106 per well) were seeded into the 6-well plates

and cultured for 12 h. Kupffer cells were stimulated with LPS

(50.00 μg/L) for 24 h. Then, LPS activated Kupffer cells were

incubated with HST, Fe3+, KPLH, HST + Fe3+ + KPLH, and

M-dCNs (equivalent to 25.00 mg/L HST, 2.00 mg/L KPLH, and

2.18 mg/L Fe3+) for another 24 h, respectively. LPS activated

Kupffer cells without any other treatment were selected as the

positive control. Kupffer cells stimulated with IL-4 (50.00 μg/L)

for 24 h were selected as the negative control. Finally, the cell

supernatant was collected to detect TNF-α or PDK levels by

ELISA kit (Beyotime Biotechnology Inc.).

2.12. Western blotting

Kupffer cells (1 × 106 per well) were seeded onto the six-well

plates and cultured for 24 h. After 24 h stimulation with LPS

(50.00 μg/L), cells were separately incubated with HST, Fe3+,

KPLH, HST + Fe3+ + KPLH, and M-dCNs (equivalent to

25.00 mg/L HST, 2.00 mg/L KPLH, and 2.18 mg/L Fe3+) for

another 24 h, respectively. Then the treated cells were washed by

PBS thrice and lysed with radio immunoprecipitation assay lysis

buffer to extract the protein, followed by the detection by bicin-

choninic acid protein assay kit (Beyotime Biotechnology Inc.). To
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detect the expression of iNOS, proteins were separated by sodium

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and

transferred to polyvinylidene fluoride membranes. The mem-

branes were blocked with 5% non-fat milk, incubated with the

primary antibody iNOS (Abcam plc) at 4 ◦C overnight, then fol-

lowed by another 1 h incubation with horseradish peroxidase-

conjugated secondary antibody (Abcam plc) at room tempera-

ture. Finally, the protein bands were imaged by a chem-

iluminescence system (GE HealthCare Technologies Inc.,

Amersham Imager 600, Chicago, USA). Kupffer cells stimulated

with LPS or IL-4 (50.00 μg/L) only were selected as controls. ß-

Actin was chosen as an endogenous reference.

2.13. Biodistribution of M-dCNs

All animal experiments were conducted in accordance with the

Regulations on the Administration of Laboratory Animal Affairs

and approved by the Institutional Animal Care and Use Com-

mittee of the Animal Experiment Center of Guangzhou Medical

University (Approval number: GY2024-448). Healthy female

C57BL/6J mice (18—20 g, 6—8 weeks) were randomly divided

into two groups (4 mice per group). Then, DiR labeled M-dCNs

(4.05 mg/kg) was administrated into the mice via tail vein in-

jections. At specific time intervals (0.5, 4, 8, 12, and 24 h), the

treated mice were euthanized with isoflurane, and imaged by the

small animal optical in vivo imaging system (PerkinElmer, Inc.,

IVIS Lumina XRMS, Massachusetts, USA). At 24 h postinjection,

the treated mice were sacrificed and their main organs (including

hearts, livers, spleens, lungs, and kidneys) were collected for

ex vivo imaging. Subsequently, CD11b and transferrin fluores-

cence staining on liver tissue slices was performed to observe the

co-localization of DiR labeled M-dCNs with hepatocyte and

Kupffer cells.

2.14. Hepatoprotective effect of M-dCNs on early DILI

C57BL/6J mice were randomly divided into 7 groups (n � 4).

Saline, HST (10.00 mg/kg), Fe3+ (0.87 mg/kg), KPLH (0.80 mg/

kg), HST (10.00 mg/kg) + Fe3+ (0.87 mg/kg) + KPLH (0.80 mg/

kg), and M-dCNs (11.67 mg/kg) were injected into the tail vein of

mice, respectively. After 2 h of administration, APAP (350.00 mg/

kg) was intraperitoneally injected into the treated mice to form an

acute liver injury model. At 24 h postinjection of APAP, whole

blood of the treated mice was collected from hearts and centri-

fuged at 5000×g for 15 min to obtain the serum. Reagent kit was

used to detect the levels of ALT and AST in the serum. Liver tissue

was collected and investigated by hematoxylin and eosin (H&E)

staining. Next, liver cell necrosis, infiltration, inflammation and

area of pathological regions in H&E sections of mice were esti-

mated using software Image J. Moreover, liver tissues were

stained for immunofluorescence with HMGB1, TNF-α, IL-1ß,

nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2),

CD206, interleukin 10 (IL-10) and transforming growth factor ß1

(TGF-ß1), and the intracellular fluorescence were detected and

analyzed by CLSM.

