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Redox nanodrugs alleviate chronic kidney disease

{'.) Check for updates‘
by reducing inflammation and regulating ROS+
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Immune-mediated glomerular diseases lead to chronic kidney disease (CKD), primarily through mecha-
nisms such as immune cell overactivation, mitochondrial dysfunction and imbalance of reactive oxygen
species (ROS). We have developed an ultra-small nanodrug composed of MnsO,4 nanoparticles which is
functionalized with biocompatible ligand citrate (C-MnzO4 NPs) to maintain cellular redox balance in an
animal model of oxidative injury. Furthermore, this ultra-small nanodrug, loaded with tacrolimus (Tac),
regulated the activity of immune cells. We established a doxorubicin (DOX)-induced CKD model in SD
rats using conditions of oxidative distress. The results demonstrate the ROS scavenging capability of
MnzO4 NPs, which mimics enzymatic activity, and the immunosuppressive effect of tacrolimus. This com-
bination promotes targeted accumulation in the renal region with sustained drug release through the
enhanced permeability and retention (EPR) effect. Tac@C-MnzO,4 protects the structural and functional
integrity of mitochondria from oxidative damage while eliminating excess ROS to maintain cellular redox
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homeostasis, thereby suppressing the overexpression of pro-inflammatory cytokines to restore kidney
function and preserve a normal kidney structure, reducing inflammation and regulating antioxidant stress
pathways. This dual-pronged treatment strategy also provides novel strategies for CKD management and

rsc.li/biomaterials-science demonstrates substantial potential for clinical translational application.
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Introduction

Chronic kidney disease (CKD) is a highly prevalent condition,
affecting 8% to 16% of the global population." There is a
steady increase in its morbidity and mortality rates. This pose
a significant burden on society health resources. CKD is
characterized by a persistent and irreversible reduction in
nephron number, leading to glomerulosclerosis, tubulointer-
stitial fibrosis, and arteriosclerosis, and this ultimately leads
to life-threatening renal failure.>® The kidneys contain over a
million nephrons. Conventional treatments face significant
challenges in achieving organ-specific or cell-specific delivery
following renal damage. Furthermore, achieving therapeutic
effects typically requires higher dosage, which can lead to
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serious adverse reactions.*”® Therefore, a more specific drug
delivery system targeting the kidney is a key and emerging
development trend in the treatment of CKD.

Mitochondria produce reactive oxygen species (ROS) during
cellular respiration through the electron transport chain (ETC)
and cell signaling pathways. Complexes I and III produce
superoxide anions ("0®>7) and hydrogen peroxide (H,O,).
Mitochondria are also involved in cell signaling, such as the
production of ROS by NADPH oxidase (NOX) and cytochrome
P450 enzymes.” Excess production of ROS serves as a second-
ary messenger in cell signaling, influencing processes such as
metabolic cell survival and death.® Excessive ROS accumu-
lation is implicated in the pathogenesis of CKD, leading to
severe constriction and structural remodelling of glomerular
arteries, characterized by thickening of the vessel wall and nar-
rowing of the lumen.”’® The persistently high levels of oxi-
dative stress can severely disrupt the cellular structure and
function, inducing cell death.' Therefore, maintaining the
homeostasis between ROS production and clearance through
multiple mechanisms is crucial, which is also the key to devel-
oping ROS-targeted therapies for CKD.

Recent studies have investigated various natural or syn-
thetic antioxidants such as o-tocopherol, ascorbic acid,
f-carotene, curcumin, etc. for their ability to scavenge over-
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expressed intracellular ROS and combat oxidative stress in the
treatment of various inflammatory diseases.'*'* Although
these compounds show promise in reducing ROS levels, many
traditional antioxidant molecules are unable to selectively
target oxidation products or free radicals that serve as impor-
tant physiological signaling messengers.'* Moreover, meta-
analyses of clinical trials indicate that traditional antioxidants
can, to some extent, accelerate the onset of death.®'* In con-
trast, antioxidant nanosystems have demonstrated significant
advantages including broad-spectrum ROS scavenging activity,
satisfactory biocompatibility and biosafety,'® making substan-
tial progress in treating kidney diseases.'”'® For example, tar-
geted nanodrug delivery systems designed to reach specific
renal cells, such as glomerular endothelial cells, the glomeru-
lar basement membrane, and mesangial cells, have success-
fully optimized drug levels and therapeutic effects while mini-
mizing toxic side effects by modifying nanoparticle surface
properties."® As reported in the literature, the novel superoxide
dismutase/catalase mimetic materials, Tempol and phenyl-
boronic acid pinacol ester conjugated p-cyclodextrin (TPCD),
and inflammation-regulating microspheres can both mimic
superoxide dismutase (SOD) to clear ROS and exhibit excellent
therapeutic effects in acute kidney injury.’®*' Zhang et al.
designed Cu-SAzyme with high SOD activity, primarily mimick-
ing the activity of SOD enzyme to remove "0°".>> Wei et al.
demonstrated that Mn;0, nanoparticles (NPs) have a variety
of enzymatic mimetic activities that eliminate "0*~ by dispro-
portionating '0*” into H,0, and O, in the dual oxidation
states of Mn®>" and Mn>®*.?* In addition, Mn;0, NPs can further
catalyze the decomposition of H,O, and the scavenging of
‘OH, outperforming CeO, NPs, and provide a promising strat-
egy for the treatment of inflammation using redox activity
nanozymes.

