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Acute kidney injury (AKI) is a heterogeneous disorder frequently occurring in hospitalized patients with multiple
comorbidities. Chemotherapy-associated AKI (e.g., cisplatin-induced AKI, CP-AKI) and rhabdomyolysis-induced
AKI (RM-AKI) are initiated by the excessive accumulation of reactive oxygen species (ROS). Herein, metal
phenolic networks (MPNs) composed of copper (II) (Cu®"), a typical cofactor in the native superoxide dismutase
(SOD), and a well-studied natural antioxidant curcumin (Cur) (denoted as Cur-Cu) were fabricated to integrate
the ROS-scavenging properties of metal ions and polyphenols. The results indicate that Cur-Cu nanoparticles
(NPs) possessed robust antioxidative enzyme-like activities. Meanwhile, Cur-Cu NPs with polyethylene glycol
(PEG) covalent modification (Cur-Cu@PEG) abolished the ROS-triggered oxidative damage of HK-2 cells.
Moreover, Cur-Cu@PEG displayed acceptable biocompatibility in vivo. Furthermore, Cur-Cu@PEG alleviated CP-
AKI and RM-AKI in mice with kidney-targeted delivery. Mechanistically, Cur-Cu@PEG effectively lessened the
production of ROS, thereby repressing caspase-3-dependent apoptotic/pyroptotic cell death in the kidneys of AKI
mice. Altogether, these results offer a viable approach for synthesizing antioxidant metal phenolic networks
mimics to ameliorate ROS-related diseases.

chemotherapies-induced ROS accumulation disrupts the balance of
oxidative stress and antioxidant defense system, resulting in the damage
and destruction of bio-molecules of renal cells [6]. Furthermore,
mounting evidence suggests that pyroptosis is essential in

1. Introduction

Acute kidney injury (AKI) is manifested as an acute severe decline in
renal excretory function [1] induced by multi-factors, such as chemo-

therapies, rhabdomyolysis, ischemia, urinary tract obstruction, and
sepsis [2,3], which commonly contributes to about 1.7 million deaths
globally annually [4]. Cytotoxic chemotherapeutic agents, such as
cisplatin (CP), repress the malignant transformation of cancer cells by
enhancing reactive oxygen species (ROS) generation [5]. Meanwhile,
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cisplatin-induced AKI (CP-AKI) [7]. Once activated by ROS, caspase-3
further triggers the cleavage of Gasdermin E (GSDME), which func-
tions as a N-terminal fragment puncturing the cell membrane and sub-
sequently initiates pyroptosis [8,9]. Also, AKI is a life-threatening
complication of rhabdomyolysis. Rhabdomyolysis-induced AKI
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(RM-AKI) accounts for 10 % of all instances of AKI [10]. The release of
myoglobin from injured muscles leads to AKI by creating blockage in the
tubules, constricting blood vessels in the kidneys, and further triggering
oxidative stress in proximal tubules [11]. Hence, the reduction in
excessive ROS production could substantially benefit the management
of AKI. Although N-acetyl cysteine (NAC) is a clinical antioxidant drug
for AKI therapy, the high-dose usage and low bioavailability of NAC
restrain its efficient utilization [12].

Recently, nanomaterial-based cellular antioxidant enzyme mimics
showing efficacy in mitigating oxidative stress have emerged as a po-
tential approach for overcoming the limitations in AKI alleviation due to
the higher stability and versatile enzyme simulation selectivity of these
nanozymes [13,14]. Moreover, various nanozymes, including noble
metal nanoparticles, metal oxides nanoparticles, prussian blue nano-
particles, and carbon nanomaterials [15], have been discovered for ROS
scavenging and therapies of inflammatory diseases. Owing to the su-
perior ROS scavenging properties and biocompatibilities, natural
phenolic compounds have been widely used for fabricating anti-
oxidative nanozymes, especially metal phenolic networks (MPNs) [16,
17]. MPNs are a class of metal-organic framework-based nanomaterials
composed of catechol or gallol groups coordinating with various metal
ions, which are considered the fascinating nanozymes in the therapy of
AKI due to their adjustable functionality via varying natural polyphenols
and metal ions [17,18]. Furthermore, MPNs-based antioxidant nano-
zymes simultaneously integrate the advantages of inherent antioxidant
capacities, high biocompatibility of natural phenols, and distinct prop-
erties of metal ions, including electronic, magnetic, and optical prop-
erties [19]. Notably, the metal-phenolic combination would generate
core-satellite nanostructure assemblies [20,21], affording enormous
flexibility to manipulate and augment the redox properties of noble
metal nanoparticles.