2.15. Therapeutic effect of M-dCNs on advanced DILI

To establish the advanced DILI model, C57BL/6J mice (18—20 g,

6—8 weeks) were randomly divided into 7 groups (n � 4) and

intraperitoneally injected by APAP (350.00 mg/kg). After 3 h

treatment of APAP, mice were injected with HST (10.00 mg/kg),

Fe3+ (0.87 mg/kg), KPLH (0.80 mg/kg), HST (10.00 mg/

kg) + Fe3+ (0.87 mg/kg) + KPLH (0.80 mg/kg), or M-dCNs

(11.67 mg/kg, 15 mg/kg, 20 mg/kg) or NAC (300 mg/kg) via

the tail vein. The same volume of saline was administrated to mice

in the healthy control group and advanced DILI control group.

After 24 h postinjection of APAP, the treated mice were eutha-

nized by isoflurane. Then, whole blood was collected from their

hearts and centrifuged at 5000×g for 15 min to obtain the serum.

Levels of ALT and AST in the serum were detected by the ALT

and AST activity assay kits, respectively. Liver tissue was har-

vested, fixed in formalin, and embedded in paraffin, sliced, and

stained by H&E. Next, area of pathological regions in H&E sec-

tions of mice including hepatocyte necrosis, infiltration, and

inflammation were estimated using software Image J. Moreover,

liver tissues were separately stained with fluorescent antibodies

including HMGB1, TNF-α, IL-1ß, NOX2, CD206, IL-10 and

TGF-ß1 for immunofluorescence, and intracellular fluorescence

was detected and analyzed by CLSM.

2.16. Biosafety of M-dCNs

Healthy C57BL/6J mice (18—20 g, 6—8 weeks) were randomly

divided into 6 groups (n � 4) and injected with HST (10.00 mg/

kg), Fe3+ (0.87 mg/kg), KPLH (0.80 mg/kg), HST (10.00 mg/

kg) + Fe3+ (0.87 mg/kg) + KPLH (0.80 mg/kg), or M-dCNs

(11.67 mg/kg) via tail vein. After 24 h of injection, the mice

were euthanized by isoflurane and whole blood was collected for

biochemical testing. Levels of ALT, AST in serum were detected

by ALT and AST activity assay kits, and levels of UREA and uric

acid (UA) in serum were analyzed by a fully automatic blood

biochemical analyzer. Major organs (including hearts, livers,

spleens, lungs, kidneys) were harvested and assessed by H&E

staining. After intravenous injection of M-dCNs at varying doses

(11.67, 15, and 20 mg/kg), major organs were collected from mice

on days 7 and 14 for H&E staining, while blood samples were

obtained for biochemical assessment of AST, ALT, creatinine

(CRE), and bilirubin levels. Female C57BL/6J mice received

intravenous injections of either free DiR or DiR-labeled M-dCNs

via the tail vein. Blood samples were collected from the orbital

venous plexus at 0.08, 0.25, 0.5, 1, 2, 8, and 24 h post-injection,

and the concentration of DiR in the blood was measured using a

microplate reader.

2.17. Statistical analysis

GraphPad Prism 8 software (Prism, USA) was used to analyze the

data. All data are presented as mean ± standard deviation (SD).

Statistical analysis was conducted using one-way ANOVA, with

P < 0.05 indicating statistically significant differences.

3. Results and discussion

3.1. Synthesis and characterization of M-dCNs

In light of the elevated ROS levels and predominance of M1

macrophages in DILI, the antioxidant agent HST and the anti-

inflammatory compound KPLH were employed to construct the

M-dCNs. The phenolic hydroxyl groups present in both HST and

KPLH were hypothesized to coordinate with ferric ions, thereby

promoting nanozyme assembly. Free HST was found to exhibit
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poor solubility in water, however, its aqueous solubility was

markedly improved upon coordination with ferric ions (Support-

ing Information Fig. S1A). A screening of metal ions revealed

that iron ions demonstrated superior coordination capability and

yielded more uniform nanoparticles compared to zinc and copper

ions at the same feed ratio (Fig. S1B—S1E). Moreover, the co-

ordination between iron ions and HST was shown to maintain

good stability in aqueous solution over a period of seven days

(Fig. S1F—S1H). Based on these findings, iron ions were selected

for further study. Subsequent investigations indicated that the

optimal particle size and stability were achieved when the mass

feed ratio of HST to iron ions was maintained at 3:2 (Supporting

Information Fig. S2A—S2J). To optimize the coordination in-

teractions, the metal-drug complexation among Fe3+, HST, and

KPLH was systematically evaluated at various feed mass ratios.