Although the application of nanopreparations as a carrier
for targeted kidney delivery shows considerable promise, the
stringent requirements related to particle size, charge, shape,
hydrophilicity and rigid structure of the renal filtration barrier
pose significant challenges.”” As an immunosuppressant,
tacrolimus (Tac) reduces the immune response and inflamma-
tory damage in the kidneys by inhibiting T lymphocyte acti-
vation and function.>* However, in clinical settings, high doses
of Tac can induce nephrotoxicity and other adverse effects,
exacerbating CKD progression. Additionally, there are signifi-
cant variations in the metabolic capacity of Tac, necessitating
more individualized dose adjustment and posing further chal-
lenge to clinical application.

To address these issues, an ultra-small nanopreparation,
Tac@C-Mn;0,, was developed using citric acid-coated Mn;0,
NPs loaded with Tac drugs. These nanoparticles accumulate in
the lesion area and achieve sustained drug release by targeting
the inflammatory microenvironment under the EPR effect.
This approach has a superior therapeutic effect in treating pro-
teinuria and renal fibrosis caused by CKD through reducing
inflammation and regulating the antioxidant stress pathway.
The redox ultra-small nanopreparation provided by this study
represents a new dual-strategy for treating CKD through anti-
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inflammatory and antioxidant stress pathways, demonstrating
great potential in clinical treatment (Scheme 1).

Methods

Materials

Tacrolimus was purchased from APExXBIO (USA), MnCl, was
obtained from Aladdin, while other reagents were purchased
from Innochem. A CCK8 assay kit was purchased from
Abbkine, and Calcein-AM dye and PI dye were purchased from
Biosharp. DCFH-DA was acquired from Meilunbio Company
(Dalian, China). An ELISA kit was provided by Boyan Biotech
(China). Cells purchased from Mlbio Company
(Shanghai, China). JC-1 was purchased from Beyotime.

were

Synthesis of nanopreparations

The synthesis sequence for Mn;0,, C-Mn;0,4, Tac@C-Mn;0,
and C-Mn;0,/ICG involved first dissolving 0.598 g MnCl, solu-
tion in 30 mL ethanolamine solution and sonication until a
clear brown solution was obtained. An equal volume of de-
ionized water was added, stirred at room temperature for 6 h,
and centrifuged at 3000 rpm for 15 min using a centrifuge
(H1750R, China). The resulting black pellet was washed three
times with absolute ethanol to remove excess ethanolamine
and dried at 60 °C to produce shiny black Mn;O, nano-
particles. These nanoparticles were then added to 0.5 M citric
acid (pH = 7.0) solution (150 mg Mnz0O, corresponding to
6 mL citric acid solution), and mixed in a mixer for 10 h. The
large unfunctionalized particles were filtered out with a
0.22 pm filter, and the resultant C-Mn;0, filtrate was used for
the subsequent experiment. Tacrolimus, dissolved in chloro-
form, was mixed with this solution at a mass ratio of 1:1 and
stirred overnight until the chloroform completely evaporated.
The final product, Tac@C-Mn;0, was then centrifuged to sep-
arate any unloaded Tac pellets. ICG was dissolved in DMSO
solvent (1 mg mL™"), and the same volume of C-Mn;0, was
added, the mixture was stirred for 3 h, and then a 500-Da dialy-
sis bag was used to dialyse the mixture for 48 h to remove the
free dye to obtain C-Mn;0,/ICG.

Performance testing

Morphology was observed using transmission electron
microscopy (TEM, Talos F200x FEI, USA). Absorption spectra
of Mn;0,, C-Mn;0,, Tac@C-Mn;0, and C-Mn;0,/ICG solu-
tions at a concentration of 0.1 mg mL™" were obtained using a
UV-2600 spectrophotometer (Shimadzu, Japan), covering a
scanning band of 200-900 nm. The FT-IR spectra of MnzOy,
Tac, and Tac@C-Mn;O, solutions were recorded using a
Nicolet iS 10 spectrometer. The cumulative release of Tac from
Tac@C-Mn;0, at different times in PBS solutions with pH 5.5
and 7.4 was determined using a UV-2600 (Shimadzu). Serum
stability of Tac@C-Mnz;0, and C-Mnz;0,/ICG solutions was
detected using a UV-2600 (Shimadzu). The particle size and
zeta potential were determined using a BeNano 90 Zeta.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Tac@C-Mn3zO, targeted the lesion area to enhance the efficacy of CKD treatment by regulating antioxidative stress pathways and redu-

cing inflammation.

The encapsulation ratio and drug loading ratio were calcu-
lated according to the following calculation formulas:

Encapsulation ratio
__amount of Tac loaded in nanoparticles
~ original feeding amount of Tac
10.5

=—"—x100 = 84%
12.5

100

Drug loading ratio
__amount of Tacloaded in nanoparticles
N total amount of nanoparticles
10.5

=_—""x100 = 7.749%.
135.5

100

The free radical scavenging testing

The DPPH (0.1 mM, 2 mL) ethanol solution was mixed with
Tac@C-Mn;0, (5 mg mL™"), and an equal amount of water
solution was added as a Control. The reaction mixture was
shaken well and incubated at 37 °C in the dark for 30 minutes.
A UV-2600 spectrophotometer (Shimadzu) was used for detec-
tion, with the scanning band set from 400 nm to 700 nm.

