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Mitochondrial dysfunction-induced oxidative stress is a key pathogenic factor in acute kidney injury (AKI).
Despite this, current mitochondrial-targeted antioxidant therapies have shown limited efficacy in clinical set-
tings. In this study, we introduce a novel renal-clearable and mitochondria-targeted antioxidant nanozyme
(TPP@RuCDzyme) designed to precisely modulate mitochondrial oxidative stress and mitigate AKI progression.
TPP@RuCDzyme was synthesized by integrating ruthenium-doped carbon dots (CDs) with triphenylphosphine
(TPP), a mitochondria-targeting moiety. This nanozyme system exhibits cascade enzyme-like activities,
mimicking superoxide dismutase (SOD) and catalase (CAT), to efficiently convert cytotoxic superoxide (Oze’) and
hydrogen peroxide (H20) into non-toxic water (H20) and oxygen (O2). This dual-enzyme mimicry effectively
alleviates mitochondrial oxidative damage, restores mitochondrial function, and inhibits apoptosis. Compared to
RuCDzyme alone, TPP@RuCDzyme demonstrated significantly enhanced efficacy in alleviating glycerol-induced
AKI by inhibiting oxidative stress. By leveraging the catalytic activity derived from the integration of CDs and a
metallic element, this study presents a promising therapeutic strategy for AKI and other renal diseases associated
with mitochondrial dysfunction.

1. Introduction

Acute kidney injury (AKI) is a common and severe clinical syndrome
with a high incidence rate, high mortality rate and high medical ex-
penses and has thus become a significant health concern [1,2]. The
fundamental clinical diagnostic criterion for AKI is an increase in serum
creatinine (CRE) levels by 50% within one week, or by more than 26.5
pmol/L every 48 h [3,4]. Each year, approximately 13.3 million in-
dividuals develop AKI, with 1.7 million succumbing to the condition [4,
5]. AKI is an independent risk factor for mortality among patients in the
emergency department, and 30 %-70% of AKI cases progress to chronic

kidney disease or end-stage renal disease [6]. Reactive oxygen species
(ROS) react with lipids, nucleic acids and proteins, leading to oxidative
stress and inflammation, and are closely associated with AKI under
several circumstances, thereby causing renal toxicity [7,8]. Clinically,
besides supportive treatment and renal replacement therapy, there is no
specific medication for ameliorating AKI [3,9].

The main pathological manifestation of AKI is the outburst of ROS,
which causes severe damage to renal cells, particularly proximal tubular
cells [10]. In the AKI process, once renal cells are impaired, a large
quantity of ROS is generated. The major source of ROS is the mito-
chondria, whose electron transport chain is prone to interference by
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various factors, resulting in ROS production [11,12]. These ROS not only
directly harm renal cells but also trigger a series of inflammatory and
oxidative stress responses, further worsening renal injury [13,14].
Simultaneously, ROS influences the energy metabolism and mitochon-
drial function of renal cells, leading to cell death and renal function
deterioration [14-16]. To maintain redox equilibrium, renal cells rely
on endogenous antioxidants, such as catalase (CAT), Superoxide dis-
mutase (SOD) and glutathione (GSH), for ROS scavenging [17,18].
Nevertheless, during the AKI process, the scavenging capacity of
endogenous antioxidants is often insufficient to deal with the massive
ROS amounts. Hence, developing new drugs or therapeutic approaches
that can target mitochondria and alleviate mitochondrial oxidative
stress is important for AKI treatment. Recent research has discovered
that some nanomaterials [19-22], possess excellent antioxidant and
ROS scavenging abilities, offering novel ideas for AKI treatment.
Nanozymes, which are organic or inorganic nanomaterials with
inherent enzymatic properties [23,24], have demonstrated remarkable
efficacy in ROS antioxidation and scavenging [25,26]. By mimicking the
catalytic activity of natural enzymes, nanozymes can regulate the redox
balance within organisms, thereby exerting antioxidant functions [26,
27]. They can catalyze ROS decomposition, reduce oxidative stress
levels and protect cells from oxidative damage. Nanozymes catalyze the
decomposition reactions of ROS, such as decomposition of hydrogen
peroxide (H20,) into water and oxygen (O2) and conversion of super-
oxide anion radicals (037) into H,O, and O, [28-30]. These reactions
lower the ROS concentration, thereby alleviating the damage to cells
caused by oxidative stress. Nanozymes can also exert antioxidant effects
by regulating the redox balance within organisms [31]. Various nano-
zymes have been designed to protect against oxidative damage [32,33].
Carbon dots (CDs), as a novel type of carbon-based nanomaterial,
exhibit remarkable potential in biomedical applications due to their
small particle size [34-36], excellent biocompatibility [37,38], and ease
of modification [39-41]. Moreover, CD nanozymes have gradually
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attracted attention in recent years [42-44].

Ru-based nanozymes are utilized for the treatment of various dis-
eases owing to their multiple enzyme-like activities. Zhou Liu et al. re-
ported the synthesis of RuO3 nanozymes with excellent biocompatibility
and enzyme-like activities, which demonstrated remarkable cellular
protection against renal toxicity caused by oxidative stress [45]. Wu
et al. reported a RuOy-PVP nanozyme as a single-component and
multienzyme-mimicking nanoplatform for ROS scavenging. The fabri-
cated RuO,-PVP nanozyme demonstrated a significant protective effect
on redox homeostasis and had outstanding ROS elimination capabilities
against inflammation and Parkinson’s disease in vitro and in vivo [46].

In this study, CDs were synthesized using the hydrothermal method
and combined with Ru to construct RuCDzyme nanoparticles. Moreover,
through modification based on triphenylphosphine (TPP), RuCDzyme
was endowed with mitochondrial targeting capability (Scheme 1). This
nanocomposite can serve as an outstanding antioxidant nanozyme to
safeguard the biological system from ROS-induced damage. The syn-
thesized TPP@RuCDzyme demonstrates highly efficient cascade cata-
lytic activity. It not only functions as a SOD mimic to catalyze the
decomposition of superoxide radicals (0O3) into hydrogen peroxide
(H303), but also mimics catalase to further catalyze H,O5 into water
(H20) and oxygen (O2). TPP@RuCDzyme can also significantly scav-
enge other free radicals, such as 2, 2-azinobis-(3-ethylbenzthiazoline-
6-sulphonate) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The
TPP@RuCDzyme can scavenge various ROS in vivo and in vitro, thereby
effectively exerting a therapeutic effect on rhabdomyolysis-induced AKI.