As shown in Fig. 1A—D, dynamic light scattering and TEM

confirmed successful nanoparticle formation, indicative of strong

coordination interactions. Notably, a mass ratio of

HST:Fe3+:KPLH at 3:2:2 yielded uniformly spherical nano-

particles with minimal changes in hydrodynamic diameter and

polydispersity index (PDI) over time in aqueous solution,

demonstrating excellent colloidal stability (Fig. 1E). M-dCNs

demonstrated favorable stability for over 96 h in DMEM con-

taining 10% FBS and in pH 7.4 buffer, indicating its capacity to

retain structural integrity and functional effectiveness in biolog-

ical environments (Supporting Information Fig. S3A and S3B).

Under acidic conditions (pH 6.5 and 5.0), M-dCNs exhibited

aggregation behavior (Fig. S3C and S3D), consistent with pre-

vious literature reports49—51. Moreover, all M-dCNs formulations

showed a consistently negative zeta potential around − 16 mV

(Supporting Information Fig. S4A). Elemental mapping via TEM-

energy-dispersive X-ray spectroscopy (TEM-EDS) further vali-

dated the co-localization of C, N, O, and Fe elements within

M-dCNs, confirming successful metal-ligand coordination

(Fig. 1F and G). To elucidate the self-assembly of M-dCNs,

ultraviolet—visible (UV—Vis) spectroscopy was performed

under varying ionic and hydrophobic conditions. No significant

spectral shifts were observed with increasing NaCl concentration,

whereas a slight red-shift in the absorption peak was induced by

SDS, suggesting the presence of hydrophobic interactions among

the assembled drug components (Fig. S4B and S4C). Addition-

ally, Fourier-transform infrared spectroscopy revealed red-shifting

Figure 1 Fabrication and characterization of M-dCNs. Particle size distributions and TEM image (insert) obtained based on the assembly of

HST, Fe3+, and KPLH at the mass ratios of (A) 3:2:1, (B) 3:2:2, (C) 3:2:3, or (D) 3:2:4. Scale bar � 200 nm. (E) The changes of particle size and

PDI of M-dCNs in 5 days at the ratios of 3:2:2 (n � 3). (F) The element mapping image of M-dCNs. Scale bar � 200 nm. (G) The relative

elemental composition distribution obtained from TEM-EDS. The ability of M-dCNs to clear (H) •DPPH or (I) •OH in vitro (n � 3). Data are

presented as mean ± SD. P values were tested via a one-way ANOVA analysis.
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of C]O and —OH stretching vibrations by 22 cm− 1 and

3421 cm− 1 in M-dCNs compared to free HST/KPLH, further

indicating coordination bonding via these functional groups

(Fig. S4D). The contents of HST and KPLH in M-dCNs were

quantified by HPLC (Supporting Information Table S1). Prior to

sample analysis, the method was validated by assessing its intra-

day accuracy, precision, repeatability, recovery rate, and stability.

As shown in Supporting Information Tables S2—S4, the chro-

matographic conditions exhibited possess excellent precision

(relative standard deviation (RSD) < 3%), accuracy (RSD <3%),

and stability (RSD <3%). All validated parameters met the

criteria for routine analysis, confirming that the method was

suitable for reliable and accurate quantification of M-dCNs.

Finally, drug loading was quantified via HPLC and

o-phenanthroline spectrophotometry, revealing encapsulation ef-

ficiencies of 85.70% for HST, 7.50% for KPLH, and 6.80% for

Fe3+ Supporting Information Fig. S5A-S5E and Table S5). The

drug release profile of M-dCNs was investigated under physio-

logical conditions and in buffer solutions at different pH values.

As depicted in Supporting Information Fig. S6A and S6B, both

HST and KPLH were released from M-dCNs at pH 5.5 and 7.4

(25 ◦C). Within 48 h, the cumulative drug release reached

64.8 ± 3.2% and 60.6 ± 3.6% for HST, and 72.9 ± 2.1% and

62.8 ± 4.5% for KPLH, respectively. Notably, drug release from

M-dCNs was faster at pH 5.5 than at pH 7.4, a characteristic

considered beneficial for their therapeutic action in the acidic

microenvironment of injured liver tissue. Additionally, under

physiological conditions (pH 7.4, 37 ◦C), drug release was more

Figure 2 Cellular uptake behavior of M-dCNs and ROS clearance activity. Representative CLSM images of (A) AML12 and (B) Kupffer cells

after treatment with Cy5.5-labeled M-dCNs at different times (2, 4, and 8 h). Scale � 40 μm. The flow cytometry analysis of (C) AML12 and (D)