Cytotoxicity

HEK-293T cells were seeded at a density of 1 x 10" cells per
well in 96-well plates and cultured overnight. The cytotoxic
effects of Mn;0,4, C-Mn;0, and Tac@C-Mn;0, at different con-
centrations were evaluated using the CCK-8 assay Kkit.
HEK-293T cells (5 x 10* cells per well) were seeded onto
24-well plates and co-incubated with 50 pg mL™" nanoprepara-

This journal is © The Royal Society of Chemistry 2024

tion. Additionally, the cells were stained with Calcein-AM/PI
and observed under a confocal laser scanning microscope
(CLSM, TCS SP8) for live/dead cell staining assays.

Cellular uptake

HEK-293T cells were seeded at 1 x 10° cells per well in 24-well
plates and incubated overnight. The cells were then treated
with 50 pg mL™" of CY5 (red fluorescence)-labeled C-Mn;0,
and Tac@C-Mn;0, preparations and incubated for 1, 2, 4 and
8 h. Afterwards, they were incubated in 5 pg mL™" DAPI (blue
fluorescence) in serum-free medium for 15 minutes in the
dark, washed with PBS, and analyzed under a CLSM using a
20x objective. The fluorescence intensity within the channel
was quantified using a FACSCanto II flow cytometer.

ROS content

HEK-293T cells were seeded at 5 x 10> cells per well in 6-well
plates and subjected to different treatments. The blank group
received no additional treatment, while other groups were
exposed to 100 pM H,O, for 30 minutes to simulate the acti-
vated inflammatory microenvironment. Post-treatment, the
cells were incubated with 50 pg mL™" Mn;0,, C-Mn;0,4, and
Tac@C-Mn;0, for 24 h. DCFH-DA solution was diluted 1: 1000
with serum-free culture medium to a final concentration of
10 pmol L™, added to the cells, and incubated for 20 minutes
at 37 °C. The cells were then washed three times with serum-
free medium, collected and analyzed by flow cytometry.

Biomater. Sci, 2024,12, 6403-6415 | 6405
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Acute toxicity of Tac@C-Mnz;0,

SD rats (6-8 weeks, male) were randomly divided into two
groups, namely the PBS group and the Tac@C-Mn;O, group
(of different doses; n = 4), and the rats were injected through
their tail vein. After 24 h of administration, the survival of the
rats was recorded. 1.25% tribromoethanol was used for intra-
peritoneal anesthesia, and the rats were euthanized by cervical
dislocation. The appearance of organs and pathological sec-
tions (H&E), as well as biochemical indicators of liver and
renal function, was observed.

Biodistribution and targeting of Tac@C-Mn;0,

Fluorescence imaging was conducted using a small animal
optical molecular in vivo imaging system (IVIS Spectrum; IVIS,
Wahoo, MA, USA) equipped with appropriate optical filters.
Doxorubicin (DOX) was administered on days 14 (4 mg kg™)
and 7 (2 mg kg™") as part of the CKD model establishment.
Parameters such as body weight, feeding, and water intake of
the rats were monitored. The rats were categorized into four
groups: the PBS, ICG, C-Mn;0,, and Tac@C-Mn;0, groups.
The initial treatment with nanopreparations was administered
via tail vein injection on day 0 with doses of 14.97 mg kg™ for
Tac@C-Mn;0, and 14.49 mg kg~ for C-Mn;0,; the ICG and
PBS groups received equivalent doses of pure ICG and PBS,
respectively. Imaging was performed with the IVIS Lumina II
at 1, 3, 6, 12, and 24 h post-injection. The exposure time was 5
seconds with an excitation wavelength of 640 nm. Post-eutha-
nasia, organs such as the heart, liver, spleen, lungs, and
kidneys were harvested for imaging to assess biodistribution
and targeting capabilities via fluorescence intensity. All animal
handling procedures were conducted in strict compliance with
the guidelines approved by the Animal Ethics Committee
(Institutional Animal Care and Use Committee of Shenzhen
University Medical School, approval no. IACUC-202400030).

Tac@C-Mn;0, in vivo treatment and biochemical analysis

Thirty SD rats with DOX-induced CKD were prepared as pre-
viously described and randomly divided into 6 groups, namely
Blank (healthy rats, receiving equal amounts of saline), PBS
(after model establishment, receiving equal amounts of
saline), Tac (1.25 mg per kg per 2 days), Mn;0, (14.49 mg per
kg per 2 days), C-Mn;0, (14.49 mg per kg per 2 days), and
Tac@C-Mn;0, (14.97 mg per kg per 2 days). At the end of the
observation period, the rats were sacrificed, and serum and
organ tissues were collected for biochemical analysis, includ-
ing measurements of protein, urea nitrogen, creatinine, and
inflammatory markers using standard commercial kits and
histological staining procedures. The IL-1p, TNF-a, and ROS
contents were measured in rat kidneys using the ELISA Kkit.
Kidneys staining was collected and analyzed using H&E and
PAS standard procedures.

Statistical analysis

Data were analyzed using GraphPad Prism 8 software
(GraphPad Software, San Diego, CA, USA). Statistical signifi-
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cance was assessed using ¢-tests, with a p-value of less than
0.05 considered indicative of significant differences.