2. Experimental section
2.1. Chemicals and materials

Folic acid, Glutathione, Formamide, Ruthenium (III) chloride hy-
drate (RuCls-xH20), 3-Carboxypropyltriphenylphosphonium bromide

EDC/NHS ¢
T— @
TPP-COOH

TPP@RuCDzyme

~

Scheme 1. Schematic diagram illustrating the preparation process of TPP@RuCDzyme and TPP@RuCDzyme as antioxidants to alleviate AKI through removing

excessive ROS.
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(TPP-COOH), N1-((Ethylimino)methylene)-N3 (EDC), 1-Hydroxypyrro-
lidine-2,5-dione (NHS) were purchased from Aladdin Reagent (China).
Cytochrome C (CytC), Hydrogen peroxide (H2O2, 30%), DPPH, ABTS,
and 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) were bought
from Sigma-Aldrich (USA). Reactive Oxygen Species Assay Kit,
Apoptosis Detection kit (propidium iodide/annexin V-FITC) were ob-
tained from Beyotime Institute of Biotechnology (China). The lipid hy-
droperoxide (LPO), SOD, and ATP Test Kits were purchased from Beijing
Solarbio Technology Co., Ltd. The CRE and blood urea nitrogen (BUN)
assay kits were procured from Nanjing Jiancheng Bioengineering
Research Institute. The ELISA kits for Kidney injury molecule 1 (Kim-1),
Heme oxygenase 1 (HO-1), and 8-hydroxy-2’-deoxyguanosine (8-OHdG)
were procured from Shanghai Enzyme-Linked Immunosorbent Assay
Biotechnology Co., Ltd. All the aqueous solutions were prepared using
purified deionized (DI) water purified with a purification system (Direct-
Q3, Millipore, United States).

2.2. Synthesis of CDs

2.1 g of glutathione and 0.105 g of folic acid were dissolved in 70 mL
of formamide. The solution was then transferred to an autoclave and
reacted at a temperature range of 140-160°C for 6-12 h. After the re-
action, the mixture was centrifuged at 3000 rpm for 10 min to remove
the precipitate. The supernatant was subsequently dialyzed for 5-7 days
using a dialysis bag with a molecular weight cut-off of 3500 Da. Finally,
the dialyzed solution was ultra-filtered using Millipore centrifuge filter
devices equipped with 100 kDa MWCO membranes. The fractions with a
molecular weight less than 100 kDa were collected.

2.3. Synthesis of RuCDzyme

The pH of the CDs solution (0.5 mg/mL, 1.6 mL) and ruthenium (III)
chloride hydrate solution (10 mM, 0.4 mL) was adjusted to alkaline by
adding 800 pL of 0.5 M NaOH under stirring. Following the dropwise
addition of 3 mL of 10 mg/mL NaBHj, solution, the mixture was stirred
for 3 h at room temperature and then left to stand overnight. The
resulting solution was neutralized with hydrochloric acid and subse-
quently dialyzed for 3 days.

2.4. Synthesis of TPP@RuCDzyme

2 mg of TPP-COOH were accurately weighed and dissolved in
deionized water. EDC and NHS were subsequently added, and the
mixture was stirred at room temperature for 0.5 h to activate TPP-
COOH. The molar ratio of TPP-COOH, EDC, and NHS was maintained
at 1:1:1.2. Following this, 40 mg of RuCDzyme was introduced, and the
solution was stirred continuously at room temperature for an additional
24 h. Upon completion of the reaction, dialysis was performed for 24 h
using a dialysis membrane with a molecular weight cutoff of
8000-14000 Da. Finally, the TPP@RuCDzyme was obtained via vacuum
freeze-drying.

2.5. Catalase-like activity of RuCDzyme and TPP@RuCDzyme

To investigate the catalase-like activity of RuCDzyme and
TPP@RuCDzyme, 200 pL of 100 mM H30; and 200 pL of RuCDzyme or
TPP@RuCDzyme solution were added to 10 mL of 0.01 M buffer solution
at 25°C. The change in dissolved oxygen content in the system was
immediately measured using a dissolved oxygen meter after vortex
mixing.

2.6. SOD-like activity of RuCDzyme and TPP@RuCDzyme
The SOD-like activity of RuCDzyme and TPP@RuCDzyme was

determined using the xanthine oxidase method. Briefly, 30 pL of pre-
pared nanozyme solutions were transferred into a 96-well plate.
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Xanthine, pH 7.4 phosphate buffer, Cytochrome C and xanthine oxidase
working solution were added sequentially. The absorbance of each well
at 450 nm was immediately measured before and after a 1-min interval
using a microplate reader. Each group was assayed in triplicate.

2.7. GPx-like activity of TPP@RuCDzyme

In accordance with the manufacturer’s instructions, GPx-like activity
was assessed using the GPx activity assay kit (Solarbio) based on the
coupled reductase method. Specifically, varying concentrations of
TPP@RuCDzyme (0-1 mg/mL) were employed to evaluate GPx-like
activity. GPx catalyzes the oxidation of GSH by H30; to form GSSG.
The reduced GSH reacts with DTNB to produce a compound that exhibits
a characteristic absorption peak at 412 nm. The decrease in absorbance
at 412 nm directly reflects the enzymatic activity of GPx.