Kupffer cells after those treatments (n � 3). Cell viabilities of (E) AML12 or (F) Kupffer cells after treatment with HST, Fe3+, KPLH,

HST + Fe3+ + KPLH or M-dCNs. Intracellular ROS measurement of (I) AML12 or (J) Kupffer cells and (G, H) corresponding quantitative

fluorescence analysis after treatment with HST, Fe3+, KPLH, HST + Fe3+ + KPLH or M-dCNs in the presence of APAP by using DCFH-DA as

ROS probe. Scale bar � 40 μm. (K) Representative diagram of flow cytometry and (L) corresponding quantitative fluorescence analysis of

AML12 cells treated with HST, Fe3+, KPLH, HST + Fe3+ + KPLH130 or M-dCN in the presence of APAP and stained with PI/Annexin V-FITC

(n � 3). Data are presented as mean ± SD. P values were tested via a one-way ANOVA analysis.
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Figure 3 Representative immunofluorescence staining images of (A) iNOS, (B) CD80, (C) CD206 and (D) Arg1 in LPS-pretreated Kupffer

cells after treatment with HST, Fe3+, KPLH, HST + Fe3+ + KPLH or M-dCNs. Scale bar � 20 μm. Corresponding quantitative immunoflu-

orescence analysis of (E) iNOS, (F) CD80, (G) CD206 and (H) Arg1 in Kupffer cells after those treatments. (I) Western blot analysis and

(J) corresponding quantitative analysis of iNOS on Kupffer cells after those treatments. (K) Detection of TNF-α after LPS-pretreated Kupffer cells

treatment with HST, Fe3+, KPLH, HST + Fe3+ + KPLH or M-dCNs (n � 3). Data are presented as mean ± SD. P values were tested via a one-

way ANOVA analysis.
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Figure 4 Biodistribution and the hepatoprotective effect of M-dCNs against early DILI in vivo. (A) Fluorescence images of DILI mice after

intravenous injection with DiR-labeled M-dCNs for 0.5, 4, 8, 12, and 24 h as well as the ex vivo tissue images of mice after 24 h postinjection. (B)

Corresponding quantitative analysis of DiR in various tissues (n � 3). (C) Experimental scheme of M-dCNs and APAP treating strategy in mice.

(D) Representative H&E staining of liver sections from early DILI mice treated with saline, HST, Fe3+, KPLH, HST + Fe3+ + KPLH or M-dCNs.

Scale bar � 200 μm. (E) Quantification of necrotic areas by Image J software. (F) Serum ALT and (G) AST levels at 24 h after APAP intoxication

indicated the hepatoprotective effect of different treatments on DILI (n � 4). (H) Representative HMGB1 (green) staining of liver sections. Scale
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rapid compared to that at ambient temperature (25 ◦C). The cu-

mulative release of HST reached 98.5 ± 2.5% within 2 h, while

that of KPLH reached 86.6 ± 2.2%. This enhancement could be

attributed to the increased thermal kinetic energy of both drug

and water molecules, which intensified molecular motion and

significantly accelerated the diffusion rate52—54. Furthermore,

antioxidant activity assays demonstrated that M-dCNs showed

2.49-fold and 3.25-fold enhancements in •DPPH and hydroxyl

radical (•OH) scavenging capacities, respectively, compared to

free HST, confirming their robust nanozymatic ROS-scavenging

performance (Fig. 1H and I). Based on these findings, we

further evaluated the enzyme-like activities of M-dCNs. As

shown in Supporting Information Fig. S7A—S7D, superoxide

anions generated by the xanthine/xanthine oxidase system were

effectively suppressed by M-dCNs, indicating SOD-mimetic ac-

tivity that catalyzed the dismutation of O2
•- into H2O2 and O2.

The SOD enzyme activity of M-dCNs was quantified as 37.35 U/

mg. Using a catalase assay kit, we also examined the CAT-like

activity of M-dCNs. Results showed that M-dCNs catalyzed the

decomposition of H2O2, confirming a catalase-mimicking

behavior analogous to that of natural catalase, with a deter-

mined CAT enzyme activity of 122.68 U/mg (Fig. S7E). From the

Lineweaver-Burk double-reciprocal plot, the Michaelis constant

(Km) and maximum reaction rate (Vmax) for the CAT-like activity

were calculated as 38.61 mmol/L and 0.00568 mmol/(L·min),

respectively. These kinetic parameters aligned with those reported

for other iron-based nanozymes (Fig. S7F)55. Together, these re-

sults indicated that the dual SOD/CAT-like activities of M-dCNs

possessed significant potential for application in the treatment of

acute liver injury. Overall, these results validated the successful

fabrication of stable, structurally uniform M-dCNs with unique

antioxidant properties. Considering particle size distribution and

colloidal stability, the formulation with a mass ratio of 3:2:2 for

HST:Fe3+:KPLH was selected for subsequent investigations.