Furthermore, the pharmacokinetic properties of natural phenols in
MPNs with ultra-small diameters and eminent stabilities were also
optimized [22]. MPNs-based nanozymes with superior antioxidant
properties have been utilized to remedy oxidative stress-implicated
diseases [17,23]. Copper (1I) (Cu2+), indispensable for the catalytic ac-
tivity of native superoxide dismutase (SOD) in mammalian cells, is
typical and valuable metal ions for the fabrication of MPNs. In this study,
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natural antioxidants, including curcumin (Cur), tannic acid (TA), caffeic
acid (CA), resveratrol (RE), and epigallocatechin (EGCG), are coordi-
nated with low-toxic Cu®" to form ultra-small MPNs, including Cur-Cu,
TA-Cu, CA-Cu, RE-Cu, and EGCG-Cu (Fig. S1), which displayed consid-
erable dispersibility and stability. Among these, Cur-Cu nanoparticles
(NPs) with ultra-small size and superior dispersity, which is conducive
to improving bioavailability and stability. In addition, Cur itself has
good antioxidant and anti-inflammatory capabilities, and has strong
metal chelating ability to stabilize Cu?*, reduce the oxidative damage
caused by the Fenton reaction, and Cu?* has antioxidant activity and
promotes angiogenesis and tissue repair. Therefore, the Cur-Cu NPs
perfectly combines the properties of Cur and Cu?*t, which is conducive to
showing excellent effects in antioxidant and anti-inflammatory treat-
ments. This study further evaluated the antioxidant activity of Cur-Cu
NPs, and the results showed that it has excellent broad-spectrum anti-
oxidant capacity and can effectively scavenge a variety of ROS.
Cur-Cu@PEG attenuates ROS-induced human renal tubular epithelial
HK-2 cell death and oxidative stress in vitro and alleviates AKI in mice by
suppressing caspase-3-dependent apoptotic/pyroptotic cell death
(Scheme 1). Overall, these results provide valuable insights into the
application of natural product-loaded nanomedicines as promising
therapeutic approaches for ROS-related disorders.

2. Materials and methods
2.1. Measurements

The average size and Zeta potential were obtained with a Malvern
Zetasizer ZS90 nano-granularity analyzer. The ultraviolet-visible
(UV-Vis) spectroscopy were recorded using a UV-visible spectropho-
tometer (Meipuda UV-1800 PC). Fluorescent (FL) spectra were recorded
by the Shimadzu fluorescence spectrometer (RF-6000). Fourier trans-
form infrared (FT-IR) spectra were obtained by the Shimadzu IR
Prestige-21 spectrometer. X-ray photoelectron spectra (XPS) were ob-
tained by the Thermo Escalab 250Xi. Electron spin resonance (ESR)
spectra were recorded by Bruker A300 at room temperature. The fluo-
rescent images were taken by both the Leica DMi8 CLSM and the
Olympus fluorescence microscope. The cell behavior was analyzed by
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Scheme 1. Schematic illustration of the fabrication of Cur-Cu@PEG with multifunctional antioxidant activities. Cur-Cu@PEG shows efficacy in mouse models of
acute kidney injury (AKI) by suppressing caspase-3-dependent programmed cell death via ROS elimination.
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ACEA Novo Cyte D2060R flow cytometry.

2.2. Synthesis of Cur-Cu NPs

Firstly, 30 mg copper chloride (CuCl,) #2H,0 was dissolved in 10 mL
of deionized water, and 60 mg Cur dissolved into 10 mL dimethyl sulf-
oxide (DMSO) was drop-wisely added accompanied by stirring for 15
min. 200 mg polyvinylpyrrolidone (PVP) dissolved into 10 mL deionized
water was drop-wisely added, followed by 8 h of stirring at 60 °C. The
solution was dialyzed against deionized water for 7 days. The obtained
Cur-Cu NPs were freeze-dried for further use.

2.3. Surface modification of Cur-Cu NPs

The pH of Cur-Cu NPs aqueous solution (10 mL; 5 mg/mL) was
adjusted to 8.5 with NH4OH aqueous solution (28 wt%), followed by
dropwise addition to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2k) aqueous solu-
tion (15 mL; 10 mg/mL of DSPE-PEG2k) under 12 h of stirring. PEG-
modified Cur-Cu NPs were collected by ultrafiltration (MyCO: 30 kDa)
and washed with deionized water. The obtained Cur-Cu@PEG aqueous
solution was freeze-dried for further use.

2.4. 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging assay

The ABTS (7.4 mM) and K5S50g (2.6 mM) solutions were mixed and
stored in the dark at room temperature for 12 h. The aqueous solutions
of Cur-Cu NPs at different concentrations (12.5, 25, 50, 100, and 200 pg/
mL) were added to 50 times PBS-diluted ABTS solution and incubated in
the dark for 10 min. The ratio of neutralized ABTSe" to total ABTSe™,
reflecting ABTSe " scavenging activity was assessed using a UV-visible
spectrophotometer at 734 nm.