2.8. ABTS radical-scavenging activity of RuCDzyme and
TPP@RuCDzyme

The ABTS radical cation discoloration test was utilized to measure
the free radical scavenging capacity of the prepared nanozymes. First,
ABTS radical cations (ABTS™) were generated by mixing 7 mM ABTS
aqueous solution with 2.45 mM potassium persulfate and incubating for
16 h. Next, different concentrations of RuCDzyme and TPP@RuCDzyme
(0-200 pg/mL) were added to the above mixture. Finally, the absor-
bance at 734 nm of the resulting solutions was measured using a spec-
trophotometer, and the scavenging efficiency of ABTS was calculated as
follows:

ABTS radical cations scavenging activity = [1-(Aj-A1)]1/Ap x 100%.

Ay is the absorbance of ABTS solutions without adding samples; A, is
the absorbance of the sample after reacting with ABTS; A; is the
absorbance of solvent mixed with nanozymes.

2.9. DPPH radical cations scavenging activity of RuCDzyme and
TPP@RuCDzyme

Different concentrations of RuCDzyme and TPP@RuCDzyme were
prepared and mixed with DPPH (125 pM) in equal volumes of ethanol.
The final concentrations of RuCDzyme and TPP@RuCDzyme ranged
from O to 200 pg/mL, while the final DPPH concentration was 62.5 pM.
After a 30 min reaction period, the absorbance of DPPH at 517 nm was
measured. The scavenging efficiency of DPPH was calculated using the
following equation:

DPPH radical cations scavenging activity = [1-(Aj-A1)1/Ag x 100%.

Ay is the absorbance of DPPH solutions without adding samples; A; is
the absorbance of the sample after reacting with DPPH solutions; A; is
the absorbance of solvent mixed with nanozymes.

2.10. Cell culture

Human kidney-2 (HK-2) cells were obtained from the American Type
Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS). Cells were maintained at 37°C in a hu-
midified atmosphere containing 5% COs.

2.11. Cell cytotoxicity

HK-2 cells were seeded at a density of 8000 cells per well in a 96-well
plate and incubated for 24 h. Subsequently, the cells were treated with
varying concentrations of TPP@RuCDzyme (0-200 pg/mL). After
treatment periods of 24 and 48 h, cell viability was assessed using the
Cell Counting Kit-8 assay.
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2.12. Hemolysis assays

Red blood cells were isolated from serum by centrifugation at 1500
rpm for 10 min. The cells were then incubated with different concen-
trations of RuCDzyme and TPP@RuCDzyme (25-400 pg/mL) in PBS at
37°C for 30 min. Following incubation, the mixture was centrifuged
again, and 100 pL of the supernatant was collected to measure its
absorbance at 578 nm using a microplate reader.

Hemolysis ratio = [OD(sample)-OD(pBs)l/[OD(ddH20)-ODprs)] x 100%

2.13. Protection of cells with H;0, stimulation by RuCDzyme and
TPP@RuCDzyme

HK-2 cells were seeded in a 96-well plate at a density of 8000 cells
per well and incubated for 24 h. Subsequently, the cells were treated
with RuCDzyme and TPP@RuCDzyme at various concentrations (0-200
pg/mL) for 2 h. Next, the cells were exposed to 400 pM H305 for 24 h in
the dark. Finally, cell viability was assessed using the CCK-8 assay.

HK-2 cells were seeded in six-well plates at a density of 15,000 cells
per well and incubated for 24 h. Subsequently, the cells were treated
with RuCDzyme and TPP@RuCDzyme at a concentration of 50 pg/mL
for 2 h. Next, the cells were exposed to 400 pM Hy05 for 24 h in the dark.
Finally, cell viability was assessed using 1 pM Calcein AM (for live cells)
and 2 pM propidium iodide (PI, for dead cells). Fluorescence images
were captured using an inverted fluorescence microscope.

In addition, the apoptosis of HK-2 cells was evaluated using the
Annexin V Apoptosis Detection Kit. Cells were treated and collected
following the same protocol, then washed three times with cold PBS and
stained with Annexin V and propidium iodide (PI). Finally, the stained
cells were analyzed by flow cytometry.

2.14. Detection of intracellular ROS

Intracellular ROS levels were measured using 2',7-dichloro-
fluorescein diacetate (DCFH-DA) staining. HK-2 cells were seeded in six-
well plates at a density of 15,000 cells per well and incubated for 24 h.
Subsequently, the cells were treated with RuCDzyme and TPP@RuCD-
zyme at a concentration of 50 pg/mL for 24 h. The cells were then
washed with PBS to remove unbound RuCDzyme and TPP@RuCDzyme.
Next, the cells were exposed to 1 mM H305 for 30 min. Fluorescence
images were captured using an inverted fluorescence microscope
(emission wavelength: 520 + 20 nm, excitation wavelength: 488 nm).
Additionally, the cells were stained with DCFH-DA, incubated at 37°C
for 30 min, and washed three times with PBS before being analyzed by
flow cytometry.

2.15. AKI mouse model

The female Balb/c mice (6-8 weeks old, 17-21 g) used in this study
were obtained from the Experimental Animal Center of Zhengzhou
University. All animal experiments were conducted in accordance with
protocols approved by the Animal Ethics Committee of the Experimental
Animal Center of Zhengzhou University (ZZU-LAC20240419[01]).

Glycerol-induced AKI mouse model: Female Balb/c mice were
dehydrated for 15 h but had free access to food. Subsequently, 50%
glycerol was injected intramuscularly into both hind limbs at a dose of 8
mL/kg. Two hours post-injection, the AKI mouse model was successfully
established and used for subsequent experiments.

2.16. Therapeutic effect in AKI mice

To analyze the therapeutic effects of RuCDzyme and TPP@RuCD-
zyme, we randomly divided the mice into four groups: (i) healthy mice
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treated with PBS; (ii) AKI mice treated with PBS; (iii) AKI mice treated
with RuCDzyme; and (iv) AKI mice treated with TPP@RuCDzyme. After
treatment, kidney function and body weight were monitored.

2.17. Kidney function evaluation

Twenty-four hours after intravenous injection of RuCDzyme and
TPP@RuCDzyme, the mice were euthanized, and kidney and blood
samples were collected. The kidney tissues were sectioned and stained
with hematoxylin and eosin (H&E), and the levels of blood urea nitrogen
(BUN) and creatinine (CRE) in the blood samples were measured.