3.2. Cellular uptake behavior and ROS scavenging ability of

M-dCNs

To evaluate the intracellular drug delivery ability of M-dCNs in

different liver cell types, AML12 (hepatocytes) and Kupffer cells

were co-incubated with M-dCNs, respectively. Time-dependent

uptake was observed in both cell types, with the fluorescence in-

tensities at 8 h exceeding those at 2 h by 2.73-fold in AML12 cells

and 1.22-fold in Kupffer cells (Fig. 2A and B, Supporting Infor-

mation Fig. S8A and S8B). Furthermore, flow cytometry corrob-

orated these findings, showing a progressive intracellular

accumulation of M-dCNs (Fig. 2C and D, Fig. S8C and S8D).

Moreover, MTT assays confirmed the negligible cytotoxicity of

M-dCNs toward both cell lines at the tested doses after 24 h

exposure (Fig. 2E and F). On this basis, DCFH-DA fluorescence

assays revealed that M-dCNs effectively reduced APAP-induced

ROS production by 85.36% in AML12 cells and 84.02% in

Kupffer cells compared to the APAP-only groups (Fig. 2G—J). As

a first-line clinical medication for liver injury, NAC served as a

positive control to evaluate the concentration-dependent effect of

M-dCNs on ROS clearance. As shown in Supporting Information

Fig. S9A and S9B, following APAP pretreatment in hepatocytes,

both NAC (100 μmol/L) and M-dCNs at three tested concentra-

tions effectively downregulated DCF fluorescence expression,

with M-dCNs demonstrating a concentration-dependent

enhancement in ROS scavenging efficiency. A same trend was

also confirmed in Kupffer cells (Fig. S9C and S9D). Additionally,

Annexin V/PI staining demonstrated that M-dCNs significantly

attenuated APAP-triggered apoptosis in AML12 cells, rising the

cell viability rate from 33.59% to 61.93% (Fig. 2K and L).

Consistent conclusions were obtained from MTT results processed

using the same experimental procedure (Supporting Information

Fig. S10). In summary, M-dCNs displayed efficient uptake by

both hepatocytes and Kupffer cells and exhibited nanozyme-like

catalytic activity capable of robust ROS elimination, ultimately

mitigating hepatocyte damage.