Results
Synthesis of nanopreparations

The formulation consists of Mnz;O,, citric acid and Tac.
Initially, an aqueous solution of MnCl, was dissolved in
ethanolamine by a chemical synthesis process, followed by the
preparation of Mn;O, NPs via ultrasonication, centrifugation,
washing and other operations. To enhance the performance of
Mn;0, NPs, citric acid was used to coat the nanoparticles,
resulting in the production of citrate-modified C-Mn;0, NPs.'®
The surface modification with the carboxyl-rich ligand triso-
dium citrate can significantly improve the stability and water
solubility of Mn;O, NPs, contributing to the negative surface
charge and thereby enhancing their effectiveness and biocom-
patibility for future applications. Subsequently, the Tac drug
was loaded onto the nanoparticles using a solvent evaporation
technique. This method of drug loading facilitated a uniform
distribution of Tac across the surface of C-Mn;0, NPs, ensur-
ing effective drug release and action. The synthetic yield of
Mn;0, was 18.06%. The encapsulation ratio was 84% and the
loading ratio was 7.749%, as determined by UV adsorption
spectroscopy. To aid in the visualization of the nanoprepara-
tions, the fluorescent dye indocyanine green (ICG) was loaded
into C-Mn;0, NPs under similar conditions. ICG, known for
its robust fluorescence properties, allowed for clear obser-
vation under a fluorescence microscope. The integration of
ICG with C-Mn;0, NPs enabled the visual assessment of the
distribution of C-Mn;0, NPs, further confirming the feasibility
and efficacy of the formulation.

Characterization of nanoparticles

According to the transmission electron microscopy (TEM)
images shown in Fig. 1A, the Mn;0, NPs displayed a spherical
structure with a particle size ranging from 10 to 20 nm. Upon
encapsulation with citric acid, both the dispersion and size of
the NPs were significantly enhanced, reducing the particle size
to 3-6 nm. Following the incorporation of Tac, the particle size
of Tac@C-Mn;0, increased, with sizes ranging from 6 to
20 nm, which further validated the successful loading.
Additionally, after dye loading, the particle size of C-Mn;0,/
ICG NPs was effectively maintained under 10 nm. To further
confirm the successful preparation of Tac@C-Mn;O, and
characterize the nanopreparations, UV-vis and FT-IR absorp-
tion spectra analyses were performed. According to the UV-vis
spectra shown in Fig. 1B, Mn;0, exhibited a strong absorption
peak in the visible region, consistent with its dark brown
color. When modified by citric acid, the spectra of the modi-
fied nanoparticles overlapped with that of Mn;O, in the infra-
red region, while significant changes were observed in the
ultraviolet region, indicating successful citric acid functionali-
zation. Upon loading Tac and ICG, their absorption bands at
600-800 nm overlapped, but their peaks exhibited a blueshift,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

(A) TEM images of Mn3z0,4, C-Mn30,4, Tac@RC-Mn30,4, C-Mn304/ICG NPs, and their corresponding (B) UV absorption spectra. (C) FT-IR

absorption spectra of C-Mn30,4, Tac, and Tac@C-Mn3O,. (D) Cumulative release of Tac from the C-MnzO4@Tac NPs under different pH conditions
in vitro. (E) Particle size distributions of Mn3O4, C-Mnz0,4, Tac@C-Mnz0,4, and C-Mnz0,4/ICG NPs, along with their (F) zeta potentials. (G) Radical
scavenging capacity of Tac@C-Mn3zO,. Values are expressed as mean + standard deviation (SD).

likely due to the interaction between the -COOH group of
citric acid and the molecules of Tac and dye. FT-IR absorption
spectra results, displayed in Fig. 1C, indicated that
C-Mn;O,@Tac and C-Mn;O, shared similar waveform and
characteristic peaks. Furthermore, the C=O vibration peak
characteristic of the Tac-specific amide bond was observed at
1630-1645 cm™', which was also observed on the
Tac@C-Mn;0,, confirming the successful loading of Tac onto
C-Mn;0,. The cumulative release results in vitro were shown in
Fig. 1D, Tac@C-Mn;0, exhibited the same release trend at pH
5.5 and pH 7.4, with gradual released in the first 6 h, reaching
saturation at 24 h. The cumulative release rate at pH 5.5 was
higher than that at pH 7.4, indicating that the release in the
CKD kidney environment exceeded that in the normal physio-
logical environment. The UV serum test results demonstrated
that the intensity of the absorption peaks for Tac@C-Mn;0,
(297 nm) and C-Mn30,/ICG (251 nm) remained stable over
72 h, without any significant shift, thus confirming the excel-
lent chemical stability of the formulation (Fig. S1t). Finally,
the detection of particle size and zeta potential in Fig. 1E
further confirmed the impact of citric acid functionalization
on the hydrated particle size of Mn;O, NPs and revealed an

This journal is © The Royal Society of Chemistry 2024

increase in the hydrated particle size following drug or dye
loading. Zeta potential measurements indicated that the
potentials of Mn;0,4, C-Mn;0,4, Tac@C-Mn30,4, and C-Mn;0,/
ICG were 6.66 + 0.89 mV, —33.1 + 0.4 mV, —10.8 + 0.6 mV, and
—9.34 + 1.09 mV, respectively, suggesting good stability for
these preparations, as shown in Fig. 1F. The excitation wave-
length (Ex), emission wavelength (Em) and fluorescence
imaging results after loading ICG are shown in Fig. S2.T When
the ICG dye was loaded, it was quenched by C-Mn;O,.
Considering that C-Mn;0, had significant absorption charac-
teristics in the range of 250-800 nm, it absorbed a certain
amount of light, thereby causing quenching. Notably, the Ex of
C-Mn;0,/ICG was red-shifted, suggesting that ICG was
adsorbed on the surface of C-Mn;O, and charged transfer
occurred; or because the particle size of C-Mn;0, was small,
there was a quantum size effect that affects the excitation
energy level of ICG.