2.18. Detection of biomarkers

Kidneys from each group were stored at —80°C until analysis. Kidney
homogenates were prepared according to the respective assay protocols.
Superoxide dismutase (SOD) activity was assessed using an SOD assay
kit (Solarbio, China). The expression levels of kidney injury molecule-1
(Kim-1) and heme oxygenase-1 (HO-1) were measured using Kim-1 and
HO-1 ELISA kits (mmbio, China). DNA damage was evaluated using a
DNA damage competition ELISA kit (mmbio, China).

2.19. Confocal imaging of superoxide production in kidneys

To assess superoxide production histologically, kidneys obtained
from mice were cryosectioned at —20°C. Frozen kidney tissue sections
were washed with PBS and stained with 1 mM dihydroethidium (DHE)
for 30 min to detect superoxide formation. The stained sections were
then mounted on glass slides and imaged using a confocal microscope.

2.20. In vivo toxicity assessment

TPP@RuCDzyme (20 mg/kg) and PBS were intravenously injected
into two groups of mice (n = 5) twice weekly for 14 days. At the end of
the treatment period, organ and blood samples were collected from both
groups. H&E staining was performed on sections of the heart, liver,
spleen, lungs, and kidneys, and blood parameters were measured. The
relevant blood parameters included: alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine (CRE), blood urea nitrogen
(BUN), white blood cells (WBC), lymphocytes (LYM), monocytes
(MON), red blood cells (RBC), hemoglobin (HGB), mean corpuscular
hemoglobin (MCH), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin concentration (MCHC), platelets
(PLT), platelet distribution width (PDW), mean platelet volume (MPV),
and red blood cell distribution width (RDW).

3. Results and discussion
3.1. Synthesis and characterization of RuCDzyme and TPP@RuCDzyme

Scheme 1 illustrates the synthesis of TPP@RuCDzyme and its cata-
lytic mechanism, biological effects and therapeutic effects on AKI mice.
In brief, CDs were initially fabricated by heating a solution containing
GSH, folic acid and formamide. Transmission electron microscope
(TEM) images of CDs showed single-dispersed nanoparticles with a
relatively small size of 2-3 nm (Fig. 1A). Subsequently, Ru®" was
reduced using NaBH4 to form RuCDzyme. Finally, TPP was conjugated
with RuCDzyme through an amidation reaction to obtain mitochondria-
targeted TPP@RuCDzyme. TEM images and dynamic light scattering
revealed that the average diameters of the synthesized TPP@RuCDzyme
was approximately 85.69 nm (Fig. 1B; Fig. S2). Additionally, in Fig. S1,
uniformly distributed spherical nanoparticles with a diameter of
approximately 2-3 nm can be observed on the surface of TPP@RuCD-
zyme. This morphology and size are consistent with the CDs images
observed in Fig. 1A. As depicted in Fig. 1C, the zeta potentials of the
synthesized CDs and RuCDzyme were —14.98 mV and —39.39 mV,
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similar absorption peak. Furthermore, prominent peaks in the binding
energy spectra were discovered in the X-ray photoelectron spectroscopy
analysis of TPP@RuCDzyme (Fig. 1G-J and S4

). This was attributed to Ru3d and P2p, suggesting the existence of
the oxidised state of Ru in TPP@RuCDzyme. Figs. S5 and S6 presents the
dissolution capacity of TPP@RuCDzyme in double distilled water, 0.9%
NaCl solution, phosphate-buffered saline and Dulbecco’s modified Ea-

respectively. The zeta potential of RuCDzyme and TPP@RuCDzyme
decreased from —39.39 mV to —29.36 mV, indicating the successful
conjugation of TPP on RuCDzyme. Elemental analysis revealed that Ru
was homogeneously distributed within TPP@RuCDzyme, and P was
homogeneously distributed on the surface of TPP@RuCDzyme (Fig. 1D).
In addition, based on the X-ray diffraction pattern (Fig. 1E),
TPP@RuCDzyme displayed comparable peaks to those of RuCDzyme,

suggesting that the construction of TPP@RuCDzyme was successful.
Moreover, the characteristic peaks of TPP and TPP@RuCDzyme
observed in the Fourier transform infrared spectroscopy (Fig. 1F) were
strikingly similar in nature, indicating successful modification of TPP on
the RuCDzyme surface. Furthermore, the ultraviolet-visible spectra
shown in Fig. S3 revealed that RuCDzyme and TPP@RuCDzyme had a

gle’s medium on the first and seventh days, suggesting that
TPP@RuCDzyme can be dissolved in multiple liquids and remain stable.

3.2. Antioxidative activities of RuCDzyme and TPP@RuCDzyme

The ROS and reactive nitrogen species (RNS) scavenging and multi-
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enzyme mimetic properties of RuCDzyme and TPP@RuCDzyme were demonstrate that TPP@RuCDzyme presents a remarkable level of CAT-
systematically evaluated. The CAT-like activity exhibited by RuCDzyme like activity, indicating that the CAT-like activity of RuCDzyme is not
and TPP@RuCDzyme was assessed by measuring the variations in the influenced by TPP modification. Results in Fig. 2C reveal that the cat-

contents of O, and HyO, in the HyO, solution. Measurements and alytic activity of TPP@RuCDzyme remains unaffected even upon the
comparative analyses of the CAT-like activity manifested by RuCDzyme repeated addition of HyO,, suggesting its sustained catalytic capability.
and TPP@RuCDzyme were performed. Results in Fig. 2A-B and S7 Furthermore, owing to the highly destructive property of O3~, the
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efficacy of RuCDzyme and TPP@RuCDzyme in terms of SOD-like ac-
tivity was investigated. SOD is a crucial antioxidant enzyme for cellular
defence against ROS, and its function is to transform O3~ into HoO5 and
O,. As depicted in Fig. 2D, RuCDzyme and TPP@RuCDzyme possessed
relatively superior SOD-like activity. Furthermore, TPP@RuCDzyme
demonstrated excellent capability in scavenging 0% and 10, as evi-
denced by EPR spectroscopy (Fig. S8). One possible interpretation of this
outcome is that after TPP modification, the retention of the antioxidant
groups in RuCDzyme remains adequate.