2.5. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay

Different concentrations of Cur-Cu NPs (12.5, 25, 50, 100, and 200
pg/mL) were incubated in 1 mL of ethanolic DPPH (60 pM) solution or in
ethanol (as a control). The reactions were incubated for 30 min at room
temperature, and the absorbance of reactions was measured at 515 nm
using a UV-visible spectrophotometer. The DPPHe scavenging activity
was calculated as the ratio of neutralized DPPHe to total DPPHe.

2.6. Superoxide anion (0%) and hydroxyl radical (eOH) scavenging
assays

The O35 and eOH scavenging activities of Cur-Cu NPs at different
concentrations (12.5, 25, 50, 100, and 200 pg/mL) were analyzed using
commercial SOD and eOH assay kits. The reaction system and conditions
were configured according to the manufacturers’ instructions. The in-
hibition rates for O3 and eOH scavenging were calculated using equa-
tions D% = [(Ap-Apc)-(A1-A1c)1/(Ag-Apc)*100 % and D% = (AT-Ag)/
(Ap-A)*100 %, respectively.

2.7. Hydrogen peroxide (H202) scavenging assay

Briefly, HyO» (500 mM) was added to a 50 mL flask plugged with a
butyl rubber plug. The oxygen concentrations were recorded using a
portable dissolved oxygen meter (JPB-607A) with an oxygen electrode
probe. Once the oxygen concentration reached equilibrium in the closed
system, Cur-Cu NPs at different concentrations (25, 50, 100, 200, and
400 pg/mL) were added, and the oxygen concentrations were further
determined.
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2.8. Lactate dehydrogenase (LDH) release assay

LDH is a stable cytoplasmic enzyme. The level of LDH release reflects
the degree of pyroptosis [8]. Levels of LDH released into the superna-
tants of HK-2 cells exposed to oxidative stress, either in the absence or
presence of various concentrations (0-6.4 pg/mL) were quantified using
the LDH Cytotoxicity Assay Kit II from Beyotime (Shanghai, China).

2.9. Biodistribution

Cur-Cu NPs and rhodamine B-poly(ethylene glycol)-thiol (RB-PEG-
SH) were dissolved in deionized water separately. The Cur-Cu NPs so-
lution was stirred for 1 h using a magnetic stirrer at 500 rpm. Then,
twice the volume of RB-PEG-SH solution was slowly added to the Cur-Cu
NPs solution, and the mixture was stirred for an additional 8 h. The
solution was further dialyzed against deionized water overnight using a
dialysis bag (My: 3500 Da) to produce Rhodamine B (RB)-labeled Cur-
Cu@PEG, which was then freeze-dried for biodistribution evaluation.
RB-labeled Cur-Cu@PEG (0.5 mg dissolved in 100 pL PBS) was intra-
venously injected into Institute of Cancer Research (ICR) mice. The
injected mice were sacrificed, and the main visceral organs were
collected at predetermined intervals. Images were captured using an
IVIS Lumina imaging system (Xenogen Corporation, Alameda, USA).
Living Image 4.2 was utilized to measure organ fluorescence signals.
Rhodamine B: Ay, = 525 nm, Aey = 488 nm.

2.10. AKI model establishment and administration

The animal experiment procedures were authorized by the Institu-
tional Animal Care Usage Committee of the Hubei University of Chinese
Medicine (No. HBCMS202211001). To establish a RM-AKI model, ICR
mice with free access to food were subjected to 16 h of water depriva-
tion. The water-restricted mice subsequently received an intramuscular
injection of 8 mL/kg of 50 % glycerol in the hind limbs. The CP-AKI
mouse model was established by intraperitoneal injection of CP (20
mg/kg). Cur-Cu@PEG (0.5 mg dissolved in 100 pL PBS) was intrave-
nously administered 2 h post injection of glycerol and CP. RM-AKI and
CP-AKI mice were euthanized 24 h post glycerol injection and 72 h post
CP injection, respectively. Blood and renal samples from the mice were
collected for further evaluation.

2.11. Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) and dihydroethidium (DHE) staining

TUNEL staining procedure was conducted using an In Situ Cell Death
Detection Kit from Roche (Basel, Switzerland). For DHE staining, frozen
kidney tissue slices (approximately 5 pm thickness) were rinsed with
PBS and incubated in the dark with 1 mM DHE for 30 min. The slices
were washed three times with PBS and incubated with 4',6-diamidino-2-
phenylindole (DAPI) for 10 min. DAPI/DHE-stained samples were
washed and then sealed with an anti-fluorescent quenching agent.
Cellular fluorescence was captured using a fluorescence microscope.

2.12. Immunohistochemistry (IHC) and immunoblotting

For the IHC assay, mouse kidney tissue slices embedded in fixed
paraffin were subjected to dehydration employing a series of ethanol
treatments with varying concentrations. The processed sections under-
went antigen retrieval in citrate buffer (pH 6.0). The microscope slides
were blocked with 2.5 % normal goat serum and incubated with a pri-
mary antibody overnight at 4 °C. The PBS-washed slides were stained
with a SP Rabbit & Mouse HRP Kit according to the manufacturer’s
instructions. The immunohistochemical stains were photographed using
a microscopy.