3.3. Anti-inflammatory mechanism of M-dCNs

In the context of liver injury, the modulation of inflammation plays

a pivotal role in determining therapeutic outcomes. Specifically,

hepatic macrophages (Kupffer cells), particularly those polarized

toward a pro-inflammatory (M1) phenotype, have been shown to

exacerbate the early-phase inflammatory cascades. Consequently,

reprogramming these M1 macrophages into an anti-inflammatory

(M2) phenotype has emerged as a critical strategy for mitigating

liver injury. To evaluate the potential of M-dCNs in driving

Kupffer cells polarization from the M1 to M2 phenotype, immu-

nofluorescence staining was performed to assess the expression of

M1 key markers iNOS, CD80, and M2 key markers CD206, Arg1

in LPS-stimulated Kupffer cells. CLSM revealed intense green

fluorescence corresponding to M1 markers in the LPS-treated

cells, indicating a clear pro-inflammatory response (Fig. 3A and

B). Conversely, IL-4 stimulation induced robust expression of

CD206 and Arg1, further confirming the shift to the M2 phenotype

(Fig. 3C and D). Notably, in LPS-induced Kupffer cells, the

expression of iNOS and CD80 in HST, Fe3+, KPLH,

HST + Fe3+ + KPLH, and M-dCNs groups were 1.43, 2.48, 1.5,

1.54, 0.86 times higher and 1.6, 2.4, 1.4, 1.4, 1.3 times higher,

respectively, compared to the IL-4 group (Fig. 3E and F). Strik-

ingly, M-dCNs treatment led to a significant upregulation of

CD206 (2.8-fold vs. LPS) and Arg1 (3.0-fold vs. LPS), strongly

indicating M2 polarization (Fig. 3G and H). Concentration-

dependent polarization effects were consistently observed with

M-dCNs (Supporting Information Fig. S11A—S11D). Western

blot further corroborated these findings, showing a remarkable 3-

fold reduction in iNOS expression in M-dCNs-treated cells

compared to the LPS controls (Fig. 3I and J). Additionally,

M-dCNs treatment suppressed LPS-induced TNF-α secretion by

1.3-fold, further reinforcing their anti-inflammatory effects

(Fig. 3K). The target of KPLH was validated, and downregulation

of PDK expression was observed in all groups containing KPLH

(Fig. S11E). Collectively, these data validated the potent anti-

inflammatory properties of M-dCNs, which exerted their effects

through the reprogramming of macrophage phenotypes and

regulation of pro-inflammatory cytokines. These results supported

the therapeutic potential of M-dCNs in APAP-induced liver injury

by modulating hepatic inflammation.

bar � 20 μm. Corresponding quantitative analysis of (I) TNF-α, (J) IL-1ß, (K) NOX2, (L) CD206, (M) IL-10 and (N) TGF-ß1 after early DILI

mice treatment with saline, HST, Fe3+, KPLH, HST + Fe3+ + KPLH or M-dCNs by CLSM (n � 3). Data are presented as mean ± SD. P values

were tested via a one-way ANOVA analysis.
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Figure 5 Therapeutic effect of M-dCNs in treating APAP-induced DILI at the advanced stages. (A) Experimental scheme of APAP and

M-dCNs treating strategy in mice. (B) Representative H&E staining of liver sections from late DILI mice after treated with saline, HST, Fe3+,
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3.4. Biodistribution and hepatoprotective potential of M-dCNs

The macrophage-polarizing and anti-inflammatory properties of

M-dCNs motivated further investigation into their hep-

atoprotective potential in vivo. Prior to assessing therapeutic ef-

ficacy, the biodistribution of M-dCNs was examined. As shown in

Fig. 4A and B, real-time fluorescence imaging revealed a pro-

nounced liver-targeting capability, with hepatic fluorescence in-

tensity exceeding that of the heart, spleen, lungs, and kidneys by

138.42-, 9.43-, 15.05-, and 60.33-fold, respectively. This

remarkable hepatic accumulation was likely attributable to

nonspecific nanoparticle uptake by Kupffer cells. Co-localization

studies using CD11b (a Kupffer cell marker) and transferrin (an

AML12 hepatocyte marker) confirmed the intracellular uptake of

DiR-labeled M-dCNs by both cell types (Supporting Information

Fig. S12). These findings underscored the passive liver-targeting

capability of M-dCNs and their efficient accumulation in both

hepatocytes and liver-resident macrophages in vivo, thereby

indicating strong therapeutic potential for the alleviation of DILI.

To further explore the hepatoprotective potential of M-dCNs,

the mice were treated with M-dCNs by intravenous injection 2 h

before the APAP administration and the injury severity of liver

was evaluated at 24 h after the APAP intoxication (Fig. 4C). As

shown in Fig. 4D and E, histopathological analysis via H&E

staining revealed severe liver damage in APAP-treated mice, with

a necrotic area of 26.85%. Additionally, pre-administered mice

showed varying degrees of relief in liver injury. Specifically, the

damage area decreased by 12.19%, 23.11%, 15.36%, and 10.04%

after treatment with HST, Fe3+, KPLH, and HS

T + Fe3+ + KPLH. However, this damage was significantly

attenuated to 6.99% in the M-dCNs pre-treatment group. These

histological improvements were corroborated by serum biomarker

analysis, where M-dCNs treatment led to reductions of 43.74%

and 34.78% in ALT and AST levels, respectively, compared to the

APAP-only group (Fig. 4F and G). At the mechanistic level,

immunofluorescence staining revealed nuclear retention of

HMGB1 (a marker of cellular integrity) in the livers of M-dCNs-

treated mice, in contrast to the cytoplasmic translocation of

HMGB1 observed in APAP-damaged tissues (Fig. 4H). Further-

more, while the liver of APAP-treated mice exhibited significant

granular degeneration, the livers from the M-dCNs-treated group

displayed histopathological features more akin to normal liver

tissue (Supporting Information Fig. S13). These findings

confirmed the ability of M-dCNs to effectively mitigate DILI in a

prophylactic manner.