GPx is an endogenous anti-ROS enzyme that can effectively decom-
pose Hy05 into HoO with the assistance of GSH. Our research findings
indicated that TPP@RuCDzyme exhibits some GPx-like activity at low
concentrations (Fig. 2E). In summary, these results offer compelling
evidence that TPP@RuCDzyme possesses multi-enzyme simulated
antioxidant characteristics.

The scavenging efficacy of RuCDzyme and TPP@RuCDzyme on
nitrogen-containing free radicals was determined using ABTS and DPPH
radical assays. First, the free radical scavenging capacity of
TPP@RuCDzyme at diverse concentrations and reaction durations was
quantitatively measured using the ABTS assay. The reaction of the ABTS
solution with an oxidant leads to the generation of ABTS" cationic free
radicals, thereby imparting a blue-green hue. In the presence of anti-
oxidants, the blue-green colouration is reduced, thereby resulting in a
decrease in the absorption peak at approximately 734 nm. The extent of
colour alteration and the corresponding reduction in absorbance are
proportional to the antioxidant capacity of the test sample. After intro-
ducing TPP@RuCDzyme at various concentrations into the ABTST
environment, the intensity of the absorption peak was observed to
gradually weaken with an increase in dosage, thereby significantly
suppressing ABTS radical formation (Fig. 2F and G). In experiments for
the investigation of RNS scavenging, DPPH free radicals are typically
employed as a model. It possesses a prominent absorption peak at a
wavelength of 517 nm, which declines in the presence of antioxidants.
Consistent with the results of the ABTS assay, when TPP@RuCDzyme
was introduced into the DPPH™ solution at different concentrations, a
progressive reduction in the intensity of the absorption peak was
observed as the dosage increased. This indicates that TPP@RuCDzyme
effectively scavenged DPPH free radicals in a dose-dependent manner
(Fig. 2H and I).

Natural enzymes have certain limitations and are prone to being
influenced by temperature, pH and metal ions, subsequently losing their
catalytic activity or even having their structures compromised. In
contrast, nanozymes typically possess excellent catalytic activity under
various temperatures and pH values. As depicted in Fig. 2J and K,
TPP@RuCDzyme not only demonstrated optimal functionality within a
broader pH range but also exhibited thermal stability. These results
substantiate that TPP@RuCDzyme possesses relatively high multi-
enzyme-mimetic antioxidant activity and stability (Fig. 2L).

3.3. RuCDgzyme- and TPP@RuCDzyme-mediated protection of H202-
stimulated cells

During AKI, renal tubules within the kidney tissue are more prone to
the influence of oxidative stress. Consequently, in the early phase of AKI,
safeguarding renal tubules from ROS-induced damage can notably
mitigate renal functional disorders. Hence, the human kidney 2 (HK-2)
cell line was used to examine the -cytoprotective effects of
TPP@RuCDzyme against ROS damage in vitro. First, 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (CCK-8) was employed to assess the cytotoxicity of
TPP@RuCDzyme. The results of the CCK-8 assay indicated that when
TPP@RuCDzyme was co-incubated with HK-2 cells, AC16 cells and LX-
2 cells for 24 and 48 h, three types of cells cytotoxicity were insignificant
when the TPP@RuCDzyme concentration was <100 pg/mL (Fig. 3A-59
and S10). In addition, the results of the haemolysis experiment
(Fig. S11) indicated that when the TPP@RuCDzyme concentration was
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<400 pg/mL, the haemolysis rate remained <4.5 %, suggesting that
TPP@RuCDzyme possesses excellent biocompatibility. The results of the
haemolysis experiment were in accordance with previous studies, sug-
gesting that TPP@RuCDzyme generally exhibits low toxicity at rela-
tively low concentrations.

Excessive oxidative stress (such as prolonged exposure to HyO2) can
induce cell death. To assess the impact of TPP@RuCDzyme on H30,-
induced cell viability, a series of treatments were performed on HK-2
cells. HoO; cytotoxicity to HK-2 cells was preliminarily evaluated using
the fluorescence double staining method [calcein-AM/propidium iodide
(PI)]. HyO, at a dose of 400 uM effectively killed a considerable pro-
portion of HK-2 cells, which could be reflected by cells stained red with
the PI dye (Fig. S12), as confirmed by the CCK-8 assay (Fig. 3B). These
treatments included RuCDzyme and TPP@RuCDzyme. After these
treatments, cells were exposed to HyO5 (400 pM), and cell viability was
evaluated using the CCK-8 assay. As depicted in Fig. 3C, the cell viability
of the TPP@RuCDzyme-treated group was superior to that of the
RuCDzyme-treated group. The same results were obtained using the
fluorescent dual staining method (calcein-AM/PI). The fluorescence
images and semi-quantitative analysis derived from the calcein-AM/PI
staining experiment also demonstrated that the therapeutic effect of
the TPP@RuCDzyme treatment group was superior to that of the
RuCDzyme treatment group (Fig. 3D and E). Subsequently, the DCFH-
DA fluorescent dye was employed to quantitatively determine intracel-
lular ROS levels in HK-2 cells. As depicted in Fig. 3F-H, the ROS levels in
cells pre-incubated with RuCDzyme and TPP@RuCDzyme were lower
than those in cells treated with HyO5 alone, and the ROS level in the
TPP@RuCDzyme-treated group was even lower. The quantitative results
of flow cytometry also demonstrated the same outcome. Moreover, the
Annexin V/PI apoptosis assay (Fig. 31 and J) was employed to assess the
impact of TPP@RuCDzyme and/or HyO2 (400 pM) on HK-2 cell death.
The average percentage of apoptotic cells in the control group was
4.96%, whereas that in the HyO» single-treatment group was 21.19%.
The proportion of apoptotic cells in the TPP@RuCDzyme treatment
group was 5.95%, whereas that in the RuCDzyme treatment group was
9.44%. All outcomes demonstrated that RuCDzyme and TPP@RuCD-
zyme could suppress H2Os-induced cell apoptosis, with TPP@RuCD-
zyme showing a more pronounced inhibitory action.