HK-2 cells and renal tissue samples were lysed with the M-PER buffer
containing protease and phosphatase inhibitors for immunoblotting.
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Protein concentrations were quantified using the BCA protein assay.
Heat-denatured protein samples (20-40 pg) in sodium dodecyl sulfate
(SDS) solution were separated by SDS-PAGE electrophoresis. Separated
proteins were transferred to polyvinylidene fluoride (PVDF) membranes
and blocked with 5 % skim milk for 2 h. The membranes were incubated
with primary antibodies overnight, washed with TBS containing 0.1 %
Tween 20 for 10 min, and then incubated with a horseradish peroxidase
(HRP)-conjugated secondary antibody for 1 h. The immunoblots were
visualized using a chemiluminescent method. Densitometric analysis
was performed with ImagelJ software (version 1.51).

2.13. Statistical analysis

Quantitative data were presented as mean =+ standard deviation (S.
D.). All data were expressed as Mean + S.D. values. ANOVA was per-
formed among three or more groups, respectively. Differences were
accepted as statistically significant at a P-value lower than 0.05.

3. Results and discussion
3.1. Synthesis and characterization of Cur-Cu NPs

Due to the Cu?* chelation capacity of natural phenolic compounds,
MPNs with adjustable structures can be assembled from different
phenolic building blocks. The MPNs-based nanoparticles were fabri-
cated by mixing Cu?>* with multiple the natural products (Cur, TA, CA,
RE, and EGCG) dissolved in a DMSO solution, respectively. During the
formation process, PVP was introduced to control the growth of nano-
metric MPNs with the stability of aqueous dispersion via the hydro-
phobic repulsive force of PVP. A color change of the synthetic system
from blue to yellow, which ultimately turns to pitch-dark, suggests that
the phenolic hydroxyl groups in natural products were efficiently co-
ordinated with Cu?*. Finally, the solutions were dialyzed against
deionized water for 7 days to remove uncombined Cu?*, phenolics and
PVP.

The morphology and size of each MPNs were characterized by a

A B
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transmission electron microscope (TEM). The morphology of MPNs was
quasi-sphere and separated from each other. The result indicated that
CA-Cu NPs with small diameters (approximately 4.8 nm) were aggre-
gated into large-sized clusters (40-60 nm) (Fig. S1A). EGCG-Cu, TA-Cu,
and RE-Cu NPs displayed a similar effect of agglomerates, from 12 nm to
80-100 nm, 5.81 nm-150 nm, and 5.49 nm-100 nm in TEM analysis,
respectively (Fig. SIB-D). Notably, the diameter of smaller Cur-Cu NPs
was estimated to be about 5.8 nm, which guarantees a potential kidney-
specific enrichment of Cur-Cu NPs in vivo (Fig. 1A) [24,25]. Moreover,
dynamic light scattering (DLS) indicated that the hydrodynamic size of
Cur-Cu NPs was below 10 nm, while that of other MPNs could be up to
hundreds of nanometers (Fig. S2A), which is attributed to the inherent
aggregation properties of these MPNs in aqueous environments. The
Zeta potential of MPNs is negatively charged and close to neutral, which
is beneficial for prolonged blood retention in vivo (Fig. S2B). Therefore,
Cur-Cu NPs were selected for the following experiments.