ROS scavenging ability

Finally, the free radical scavenging capability of Tac@C-Mn;0,
was assessed using DPPH free radicals, with an equivalent
volume of aqueous solution serving as a blank control. DPPH

Biomater. Sci., 2024, 12, 6403-6415 | 6407
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was characterized by its dark purple color and a distinct absorp-
tion peak at 517 nm. In the presence of free radical scavengers,
the single electrons of DPPH were captured, leading to a lighter
hue and a reduction in absorbance values at this characteristic
wavelength. As depicted in Fig. 1G, the maximum absorption
peak at 517 nm nearly disappeared following the introduction
of Tac@C-Mn;0,4, and the recorded absorbance value was sig-
nificantly reduced, demonstrating the compound’s exceptional
free radical scavenging effectiveness responsiveness. In con-
clusion, the ultra-small drug-loaded and dye-loaded formu-
lations provided in this study exhibited remarkable stability and
potential to specifically target the kidney with ROS scavenging
capability, thereby providing crucial support for the establish-
ment of a targeted nano-therapy platform for renal diseases.

Cytotoxicity

The Cell Counting Kit-8 (CCK-8) method was employed to assess
the in vitro cytotoxicity of Mn;0,, C-Mn;0,, and Tac@C-Mn;0,
on human embryonic kidney cells (HEK-293T). As shown in
Fig. 2A, the cytotoxicity of Mn;0,4, C-Mn;0, and Tac@C-Mn;0,
to HEK-293T cells was negligible at concentrations below 50 pg
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(A and B) Cell viability of HEK-293T cells was assessed using different nanopreparations and concentrations by CCK-8 assay. (C)
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mL~", and no significant reduction in cell viability was
observed. Upon increasing the concentration of the formulation,
the nanopreparation exhibited varying degrees of cytotoxic
effects on HEK-293T (Fig. 2B). At a concentration of 100 pg
mL™", a marked difference in the cytotoxicity between C-Mn;O,4
and Tac@C-Mn;0,4 was noted, suggesting that the incorporation
of Tac increased the cytotoxicity potential of the nanoprepara-
tion. When the concentration of the nanopreparation exceeded
100 pg mL™', the viability of HEK-293T cells progressively
declined as the concentration increased. Consequently, to miti-
gate the adverse effects of high drug concentrations on normal
tissues, the concentration of therapeutic agents should be main-
tained below 100 ug mL ™" to enhance biosafety.

Live/dead cell staining experiment

In addition, the toxicity of nanopreparations at 50 pg mL ™"
HEK-293T cells was further evaluated through live/dead cell
staining experiments. As shown in Fig. 2C, there was no sig-
nificant difference in cell viability between the groups treated
with Mn;0,, C-Mn;0,, and Tac@C-Mn;O, compared to the
control group, and extensive green fluorescence (indicative of

Mn;O, C-Mn;0, Tac@C-Mn;0,

Fluorescence microscopy images of Mnz0,4, C-Mn30,, and Tac@C-Mn3O,4 of live/dead cells stained with HEK-293T cell survival. (D) Fluorescence
CLSM images of HEK-293T cells stained with DAPI and CY5 to evaluate the cell uptake of Tac@C-Mn30O,. (E) Quantification of fluorescence for the
cellular uptake of Tac@C-Mn3z0,. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, where ns indicates no significance. Values are expressed as

mean + SD (n = 3).
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viable cells) was observed in the microscope images. This
result confirmed that 50 pg mL™" was a safe concentration for
nanopreparations, and is suitable for use in subsequent
in vitro and in vivo applications.

Cell uptake

Considering the critical role of nanopreparation internalization for
effective drug delivery, colocalization analysis using confocal laser
scanning microscopy (CLSM) images was employed to evaluate
cell uptake at different incubation times (1 h, 2 h, 4 h, 8 h). The
nuclei of HEK-293T cells were stained with DAPI dye, which
emitted blue fluorescence, while C-Mn;O, and Tac@C-Mn;0,
were labeled with Cy5, emitting red fluorescence. As the incu-
bation time increased, the intensity of red fluorescence from CY5
bound to the nanopreparation also increased (Fig. 2D and
Fig. S31). Notably, after a brief incubation for 4 h, a significant
amount of nanopreparations was internalized into HEK-293T
cells, and the images exhibited high degrees of colocalization. The
enhanced cell uptake capacity was more clearly observed through
quantitative analysis of fluorescence images (Fig. 2E and Fig. 547).
These experimental results showed that HEK-293T cells possess a
high capacity for taking up C-Mn;0, and Tac@C-Mn;0,, with the
rate of intake showing a consistent upward trend over time. This
provides a vital experimental foundation for the targeted transport

H,0,
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of functional molecules to lesion sites, serving as a robust drug
delivery system for nanopreparations.

Tac@C-Mn;0, induced mitochondrial damage

The integrity of mitochondria in response to different nanopre-
parations was observed by JC-1 staining. In this technique, the
green JC-1 monomer indicates the depolarized membrane mito-
chondria, whereas the red JC-1 aggregate reflects mitochondria
with normal membrane potential. As shown in Fig. 3A, the red
fluorescence within the cells was significantly diminished under
a simulated inflammatory microenvironment (H,O, treatment),
signifying substantial mitochondrial structural damage.
Concurrently, there was a reduction in mitochondrial mem-
brane potential, suggesting a potential inclination towards early
apoptosis. It is particularly significant that the ratio of red/green
fluorescence of membrane potential was markedly higher fol-
lowing the Tac@C-Mn;O, treatment compared to the H,O,
treatment alone (Fig. 3B). The findings from flow cytometry ana-
lysis were in alignment with those from the mitochondrial
membrane potential staining experiments.