Mitochondria are the energy metabolic center of cells and the pri-
mary targets of numerous pathogenic factors. The main functions of the
mitochondria are to supply energy to cells and regulate cell signal
transduction, cell death and biosynthetic metabolism. Under normal
conditions, the mitochondria can maintain a homeostatic balance
through their oxidative and antioxidant systems, eliminating excessive
ROS. When imbalance occurs in the homeostasis of the oxidative and
antioxidant systems in an organism, the mitochondrial electron respi-
ratory chain is impaired, resulting in the generation of a large amount of
ROS. Consequently, eliminating ROS within the mitochondria is
important for maintaining mitochondrial function and cell viability. To
assess the influences of RuCDzyme and TPP@RuCDzyme on mitochon-
drial function, the JC-1 fluorescent probe was used to monitor the al-
terations in the mitochondrial membrane potential (MMP). Under
normal circumstances, JC-1 accumulates abundantly within the mito-
chondrial matrix, generating intense red fluorescence. Nevertheless,
when exposed to HyO9, the MMP drops and causes intense green fluo-
rescence. The results obtained from fluorescence microscopy and flow
cytometry are depicted in Fig. 4A-C. In HyO9-induced injury, there was a
decline in the MMP, presenting intense green fluorescence. The RuCD-
zyme and TPP@RuCDzyme treatment groups displayed a certain extent
of recovery of the MMP. The TPP@RuCDzyme treatment group restored
the MMP to a level comparable to that of the control group. Further-
more, the Mitosox Red fluorescent probe was employed to assess the
ROS levels within the mitochondria in the different treatment groups
(Fig. 4D). Once the mitochondria were induced by H20o, a distinct red
fluorescent signal was imparted. In contrast, the mitochondrial ROS
levels in the RuCDzyme and TPP@RuCDzyme treatment groups were
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Fig. 3. RuCDzyme and TPP@RuCDzyme mediated protection of H;O,-stimulated cells. (A) Cell viability of HK-2 cells treated with various concentrations of
TPP@RuCDzyme for 24 and 48 h as determined by CCK8 assay (n = 3). (B) Viability of HK-2 cells treated with varying doses of H>O, (n = 3). (C) Cell viability of HK-
2 cells under H,O, with/without same concentrations of RuCDzyme and TPP@RuCDzyme (n = 3). (D) Fluorescence images and (E) semi-quantitative results of
injured HK-2 cells stained with AM/PI after various treatments. Scale bar: 200 um. (F) Confocal fluorescence images of DFCH-DA stained HK-2 cells after different
treatments. Scale bar: 200 pm. (G) Flow cytometry analysis and (H) quantification of DFCH-DA stained HK-2 cells after different treatments. (I) Flow cytometry
results of apoptotic cells in HK-2 cells under different treatment conditions. (J) Statistical analysis of apoptotic cell ratios in HK-2 cells under different treatment
conditions. (ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

substantially decreased. To explore the co-localisation capacity of demonstrated a targeting effect on mitochondria within different time
TPP@RuCDzyme, a co-localisation experiment on MitoTracker (green)- periods.

labeled HK-2 cells was performed under a fluorescence microscope. In Subsequently, the relevant indices were assessed to determine the
Fig. 4E and S13, in contrast to RuCDzyme, TPP@RuCDzyme restoration of mitochondrial function. First, the intracellular ATP levels
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Fig. 4. TPP@RuCDzyme regulates mitochondrial function against H,O-induced apoptosis. (A) Representative images of JC-1 fluorescence staining are analyzed by
confocal microscopy. Scale bar: 200 pm. (B) The ratio of JC-1 aggregates (red)/JC-1 monomer (green) fluorescence was analyzed based on confocal picture results to
assess mitochondrial membrane potential. (C) Flow cytometry quantification of JC-1 stained HK-2 cells after different treatments. (D) Representative images show
the mitochondrial ROS levels of HK-2 cells after co incubation with different treatment groups for 24 h, monitored using Mitosox fluorescent probes. Scale bar: 200
pm. (E) The representative image shows the co-localisation of Cy5.5 labeled nanoparticles and Mito Tracker Green labeled mitochondria in HK-2 cells (incubated for
2 h). Scale bar: 200 pm. The expression levels of ATP (F), LPO (G), and SOD (H) in HK-2 cells of different treatment groups (n = 3). (ns: non-significant, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

<

in different treatment groups, which directly indicate the mitochondrial
energy supply, were evaluated. The oxidative stress induced by Hy04
significantly reduced the ATP levels, whereas the TPP@RuCDzyme
treatment group exhibited superior ATP recovery ability compared with
the RuCDzyme treatment group, highlighting the significance of tar-
geting mitochondria for restoring mitochondrial function (Fig. 4F). Lipid
peroxidation (LPO) is the product of the reaction between oxygen free
radicals and polyunsaturated fatty acids. Under normal circumstances,
the LPO content is extremely low. Nevertheless, under the oxidative
stress induced by H205, the LPO reaction intensifies and the level of LPO
increases. Notably, treatment with RuCDzyme and TPP@RuCDzyme
significantly decreased the LPO level (Fig. 4G). SOD plays a vital role in
catalysing ROS, safeguarding the mitochondria from oxidative damage
and maintaining mitochondrial function. Hence, the SOD levels in
different experimental groups were evaluated after treatment. As
depicted in Fig. 4H, upon exposure of HK-2 cells to Hy0,, the SOD level
significantly decreased, but the RuCDzyme and TPP@RuCDzyme
treatment groups restored the SOD level to varying degrees. These re-
sults suggested that TPP@RuCDzyme targeting the mitochondria can
effectively eliminate ROS and modulate mitochondrial function.