The detailed coordination process of Cur-Cu NPs is further presented
in. Briefly, Cur dissolved in DMSO was added drop-wisely to a round-
bottom flask containing the pH-adjusted CuCl, solution at pH 12. The
PVP solution was further drop-wisely added and stirred at 60 °C for 8 h
to obtain Cur-Cu NPs. As shown in the TEM images (Fig. 1A), Cur-Cu NPs
presented average sizes of around 5.8 nm, which almost agrees with the
results obtained from the DLS analysis, indicating its good water dis-
persibility (Fig. S2A). Fig. S2C shows that the particle size of Cur-Cu NPs
remains nearly consistent in different solutions, indicating their excel-
lent stability. The UV-Vis spectra of Cur-Cu NPs (Fig. 1B) shows a typical
absorption peak of Cur at 420 nm, confirming the presence of Cur in the
Cur-Cu NPs. Cur-Cu NPs also exhibit significant fluorescence peaks
within the range of 340-460 nm under different excitation wavelengths,
indicating the formation of coordination polymers composed of Cu®*
and Cur (Fig. S3A). FT-IR and XPS were performed to analyze the
structural details of Cur-Cu NPs. The FT-IR spectra analysis indicated the
existence of abundant oxygen-containing functional groups on the sur-
face of Cur-Cu NPs (Fig. 1C). The absorption peak for -OH stretching
occurring at 3444 cm™! was related to the hydroxyl of curcumin and
absorbed water. The most intense peak at 1658 cm ™! was related to the
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stretching vibration of C=0 and confirmed the presence of PVP in Cur-
Cu NPs. The vibration at 2965 cm™! was attributed to C-H stretching
from the alkane chain of PVP, and the peak at 1288 cm™! was caused by
the vibrations of C-N from PVP. In agreement with the UV-Vis analysis,
the shift and appearance of the two peaks at 1660 and 1642 cm™!
indicated the coordination of Cu®*" and C=0 moieties of curcumin [26],
suggesting that there were abundant functional groups on the surface of
Cur-Cu NPs. XPS was performed to assess the surface chemical valence
and chemical composition of Cu atoms in Cur-Cu NPs. The XPS results of
Cur-Cu NPs indicated the presence of Cls, Ols, and Cu2p, which cor-
responded to peaks at 284.0, 531.9, and 934.78 eV, respectively
(Fig. 1D). The high-resolution XPS of Cls spectrum suggested that
Cur-Cu NPs consisted of two peaks corresponding to C-C and C=0 at
284.4 and 287.5 eV, respectively (Fig. S3B). The high-resolution Ols
spectrum for Cur-Cu NPs was fitted with two components assigned to
C=0 and C-O-C at 531.4 eV and 533.2 eV, respectively (Fig. 1E). The
Cu2p spectrum exhibited two peaks at 931.93 and 951.79 eV, which
could be ascribed to Cu(l) (Fig. 1F). Additionally, two peaks at 932.22
and 954.19 eV, together with satellite peaks around 939.32, 943.06, and
962.36 eV, could all be assigned to Cu(II) 2p peaks (Fig. 1F), potentially
indicating the co-presence of Cu(I) and Cu(II) in Cur-Cu NPs [27,28].

>
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3.2. ROS scavenging activities of Cur-Cu NPs

Emerging evidence suggests that ¢OH, O3, and H,O5 are represen-
tative ROS hindering redox homeostasis during AKI progression [29].
The superabundant formation of eOH contributes to oxidative damage
of cellular DNA and membranes [30]. The eOH elimination efficiency of
Cur-Cu NPs was assessed using 3,3',5,5-tetramethylbenzidine (TMB) as
a probe that can be converted to blue ox-TMB by ¢OH with prominent
absorption peaks at 652 nm. The ¢OH is produced through the classic
Fe2+/H202 Fenton reaction in an aqueous solution [30]. As shown in
Fig. 2A, a significant absorption peak at 652 nm in the reaction system
gradually decreases in the presence of different concentrations of Cur-Cu
NPs, suggesting that Cur-Cu was capable of scavenging eOH. The «OH
scavenging assay further indicated that the inhibition rate of eOH
reached 80 % at 200 pg/mL of Cur-Cu NPs (Fig. 2B). ESR experiments
were conducted to determine the eOH radical-eliminating capacity of
Cur-Cu NPs [31]. The disappearance of the ¢OH characteristic peak in
ESR assays demonstrates that Cur-Cu NPs can effectively eliminate ¢OH
(Fig. 2C). In addition, TMB is regarded as a chromogenic substrate for
peroxidase (POD), and it was selected as an electron donor to evaluate
the POD-like activity of Cur-Cu NPs. Once HRP was added, the ox-TMB
production showed maximum absorbance at 652 nm. In contrast, a
significant absorption peak at 652 nm did not occur when Cur-Cu NPs
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were introduced, indicating that POD activity is absent in Cur-Cu NPs.
POD-like activity has been observed in various transition-metal-based
nanoparticles, including metal oxides or metal coordination-based
nanomaterials [32,33], which could effectively catalyze the conver-
sion of HyO; into eOH. Furthermore, Cur-Cu NPs displayed negligible
POD-like activity in different pH buffer solutions (pH = 4.0, 6.5, and
7.4), further indicating that Cur-Cu NPs barely produced few ¢OH to
exert side effects (Fig. S4A). Furthermore, a commercial WST-1-based
SOD assay kit was used to examine the O3 scavenging ability of
Cur-Cu NPs. WST-1 reacts with the generated O3 from the xanthine and
xanthine oxidase, causing an apparent increase in characteristic ab-
sorption at 450 nm [34]. The absorptions were significantly reduced in
the presence of Cur-Cu NPs, indicating that Cur-Cu NPs possess excellent
0% removing properties. Meanwhile, the elimination rate of O3 was
elevated to 57 % upon 200 pg/mL of Cur-Cu NPs incubation, demon-
strating the superior SOD-like activity of Cur-Cu NPs (Fig. 2D). The
antioxidant enzyme catalase (CAT) governs the conversion of HyO5 into
H»0 and O [35]. Here, the CAT-mimicking activity of Cur-Cu NPs was
further evaluated using a dissolved oxygen (DO) meter. A
dose-dependent increase in O3 production was observed in the presence
of Cur-Cu NPs with different concentrations (25, 50, 100, 200, and 400
pg/mL), indicating that Cur-Cu NPs showed a solid dose-dependent
CAT-like activity (Fig. 2E). The total antioxidant capacity (TAC) of
Cur-Cu NPs was investigated using ABTSe" and DPPHe as typical in-
dicators [36]. The evident decrease in the absorbance of ABTSe ™ at 734
nm was elicited by Cur-Cu NPs at various concentrations (12.5-200
pg/mL) (Fig. 2F-G). Strikingly, approximately 91 % of ABTSe" was
eliminated by Cur-Cu NPs at a concentration of 200 pg/mL (Fig. 2F-G).
Cur-Cu NPs also caused apparent losses of initial absorption of the stable
nitrogen radical DPPHe at 515 nm in a dose-dependent manner, indi-
cating that Cur-Cu NPs could donate the H atom for their superior
antioxidant capacities (Fig. 2H-I). Together, these results demonstrate
that Cur-Cu NPs possess superior ROS-scavenging activities.