ROS scavenging capability

H,0, exposure induced an increase in ROS content in HEK-293T
C-Mn;0y,,

cells, while intervention with Mnz;0,, and

Control

>

PBS

JC-1 JC1
aggregates monomers

Merge

C-Mn;0, B

Tac@C-Mn;0,

-

Red-green fluorescence ratio

c Control H,0, H,0,+Mn,0, H,0,+ C-Mn,0, H,0,+Tac@C-Mn,0,
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Fig. 3

(A) CLSM images of HEK-293T cells stained with JC-1 (20x%) to evaluate the effects of MnzO,4, C-Mn3z0,4, and Tac@C-MnzO4 on mitochondrial

membrane potential under H,O, treatment, along with their (B) fluorescence quantification analysis. (C) The ROS in HEK-293T cells after H,O, treat-
ment with Mnz0O,4, C-Mn30,4, and Tac@C-Mn30, were analyzed by flow cytometry. Statistical significance was denoted as follows: *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001, where ns indicates no significance. Values are expressed as mean + SD (n = 3).
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Tac@C-Mn;0, resulted in a significant decrease in ROS levels
compared to the H,O,-treated group, as illustrated in Fig. 3C. The
experimental results demonstrated that Tac@C-Mn;0, effectively
contributed to maintaining cellular redox homeostasis, position-
ing it as a potential therapeutic agent for in vivo applications.

Acute toxicity of Tac@C-Mn;0, in vivo

To evaluate the acute toxicity of Tac@C-Mn3z0, in vivo, SD rats
were divided into two groups: the PBS group and the
Tac@C-Mn;0, treatment group of various concentrations. The
survival of the rats, H&E staining of the main organs, and serum
biochemical indicators were observed after tail vein injection of
the drug. All rats died 24 h after the injection of 500 mg kg™
Tac@C-Mn;0, (Table S17). The appearance of the isolated organs
showed that the lungs of rats injected with 250 mg kg™
Tac@C-Mn;0, underwent organ changes (Fig. S5AT). The organs
were then stained with H&E. The results showed that rats injected
with 250 mg kg™~ Tac@C-Mn;0, exhibited significant damage to
the liver, lungs, and kidneys; while those injected with 125 mg
kg™' Tac@C-Mn;0, showed slight damage to these organs; the
other doses did not cause obvious damage compared with the
PBS group (Fig. S5Bt). Serum was collected for blood biochemis-

C-Mn;0,/ICG Tac@C-Mn;,O‘,IICGJ>

ICG

PBS

V 4
[ofc]
<D
&
Kidney

Fig. 4
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try, and liver and kidney function indexes of rats were detected.
The results are shown in Fig. S6.1 Among them, the liver function
index AST of Tac@C-Mn;0, injected at concentrations of 125 mg
kg™ and 250 mg kg~ exceeded the normal range, and the kidney
function index Ca was lower than the normal range; the liver
function indexes ALT, ALP, Glu, and TP and the kidney function
indexes creatinine and blood urea nitrogen (BUN) of the other
doses were all within the normal range, indicating that high
doses caused liver and kidney damage. This indicated that
Tac@C-Mn;0, at concentrations below 62.5 mg kg™' was con-
sidered safe for further experimental use.

In vivo metabolism and therapeutic potential of
Tac@C-Mn;0,

To evaluate the potential of Tac@C-Mn;0, for treating CKD
in vivo, rats were randomly assigned to four groups: Control
(PBS), ICG, C-Mn;0,/ICG (C-Mn;0,) and Tac@C-Mn;0,/ICG
(Tac@C-Mn30,). Treatment was administered via tail vein
injection. The rats were subsequently imaged using the IVIS
Lumina II system, and their major organs were collected for
ex vivo fluorescence imaging post-treatment. As shown in
Fig. 4A, following administration of the nanopreparation, the

SBR (a.u)

-0~ C-Mn;0,4/ICG
-0- Tac@C-Mn3;0,/ICG

] ] L] ] 1 L] L]
0 05 1 3 6 12 24
Time (h)
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o 0

(A) Representative in vivo biofluorescence images of the model rat metabolism within 24 h after PBS, ICG, C-Mn30,4/ICG and Tac@C-Mn30,4/