As we know, macrophages play a pivotal role in regulating the

inflammatory response56. Among which, M1 macrophages are

known to secrete pro-inflammatory cytokines such as TNF-α and

IL-1ß, whereas M2 macrophages produce anti-inflammatory cy-

tokines, including CD206, IL-10, and TGF-ß157. Additionally,

NOX2 contributes to hepatic dysfunction by inducing oxidative

stress and promoting ROS production58. To further evaluate the

role of M-dCNs in modulating the inflammatory response in DILI,

the levels of pro-inflammatory cytokines (TNF-α, IL-1ß, NOX2)

and anti-inflammatory markers (CD206, IL-10, TGF-ß1) were

analyzed through immunofluorescence staining (Supporting In-

formation Fig. S14). As shown in Fig. 4I—K, M-dCNs treatment

significantly reduced the levels of pro-inflammatory mediators

TNF-α, IL-1ß, and NOX2 by 49.12%, 44.90%, and 21.14%,

respectively, compared to the APAP-only group. In contrast, anti-

inflammatory cytokines such as CD206, IL-10, and TGF-ß1 were

upregulated by 1.91- to 2.34-fold in the M-dCNs-treated group

(Fig. 4L—N). Collectively, these findings verified that M-dCNs

exerted hepatoprotective effects against DILI by attenuating

oxidative stress, promoting macrophage polarization, and sup-

pressing the production of inflammatory cytokines.

3.5. Therapeutic potential of M-dCNs in advanced

acetaminophen (APAP) induced liver injury

In clinical practice, DILI commonly arises from unintentional

APAP overdose, often exacerbated by delayed diagnosis and

treatment59. Such scenarios frequently progress beyond the win-

dow of effective early intervention, underscoring the urgent need

for therapeutics capable of mitigating advanced-stage liver injury.

Building on the prophylactic efficacy of M-dCNs demonstrated in

early APAP induced liver injury models, we next explored their

therapeutic potential in more advanced stages of liver injury. As

shown in Fig. 5A, the mice were treated with M-dCNs at 3 h after

APAP intoxication, and we observed marginal therapeutic benefits

conferred by M-dCNs at 24 h after the APAP intoxication. His-

topathological evaluation via H&E staining revealed extensive

hepatocellular necrosis and architectural disruption in livers from

APAP-treated mice. Remarkably, these pathological hallmarks

were markedly attenuated following M-dCNs administration, as

evidenced by substantial restoration of tissue morphology

(Fig. 5B). Quantitatively, the necrotic area was reduced by 72.06%

in M-dCNs-treated mice compared to APAP-only controls

(Fig. 5C). Biochemical analyses further reinforced the histological

findings, with serum levels of ALT and AST (key indicators of

liver injury) reduced by 63.05% and 58.05%, respectively, in the

M-dCNs-treated group (Fig. 5D and E). These results indicated

that M-dCNs possessed therapeutic potential for alleviating

advanced-stage liver injury.

To investigate the underlying mechanisms, we also employed

CLSM imaging to assess the intracellular localization of HMGB1.

In APAP-damaged livers, significant HMGB1 cytoplasmic trans-

location was observed, indicating loss of nuclear integrity and

extensive hepatocyte damage. Conversely, M-dCNs treatment

preserved nuclear HMGB1 localization, thereby confirming their

cytoprotective effects at the molecular level (Fig. 5F). Given the

central role of inflammation in the progression of late-stage DILI,

we further examined the immunomodulatory capability of

M-dCNs. APAP metabolism, primarily mediated by cytochrome

P450 enzyme CYP2E1, is known to generate reactive metabolites

that initiate oxidative stress and inflammatory signaling cas-

cades60. Therefore, we analyzed both macrophage polarization

markers (iNOS for M1 and CD206 for M2 phenotypes) and a

KPLH, HST + Fe3+ + KPLH or M-dCNs. Scale bar � 200 μm. (C) Quantification of necrotic areas by Image J software. (D) Serum ALT and (E)

AST levels at 24 h after APAP intoxication indicated the hepatoprotective effect of different treatments on DILI at the advanced stages (n � 4).

(F) Representative HMGB1 (green) staining of liver sections. Scale bar � 20 μm. Corresponding quantitative analysis of (G) TNF-α, (H) IL-1ß,

(I) NOX2, (J) CYP2E1, (K) CD206, and (L) IL-10 after late DILI mice treatment with saline, HST, Fe3+, KPLH, HST + Fe3+ + KPLH or

M-dCNs by CLSM (n � 3). Data are presented as mean ± SD. P values were tested via a one-way ANOVA analysis.