3.3. Cytoprotective effects of Cur-Cu@PEG

Owing to multienzyme-like activities, the antioxidant properties of
Cur-Cu NPs were further investigated in ROS-accumulated cellular
context in vitro. However, unmodified Cur-Cu NPs elicited apparent
cytotoxicity in HK-2 cells (Fig. S5). To improve the biocompatibility of
Cur-Cu NPs, DSPE-PEG2k was introduced onto the surface of Cur-Cu NPs
via the hydrophobic interactions between 1,2-distearoyl-sn-glycero-3-
phospho-ethanolamine (DSPE) and PVP at pH = 8.5 to obtain Cur-
Cu@PEG. As shown in Fig. S6A, Cur-Cu@PEG exhibits uniformly
dispersed carbon nanospheres with a diameter of about 7.6 nm, indi-
cating that PEG modification does not significantly change the
morphology and size of Cur-Cu NPs. In addition, Fig. S6B further shows
that the hydrated particle size of Cur-Cu@PEG after PEG modification
increases slightly, while there is no significant change. The Zeta po-
tential in Fig. S6C shows that the surface charge of Cur-Cu@PEG is
similar to that of Cur-Cu NPs, both being close to neutral. This helps
prolong its retention time in the body, thereby enhancing the thera-
peutic effect. We further evaluated the stability of Cur-Cu@PEG which
may affect their efficacy and safety. As shown in Fig. S6D, the particle
size variation of Cur-Cu@PEG in various solutions is not obvious, indi-
cating that they have excellent stability and can be further tested in vitro
and in vivo. The cell survival rates of HK-2 cells treated with Cur-
Cu@PEG remained above 80 % at the concentration of up to 100 pg/
mL, showing considerably lower cytotoxicity of Cur-Cu@PEG compared
to Cur-Cu NPs (Fig. 3A). The cytoprotective and antioxidant capacities
of Cur-Cu@PEG were further estimated in HK-2 cells exposed to CP and
H30,. CP readily reacts with glutathione and other antioxidant sub-
stances that contain sulfhydryl groups, leading to cellular oxidative
stress [37]. Cur-Cu@PEG pre-treatment at concentrations ranging from
0.1 to 6.4 pg/mL increased cell viability by up to approximately 30 %
(Fig. 3B-C). Further, 2',7-dichlorofluorescein diacetate (DCFH-DA) was

Materials Today Bio 32 (2025) 101794

employed to determine ROS levels of HK-2 cells [38]. Cur-Cu@PEG
treatment reduced the green fluorescent signals (Fig. 3D-E and
Fig. S7-8). The influence of Cur-Cu@PEG on HK-2 cell death triggered by
CP/H20, was measured using Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) or calcein acetoxymethyl ester (calcei-
n-AM)/PI double labeling kits. The results indicated that Cur-Cu@PEG
treatment antagonized ROS-induced programmed cell death (PCD) in
vitro (Fig. 3F-G and Fig. S9-10).

3.4. Biocompatibility and biodistribution of Cur-Cu@PEG in vivo

The in vivo toxicity and safety analysis of Cur-Cu@PEG were further
investigated. Compared to the control animals receiving the same vol-
ume of vehicle (PBS), ICR mice intravenously injected with Cur-
Cu@PEG showed no abnormal histological alterations in internal or-
gans (heart, liver, spleen, lungs, and kidneys) with no abnormalities of
hepatorenal function and hematologic indices (Fig. 4A and Fig. S11-12).
Thus, these results demonstrate that Cur-Cu@PEG exhibits acceptable
biocompatibility and safety for further therapeutic applications in AKI.