3.4. In vivo therapeutic efficacy of RuCDzyme and TPP@RuCDzyme in
AKI mice

Subsequently, a study was conducted to explore the in vivo thera-
peutic efficacy of TPP@RuCDzyme on AKI, considering its remarkable
capacity for eliminating ROS and favourable biosafety. The experi-
mental procedure involved inducing rhabdomyolysis-induced AKI in
normal mice through intramuscular injection of a 50% glycerol solution
(Fig. 5A). The weight gain of TPP@RuCDzyme-treated AKI mice was
similar to that of healthy mice, whereas AKI mice showed a sharp
decrease in weight within 24 h (Fig. 5B). Furthermore, the levels of two
crucial renal function indicators, CRE and BUN, in the serum of the
TPP@RuCDzyme-treated AKI mice were significantly lower than those
in the serum of AKI mice (Fig. 5C and D). No significant disparity in the
CRE and BUN levels was observed between healthy and
TPP@RuCDzyme-treated AKI mice, confirming that TPP@RuCDzyme
treatment for glycerol-induced AKI has favourable efficacy. Further-
more, hematoxylin and eosin staining were performed on renal tissues to
obtain conclusive evidence for AKI treatment with TPP@RuCDzyme.
Casts are substances that form within renal tubules due to the dena-
turation of proteins and are commonly used as a diagnostic indicator for
kidney disorders. Fig. 5E and F depict the injury conditions in the kidney
sections of AKI mice. Notably, AKI mice treated with TPP@RuCDzyme
exhibited fewer damaged structures than AKI mice treated with RuCD-
zyme. Subsequently, terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (TUNEL) was employed to identify apoptotic
cells in the kidney tissue sections. The fluorescence images and quan-
titative analysis (Fig. 5G and H) revealed a considerable accumulation of
apoptotic cells in the AKI group compared with that in the control group.
Nevertheless, the percentage of apoptotic cells in the TPP@RuCDzyme
treatment group was relatively lower than that in the RuCDzyme
treatment group, suggesting that TPP@RuCDzyme possesses superior
anti-apoptotic effects in vivo.

To investigate the effects of TPP@RuCDzyme more comprehensively
in vivo, frozen kidney tissues were stained with DHE. In Fig. 6A, the
inhibition of ROS generation in AKI mice by TPP@RuCDzyme treatment
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was most obvious compared with that in the RuCDzyme and AKI groups.
Furthermore, the SOD level was measured in the renal tissues. As
mentioned earlier, SOD is a crucial protease responsible for eliminating
ROS within renal cells in vivo. The SOD level in the TPP@RuCDzyme-
treated AKI mice was comparable to that in normal mice, whereas a
significant reduction in the SOD level was observed in AKI mice
(Fig. 6B). Furthermore, the levels of kidney injury molecule-1 (Kim-1)
and haem oxygenase-1 (HO-1), both regarded as important biomarkers
of kidney injury, were assessed in renal tissues. In the AKI mouse model,
the Kim-1 and HO-1 levels in the renal tissues of the TPP@RuCDzyme-
treated group were comparable to those in the renal tissues of healthy
mice (Fig. 6C and D), whereas treating AKI mice with RuCDzyme led to a
partial reduction in the Kim-1 and HO-1 levels. In addition, this study
investigated the potential inhibitory effect of TPP@RuCDzyme on DNA
damage. The level of 8-hydroxy-2-deoxyguanosine (8-OHAG) in the
kidneys of mice treated with TPP@RuCDzyme was significantly lower
than that in the kidneys of AKI mice (Fig. 6E). The decrease in 8-OHdG
can be used as an indicator of oxidative stress and a criterion for
determining DNA damage. We further evaluated the expression of SOD2
in mouse kidneys through immunofluorescence experiments. As shown
in Fig. 6F and G, the SOD2 levels in TPP@RuCDzyme-treated AKI mice
were comparable to those in normal mice, while a significant decrease in
SOD levels was observed in untreated AKI mice.

As stated previously, Kim-1 is a type I membrane glycoprotein that is
typically undetectable in healthy kidneys but increases in the damaged
proximal tubular regions of AKI mice. As depicted in Fig. 7A and B, Kim-
1 expression was the most prominent in AKI mice, with the fluorescence
intensity increasing nearly 14-fold compared with that in the normal
group, indicating severe tubular cell injury. In addition, in the
TPP@RuCDzyme and RuCDzyme treatment groups, the relative fluo-
rescence intensities of Kim-1 decreased by approximately 80 % and 70
%, respectively, indicating that TPP@RuCDzyme can rapidly deplete
ROS at the lesion site, thereby mitigating tubular cell injury. Subse-
quently, Masson staining was performed on the kidney tissues of
different treatment groups. As presented in Fig. 7C, after treatment with
TPP@RuCDzyme, the muscle fibres in the kidney tissues were conspic-
uously reduced, suggesting that TPP@RuCDzyme can prevent the
occurrence of renal fibrosis in AKI mice. We then further analyzed the
time-dependent changes in renal concentration of TPP@RuCDzyme and
RuCDzyme. Distinct red fluorescence was observed in kidneys at 0.5 h
post-injection, with fluorescence intensity progressively increasing over
time, reaching peak levels at approximately 12h before gradual decline
due to drug excretion (Fig. 7D and S14). Notably, TPP@RuCDz
yme@Cy5.5 exhibited significantly higher peak fluorescence intensity
(12 h) and prolonged fluorescence persistence (24h) in kidneys
compared to RuCDzyme@Cy5.5 (Fig. 7E).