Nanoenzymes reshape the hepatic inflammatory microenvironment for acute liver injury 5483



panel of inflammatory mediators, including TNF-α, IL-1ß, NOX2,

CYP2E1, and the anti-inflammatory cytokine IL-10 (Supporting

Information Fig. S15A). Immunofluorescence staining revealed

that M-dCNs treatment normalized iNOS expression, showing a

1.69-fold reduction compared to APAP controls, indicative of

suppressed pro-inflammatory M1 macrophage activation

(Fig. S15B). In parallel, levels of TNF-α, IL-1ß, NOX2, and

CYP2E1 were significantly downregulated by 38.30%, 70.11%,

38.36%, and 29.87%, respectively, reflecting the broad anti-

inflammatory and antioxidative capacity of M-dCNs

(Fig. 5G—J). Importantly, the M2 macrophage marker CD206,

which was diminished by 54.39% in APAP-treated livers, was

fully restored to baseline levels following M-dCNs intervention

(Fig. 5K). Concurrently, the anti-inflammatory cytokine IL-10

increased by 1.95-fold, further confirming a shift toward a

reparative immune microenvironment (Fig. 5L). Consistent with

observations in early-stage models, livers from APAP-treated mice

displayed pronounced granular degeneration-an indicator of

widespread cellular injury-whereas those treated with M-dCNs

exhibited histological features more closely resembling healthy

tissue (Supporting Information Fig. S16). Additionally, the ther-

apeutic efficacy of NAC as a positive control was evaluated

alongside the concentration-dependent effects of M-dCNs. Both

NAC and varying concentrations of M-dCNs effectively reduced

AST and ALT levels (Supporting Information Fig. S17A and

S17B). The therapeutic effect of NAC at 300 mg/kg was compa-

rable to that of low-dose M-dCNs (11.67 mg/kg), whereas high-

dose M-dCNs (20 mg/kg) demonstrated the most pronounced

protective effect against liver injury, showing a statistically sig-

nificant advantage over NAC. Consistent conclusions were also

obtained from the statistical analysis of pathological areas

(Fig. S17C and S17D). These comprehensive findings demon-

strated the potent therapeutic efficacy of M-dCNs in mitigating

advanced DILI, achieved through dual mechanisms of oxidative

stress suppression and immunological reprogramming toward a

tissue-restorative phenotype.

3.6. Biosafety assessment of M-dCNs

To assess the translational potential of M-dCNs, their biosafety

profile was systematically evaluated through histological exami-

nation and serum biochemical analysis in DILI mice administered

with free HST, Fe3+, KPLH, HST + Fe3+ + KPLH, or M-dCNs in

24 h. H&E staining of major organs, including the heart, liver,

spleen, lungs, and kidneys, verified no discernible histopatholog-

ical alterations or signs of off-target toxicity in any treatment

group (Supporting Information Fig. S18A). In parallel, serum

levels of hepatic and renal function markers (ALT, AST, UREA,

and UA) remained within normal physiological ranges

(Fig. S18B—S18E). Even at the highest concentration (20 mg/kg),

no significant damage to major organs was observed in mice

treated with M-dCNs over 7 and 14 days (Fig. S18F). Further-

more, all blood biochemical indicators, including AST, ALT,

CRE, and bilirubin, maintained within normal ranges

(Fig. S18G—S18J). Finally, the pharmacokinetic profile of DiR-

labeled M-dCNs was investigated. As shown in Supporting In-

formation Fig. S19A and S19B and Table S6, compared with free

DiR, DiR-labeled M-dCNs exhibited a larger area under the

concentration-time curve (AUC) and a longer half-life (t1/2),

although both were completely metabolized within 24 h, collec-

tively demonstrating the excellent systemic biocompatibility and

favorable safety profile of M-dCNs.

4. Conclusions

In summary, a metal—drug coordinated nanozyme (M-dCNs) was

developed for the effective mitigation of DILI. The coordination

among ferric ions, HST, and KPLH enabled the formation of

M-dCNs with uniform particle size distribution and enhanced

structural stability. Notably, M-dCNs demonstrated intrinsic anti-

oxidant enzyme-mimetic activity, allowing efficient scavenging of

intracellular ROS within hepatocytes, thereby alleviating oxidative

damage associated with DILI. In parallel, M-dCNs reprogrammed

hepatic macrophages toward an anti-inflammatory phenotype,

significantly suppressing the secretion of pro-inflammatory cyto-

kines and downstream inflammatory responses. By leveraging

both antioxidant and immunomodulatory mechanisms, M-dCNs

exhibited potent hepatoprotective efficacy, facilitating the repair of

necrotic hepatic lesions and mitigating oxidative stress and im-

mune cell infiltration. Overall, this work highlighted a metal—drug

coordinated nanozyme platform as a promising and synergistic

approach for the treatment of DILI through the dual regulation of

redox balance and inflammatory microenvironment remodeling.
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