The renal accumulation of NPs is beneficial for therapeutic efficiency
during AKI progression [39]. RB is a typical fluorescent probe for
tracking the distribution of nanomaterials in living organisms. Here,
RB-labeled Cur-Cu@PEG was intravenously administered to RM-AKI
and CP-AKI mice. The IVIS Lumina imaging system was utilized to
investigate the targetability and biodistribution of RB-labeled Cur--
Cu@PEG in vivo. Due to its ultra-small diameter, RB-labeled Cur-Cu@-
PEG exhibits renal accumulation in AKI mice at all time points appointed
(Fig. 4B and D) [40]. Consistent with previous studies [41], deteriora-
tive kidney function in AKI mice impedes the elimination of RB-labeled
Cur-Cu@PEG, resulting in a longer duration of RB-labeled Cur-Cu@PEG
in the renal tubules than healthy mice (Fig. 4C and E). Non-specific
absorption of RB-labeled Cur-Cu@PEG in mouse livers was observed,
possibly resulting from the moderate serum protein adsorption onto
small spherical NPs in vivo [42]. Overall, Cur-Cu@PEG is
kidney-targeted and exerts considerable kidney enrichment during AKI.

3.5. Cur-Cu@PEG alleviates ROS-triggered AKI in vivo

Given the ROS-scavenging properties of Cur-Cu@PEG, the amelio-
rative effects of Cur-Cu@PEG in oxidative stress-associated AKI models
were further investigated. The negative and positive controls were AKI
mice administered PBS and NAC, respectively [43]. Blood urea nitrogen
(BUN) and serum creatinine (CRE) levels are reliable clinical kidney
functional indicators [44,45]. Increased blood levels of BUN and CRE
were observed in AKI mice. AKI mice administered Cur-Cu@PEG
showed reduced serum BUN and CRE levels (Fig. 5B-C). Similarly,
Cur-Cu@PEG suppressed the induced mRNA expression of the tubular
injury marker NGAL in AKI mice (Fig. S13). H&E staining results indi-
cated that massive amounts of denatured protein debris in tubule forms
of AKI mice, namely renal tubular damage [46], were reduced in cohorts
treated with Cur-Cu@PEG or NAC (Fig. 5D and Fig. S14). Moreover,
Cur-Cu@PEG exhibited a significant inhibitory effect on immune cell
infiltration in the kidneys of AKI mice (Fig. 5E). Next, the antioxidant
capacity of Cur-Cu@PEG was assessed in vivo. Cur-Cu@PEG counter-
acted renal oxidative damage by hindering renal generation and accu-
mulation of ROS (Fig. 6A). The levels of renal glutathione (GSH) were
considered to decline in kidneys exposed to oxidative damage, accom-
panied by an excessive buildup of renal lipid peroxidation by-product
malondialdehyde (MDA) [47,48]. Cur-Cu@PEG treatment elevated the
amount of GSH with the corresponding decrease in MDA levels in AKI
kidneys (Fig. 6B-C). The TUNEL assay further revealed that the number
of injured renal tubular epithelial cells in Cur-Cu@PEG-treated mice was
lower than that in model mice. Meanwhile, Cur-Cu@PEG exhibited su-
perior therapeutic outcomes compared to NAC (Fig. 7A and Fig. S15).
Altogether, Cur-Cu@PEG displayed robust ROS-scavenging properties in
AKI kidneys and mitigated ROS-triggered AKI in vivo.
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Fig. 3. Cur-Cu@PEG alleviates ROS-induced injury in HK-2 cells in vitro. (A) In vitro cell viability of HK-2 cells treated with Cur-Cu@PEG for 24 or 48 h. Mean =+ S.D.,

n = 4. (B-C) Cell viability of HK-2 cells incubated with cisplatin (CP) (20 pM) (B) or H05 (400 uM) (C) with or without Cur-Cu@PEG pre-treatment. Mean + S.D., n
= 3. (D-E) Intracellular ROS fluorescence (D) and ROS levels (E) in HK-2 cells. Mean + S.D., n = 3. (F-G) Flow cytometric analysis (F) and statistical analysis (G) of
HK-2 cells. Mean =+ S.D., n = 3. *#P < 0.01, #*##P < 0.001 versus the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus the CP/H,0, group.