ICG treatments. (B) Quantification of the signal-to-background ratios (SBRs) for the images in (A). (C) Ex vivo fluorescence images of the main
organs from euthanized rats, and their (D) fluorescence quantification analysis. Statistical significance was denoted as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001, where ns indicates no significance. Values are expressed as mean + SD (n = 3).
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ICG group exhibited a more concentrated fluorescence and
high intensity at 3-12 h. This fluorescence diminished follow-
ing metabolic processes in the liver, kidneys, and intestines,
showing a marked decrease at 24 h. In contrast, the C-Mnz;O,/
ICG group and the Tac@C-Mn;0,/ICG group demonstrated
enhanced accumulation of the nanopreparation. Post-meta-
bolic processing in vivo resulted in significant retention of
fluorescence in the renal area, which remained pronounced
even after 24 h. Twenty-four hours post-injection, the organs of
each group of rats (including the heart, liver, spleen, lung, and
kidneys) were excised for in vitro imaging, with results aligning
closely with those observed in vivo (Fig. 4B). Notably, in both
the C-Mn;0,/ICG and Tac@C-Mn;0,/ICG groups, nanopre-
parations were substantially enriched in the kidney. Further
qualification of fluorescence intensity across the groups
revealed that the nanopreparation not only predominantly
localized to the liver and kidneys but also exhibited signifi-
cantly higher intensity compared to the ICG group (Fig. 4C).
These findings suggest that ultra-small Tac@C-Mn;0,/ICG
particles were effectively targeted and accumulated in the
kidneys, avoiding rapid excretion. The gradual degradation of
the nanopreparation and the sustained release of the drug
further suppressed renal excretion, highlighting the potential
for effective CKD treatment.

Tac@C-Mn;0, treatment of CKD rats in vivo

In the forthcoming study, a DOX-induced model of CKD rats
will be established to further assess the therapeutic effect of
the nanopreparation in vivo. Renal injury was induced in rats
through two tail vein injections of DOX. Experimental pro-
cedures will commence seven days following the second DOX
injection, with equal doses of PBS, Tac, Mn;0,4, C-Mn;0, and
Tac@C-Mn;0, administered bi-daily (Fig. 5A). The food and
water intakes of the rats in each group were monitored within
24 h post-model induction, and the data are presented in
Table S21. Relative to normal rats (Blank), CKD rats treated
solely with PBS exhibited symptoms such as increased water
intake, reduced food intake, and weight loss. Following the
treatment with nanopreparations, significant improvements
were observed in both the food and water intakes of the CKD
rats. Over the 28 days of treatment, there was no notable differ-
ence in body weight between the C-Mn;0, and Tac@C-Mn;0,
groups compared to the Blank group (Fig. 5B). Additionally,
the renal index of rats was evaluated. As illustrated in Fig. 5C,
the renal index of rats in the PBS-treated group significantly
increased post-treatment, approximately 2.6 times higher than
that of the Tac@C-Mn;O, treatment group. Post-treatment
with Tac@C-Mn;0,, the renal index significantly decreased,
aligning closely with the values seen in the Blank group and
slightly lower than those observed in the Tac treatment group.

Anti-inflammatory and antioxidant capacities of
Tac@C-Mnz0,

Albuminuria, proteinuria and hypoalbuminemia, which are
hallmark clinical indicators of CKD, were utilized to monitor
glomerular filtration status and disease progression. As

This journal is © The Royal Society of Chemistry 2024
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depicted in Fig. 5D-F, serum albumin (SAlb) levels decreased
in the PBS-treated group compared to the Blank group,
whereas urine albumin (UAlb) and total protein (UTP) levels
increased, aligning with symptoms indicative of kidney injury
and impaired glomerular and tubular filtration. However,
these parameters were significantly ameliorated following the
treatment with Tac@C-Mn;0, NPs and Tac. BUN and serum
creatinine (Scr) levels, crucial for evaluating renal function,>’
are shown in Fig. 5G and H. In the PBS group, elevated serum
BUN and Scr levels were observed, reflecting their accumu-
lation due to kidney damage. Notably, in the Tac@C-Mn;0,
treated group, BUN levels reduced from 2.59 + 0.22 mg mL™"
to 0.33 + 0.01 mg mL ™", and Scr levels decreased from 0.35 +
0.08 pmol mL™" to 0.14 + 0.04 pmol mL™". These findings indi-
cate that the treatment mitigated proteinuria and slowed CKD
progression, potentially enhancing disease management.

Macrophage infiltration in the kidneys and the subsequent
rise in pro-inflammatory cytokines (e.g., TNF-a, IL-1f, etc.)
were critical aspects of CKD.***® Accordingly, the levels of
inflammatory mediators and ROS in the kidneys were
measured, as shown in Fig. 5]-L. Compared to the Blank
group, the PBS group exhibited elevated TNF-«, IL-1f, and ROS
levels, confirming kidneys damage and successful establish-
ment of the CKD model. Post-treatment improvements were
significant, with statistical analysis demonstrating notable
reductions in inflammatory markers and ROS, attributed to
the effective modulation of inflammatory and oxidative stress
pathways by Tac@C-Mn;O, NPs.

Histopathological studies

The hematoxylin and eosin (H&E) staining test was employed
to observe the pathological changes of kidney sections under
various treatment conditions. In the Blank group, the renal
tubules were neatly arranged, and the glomeruli were well-
formed and regular, consistent with typical renal structural
characteristics. Conversely, in CKD rats treated with PBS, the
renal tubules appeared dilated and the normal morphology of
the glomeruli was disrupted. In contrast, the extent of focal
tubular dilation and glomerular necrosis was significantly
reduced after treatment with Tac@C-Mn;O0, NPs, indicating
that nano-therapy exerted a considerable protective effect on
DOX-induced kidney injury.