3.5. In vivo toxicity assessment

Next, the influence of TPP@RuCDzyme (20 mg/kg) on the blood
chemistry, inflammatory cytokine levels and histopathology of major
organ tissues in healthy mice was assessed to uncover its in vivo
biocompatibility. As depicted in Figs. 8A and 14 days after the intra-
venous injection of TPP@RuCDzyme, no necrosis, congestion or hae-
morrhage was detected in the heart, liver, spleen and lungs. No
significant inflammatory lesions or tissue damage were noted in the
glomeruli, tubules, collecting ducts and urethra (Fig. 8B). Continuous
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Fig. 5. Therapeutic efficiency of TPP@RuCDzyme on AKI mice. (A) Schematic Diagram of Establishment and Treatment Plan for AKI Mice. (B) Body Weight Changes
of AKI Mice after different treatments at 24 h. (C and D) The levels of CRE and BUN in AKI mice after different treatments at 24 h. (E) Scoring of renal tubular injury
in mice after different treatments. (F) H&E staining of renal tissue in each treatment group. Scale bar: 200 pm. (G) The level of apoptosis in kidneys labeled by TUNEL
assay (red fluorescence). Scale bar: 200 pm. (H) Quantification of the percentage of TUNEL" apoptotic cells. HPF, High power field. Data represent mean =+ s.d. from
five independent replicates (ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 6. Analysis of renal tissue after TPP@RuCDzyme treatment. (A) Representative images of dihydroethidine (DHE) and DAPI staining in renal tissue from different
treatment groups. Scale bar: 100 pm. (B-E) The expression levels of SOD, Kim-1, HO-1, and 8-OHdG in the renal tissue homogenates of different treatment groups. (F)
Representative fluorescence images of SOD2 in kidney tissues from different treatment groups. Scale bar: 50 pm. (G) Quantitative analysis of relative fluorescence
intensity of SOD2 in different treatment groups. Data represent mean =+ s.d. from five independent replicates (ns: non-significant, *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001).
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Fig. 7. Therapeutic efficiency of TPP@RuCDzyme on AKI mice and biological distribution of TPP@RuCDzyme in mouse kidneys. (A) Representative images of
immunostaining of Kim-1 in different treatment groups. Scale bar: 100 pm. (B) Quantitative analysis of immunostaining for Kim-1 in different treatment groups. (C)
Representative images of Masson staining for renal injury in different treatment groups. Scale bar: 50 um. (D) Representative fluorescence images of different organs
in AKI mice 12 h after intravenous injection of TPP@RuCDzyme@Cy5.5. (E) The fluorescence intensity in kidneys after drug injection (0.5-48 h) from different
groups. Data represent mean =+ s.d. from five independent replicates (ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

monitoring of changes in body weight revealed no significant differ-
ences in body weight between the control and TPP@RuCDzyme treat-
ment groups (Fig. 8C). Meanwhile, blood biochemical indicators,
including CRE, BUN, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), were examined, which indicated normal liver
and kidney functions (Fig. 8D and E). In addition, the results of the
complete blood analysis (Fig. 8F-J) indicated that there was no signif-
icant difference in haematology between the TPP@RuCDzyme treat-
ment and control groups. All experimental results unanimously
demonstrated that TPP@RuCDzyme exhibits negligible toxicity in

13

organisms, possesses good biocompatibility and holds therapeutic ad-
vantages in AKI treatment.

4. Conclusions

A novel anti-oxidation nanozyme (RuCDzyme) has been effectively
synthesized through the conjugation of CDs synthesized via the hydro-
thermal method with ruthenium element. Subsequently, the TPP moiety
was introduced onto RuCDzyme, resulting in the construction of
TPP@RuCDzyme with enhanced mitochondrial targeting capability.


mailto:TPP@RuCDzyme@Cy5.5

J. Pan et al. Materials Today Bio 32 (2025) 101717

>

% TPP@RuCDzyme

Control

24 _~
-+ Control 407 < Control 31507 . Control =6 s Control
- = =3 =
an TPP@RuCDzyme S’ TPP@RuCDzyme =) * TPP@RuCDzyme ;-,4 * TPP@RuCDzyme
N = E = = .
So20{ 4 E £ £
2 g g £
B 18 = = =2
S 10 g B
Q = ]
o BN TS TR ' S So
0 5 10 15 BUN (mmol L") CRE (umol L") ALT AST WBC Lym Mon
G o H I J
4001 . Control 200, Control 251+ Control 601+ Control
= = =
. * TPP@Ru me * TPP@RuCDzyme
§ 300 © TPP@RuCDzyme E 150 % 20 @RuCDzyi § “ @ zy)
£ : £ £
3 g g g
S 100 g £ Ew
(&) &) (OB o
0 0
HCT (%) MCV (fL) MCHC (g/L) RDC(I.'ZIL) HGB (g/L)  MCH (pg) I’L’I'(lﬂ"IL) PDW MPV (fL) RDW-CV (%) RDW-SD(fL)  PCT (%)

Fig. 8. In vivo toxicity assessment of TPP@RuCDzyme. (A) In vivo toxicity evaluation of TPP@RuCDzyme on major organs (heart, liver, spleen, lung) after sub-
cutaneous administration for 14 days. Scale bar: 200 ym. (B) In vivo toxicity assessment of TPP@RuCDzyme on kidneys after subcutaneous administration for 14
days. Scale bar: 50 pm. (C) Weight changes after intravenous injection of TPP@RuCDzyme or PBS. (D) The renal function indicators CRE and BUN of normal mice and
mice injected with TPP@RuCDzyme. (E) The liver function indicators alanine transaminase (ALT) and aspartate transaminase (AST) of normal mice and mice
injected with TPP@RuCDzyme. (F-J) Serum biochemical assays and serological data of normal mice and mice after injection with TPP@RuCDzyme. Data represent
mean =+ s.d. from five independent replicates.
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TPP@RuCDzyme exhibits multiple enzymatic activities, including CAT-,
SOD-and GPx-like activity. These activities can effectively eliminate
various ROS, such as H;0, and O35 . The protective effect of
TPP@RuCDzyme on H205-induced HK-2 cells is attributed to its good
biocompatibility and excellent antioxidant performance. TPP@RuCD-
zyme exhibits no renal toxicity both in vitro and in vivo, and possesses
excellent mitochondrial repair and cell apoptosis prevention abilities,
thus inhibiting renal injury and restoring renal function. In summary,
TPP@RuCDzyme as a nano-antioxidant shows significant potential in
alleviating AKI induced by rhabdomyolysis.
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