X. Huang et al.

Liver

PBS

Materials Today Bio 32 (2025) 101794

(]
w
o
®
=
Q
5
(&)
D
o [
Q7
S5 T
g
5
(&)
CP-AKI CP-AKI
2h 6h 12h 24h 48h 72h
Heart g
2
[
Liver ? _
Spleen 25
Sx
Lung g,
. o
Kldney E Heart Liver Spleen Lung Kidney
RM-AKI RM-AKI
2h 6h 12h 24h o
Heart :E 201 mm 2h
o
Li = == 6h T
iver @ 15
Spleen @< 10- s
s -
s> X =
Lung -:%, 5 )
Kidney i §
< Heart Liver

Spleen Lung Kidney
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3.6. Cur-Cu@PEG inhibits caspase-3-dependent apoptotic/pyroptotic cell
death in kidneys of AKI mice

PCD induced by caspase-3 cleavage, including apoptosis and
pyroptosis, is responsible for ROS-related AKI deterioration [49-51].
The immunohistochemistry and immunoblotting assays with an active

caspase-3 antibody revealed that Cur-Cu@PEG administration limited
ROS-triggered caspase-3 activation in AKI kidneys (Fig. 7B-C). As up-
stream activators of caspase-3, the proapoptotic Bax and antiapoptotic
Bcl-2 govern the membrane-bound pore-forming process and interact
through heterodimerization [52]. Immunoblotting assays further indi-
cated that Cur-Cu@PEG treatment decreased the renal expression of Bax
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and Bax/Bcl-2 ratio in RM-AKI mice (Fig. 7C). The evidence suggests
that Cur-Cu@PEG could restrain apoptosis in AKI kidneys. Moreover,
pyroptosis is a new lytic form of PCD via membrane damage by pyrop-
totic effectors. Despite being known to trigger canonical apoptotic
response, caspase-3 also participates in chemotherapy-induced pyrop-
totic cell death through GSDME cleavage [8]. Consistently, pyroptotic
morphologic evidence suggested that noticeable swelling with distinct
large bubbles originating from the plasma membrane in CP-treated
HK-2 cells was mitigated by Cur-Cu@PEG (Fig. 8A). Scanning electron
microscopy (SEM) further revealed that Cur-Cu@PEG treatment
disturbed CP-induced massive pore formation of HK-2 cell membranes
(Fig. 8B and Fig. S16). The release of LDH is considered a typical indi-
cation of pyroptotic cell cytotoxicity [8]. As shown in Fig. 8C, the LDH
activity assay used for quantifying pyroptosis indicated that high lactate
dehydrogenase levels in CP-treated cells were restored by Cur-Cu@PEG
incubation. Together, these results suggest that Cur-Cu@PEG is capable
of abolishing pyroptosis.

GSDME-dependent pyroptosis exacerbates CP-induced nephrotoxi-
city [7,53,54]. Cleaved caspase-3 contributes to full-length GSDME
(GSDME-FL) cleaved to N-terminus GSDME (GSDME-N), which perfo-
rates membranes and thereby induces pyroptosis [8]. Consistently, the
cleavage of GSDME and caspase-3 emerged in CP-incubated HK-2 cells in
vitro (Fig. 8D-E). Notably, Cur-Cu@PEG treatment restrained the
cleavage of caspase-3 and GSDME-FL, leading to a decrease in the pro-
duction of GSDME-N (Fig. 8D-E). The translocase of outer mitochondrial
membrane 20 (Tom20) is located in the outer mitochondrial membrane

10

that senses and transmits ROS signaling, then facilitates Bax recruitment
to mitochondria, ultimately leading to caspase-3 cleavage [9].
Cur-Cu@PEG demonstrates remarkable antioxidant properties, partic-
ularly excelling in scavenging eOH. Cur-Cu@PEG can efficiently
neutralize ROS generated by CP, leading to a reduction in caspase-3
cleavage, further inhibiting the cleavage of GSDME, and ultimately
suppressing pyroptosis. Immunoblotting analysis indicated that
Cur-Cu@PEG treatment could downregulate the expression of Tom20
and Bax in CP-stimulated HK-2 cells (Fig. 8E). Similar effects on
pyroptotic signaling were obtained in kidneys of AKI mice administered
Cur-Cu@PEG (Fig. 8F).

In summary, the mechanistic evaluation indicates that Cur-Cu@PEG
restrains ROS-evoked caspase-3-dependent apoptotic and pyroptotic cell
death in vitro and AKI kidneys.

4. Conclusion

Collectively, a stable kidney-targeted ultrasmall nanozyme was
fabricated as the antioxidant defense system for AKI therapy in the
present study. Cur-Cu NPs possess robust antioxidant capacity. Cur-
Cu@PEG effectively protects HK-2 cells against cellular oxidative
damage in vitro. Also, Cur-Cu@PEG exerts exceptional biocompatibility,
non-toxic, and kidney-targeted characteristics in vivo. Moreover, Cur-
Cu@PEG shows apparent substantial therapeutic efficacy in AKI mice.
Furthermore, Cur-Cu@PEG abolishes apoptotic/pyroptotic cell death of
AKI kidneys by restraining the cleavage of caspase-3 in vitro and in mice.
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Herein, the as-prepared Cur-Cu-based MPNs could be a promising
therapeutic strategy for prevention of ROS-triggered AKI, offering
valuable insights into developing nanomedicines for ameliorating ROS-
related disorders.
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