To evaluate whether Tac@C-Mn;0, treatment could miti-
gate glomerulosclerosis in CKD rats, PAS staining was per-
formed on kidney sections. The sections from the model
group exhibited significant kidney damage, characterized by
damaged glomerular structures, glycogen accumulation, and
tubular dilation. The treatment groups receiving Mn;0,, Tac,
and C-Mn;0, displayed varying degrees of glomerulosclerosis.
However, the Tac@C-Mn;0, treatment group demonstrated
uniform glomerular integrity and even glycogen distribution
in the interstitial cells, mirroring the characteristics observed
in the control group. This indicates that Tac@C-Mn;0, treat-
ment could potentially alleviate glomerulosclerosis in CKD
rats. Overall, these findings suggest that Tac@C-Mn;0,4 nano-
particles effectively restore significant pathological changes in
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Fig. 5 (A) Schematic diagram of the specific in vivo study protocol. (B) Body weight of rats in each group at the end of the trial period, and their

corresponding (C) renal index. (D and E) Serum albumin (SAlb) and urine albumin (UAlb) content. (F) Urine total protein (UTP) content. (G and H)
Blood urea nitrogen (BUN) and serum creatinine (Scr) content. (I and J) Expression of inflammatory factors (TNF-a and IL-1p) and their (K) ROS

content in rat kidneys after treatment with each group of nanopreparations. (L) Representative images of H&E staining and PAS staining in rat kidneys

(200x and 400X, respectively). Statistical significance was denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, where ns indi-

cates no significance. Values are expressed as mean + SD (n = 3).
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the kidney structure in CKD models, providing strong support
for their potential as a therapeutic tool.

Discussion

Patients with CKD often exhibit clinical symptoms such as
reduced nephron numbers, glomerulosclerosis, and arterio-
sclerosis, which may culminate in life-threatening renal
failure.>® As a complex and essential organ, the kidney pre-
sents significant challenges in achieving targeted organ/cellu-
lar delivery with  conventional therapeutic  drugs.
Consequently, the development of specialized drug delivery
systems for the kidney represents a crucial and emerging direc-
tion in the treatment of CKD. Nanomaterials, recognized for
their superior drug distribution and therapeutic potential, par-
ticularly through engineering modifications that enhance
kidney targeting, offer considerable hope for CKD manage-
ment.”>® Nonetheless, the unique structural characteristics of
the kidney and the glomerular filtration barrier impose strin-
gent requirements on the particle size, charge, and structural
rigidity of NPs, necessitating further advancements in carrier
suitability and targeting efficiency.>”

In this study, we developed ultra-small nanopreparations
(Tac@C-Mn;0, NPs), which incorporate citrate, Mn;0,4, and
the immunosuppressant Tac, achieving passive accumulation
and sustained drug release in the presence of enhanced EPR
by targeting the inflammatory  microenvironment.
Tac@C-Mn;0, NPs have been identified as an effective treat-
ment for antioxidative stress and anti-inflammatory synergistic
treatment of CKD, addressing both the high incidence of CKD
and the shortage of effective therapeutic options in the
medical field.

The kidney, a critical organ for bodily functions, is rich in
mitochondrial structures that play pivotal roles in various
molecular pathways, including macromolecular synthesis,
maintenance of cellular redox balance, and regulation of
inflammation and cell death.*®?® Excessively produced ROS in
mitochondria serve as auxiliary messengers in cell signaling,
influencing key processes such as metabolic cell survival and
death.*® Previous studies have shown that ROS accumulation
is closely associated with CKD pathogenesis.?’ The imbalance
in oxidative stress and inflammation induced by persistently
high levels of ROS can severely compromise cellular structure
and function leading to cell death.

Our study indicated that Mn;O, NPs, by mimicking enzy-
matic activities, effectively maintain cellular redox balance by
scavenging ROS and concurrently inhibit the onset of inflam-
matory responses, enhanced by the immunosuppressant Tac.
This mechanism underscores a significant role of the ROS-
mediated redox and anti-inflammatory pathways in protecting
kidney function. The capability of Tac@C-MnzO, NPs to
protect the structural and functional integrity of mitochondria,
mitigate oxidative damage, remove excess ROS to preserve cel-
lular redox balance, and suppress the expression of pro-inflam-
matory cytokines has been corroborated through cell and

This journal is © The Royal Society of Chemistry 2024
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animal studies. These interventions allow the normalization of
crucial CKD markers such as Salb, UTP, and BUN, indicating a
promising two-pronged strategy for CKD treatment.
Collectively, these results provide preliminary evidence that
redox-based nanopreparations represent a novel approach for
addressing CKD through anti-oxidative stress and anti-inflam-
matory pathways, showcasing significant potential for clinical
application.

Conclusions

In this study, we report a novel Mn;O4-based bifunctional
ultra-small nanopreparation, Tac@C-Mn;0O,, designed for
effective CKD treatment. The surface of Mn;0, NPs was func-
tionalized with citric acid, followed by the loading of the drug
tacrolimus, enhancing water solubility, biosafety, and thera-
peutic potential. This ultra-small nanopreparation, with a size
of less than 10 nm and an electronegative surface, demon-
strated the potential for renal system accumulation and sus-
tained drug release. Tac@C-Mn;O0, demonstrated enhanced
anti-inflammatory and oxidative stress regulatory effects com-
pared to those of the single-agent Tac or C-Mn;O, NPs alone.
In vitro and in vivo experiments indicate that Tac@C-Mn;O,
could rapidly and specifically accumulate in the injured
kidney, improve the renal function, reduce inflammation
levels, and alleviate the pathological changes in kidney tissue
of CKD-afflicted rats. In summary, this innovative ultra-small
nanopreparation showed potent kidney-targeting capabilities
in treating CKD by combining anti-inflammatory actions and
scavenging excess ROS to regulate oxidative stress, potentially
offering new perspectives and breakthroughs in the treatment
of kidney diseases.
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