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Abstract

Ischemia/reperfusion (I/R) is an important inducer of acute kidney injury (AKI), and triggers the generation of reac-
tive oxygen species (ROS) and the expression of matrix metalloproteinase 2 (MMP2), exacerbating kidney dam-

age. Given the immense potential of vitamin E (VitE) as a natural fat-soluble antioxidant in kidney protection, we
designed the nanoparticles (NPs) that could dual respond to ROS and MMP2, aiming to accurately deliver VitE to renal
injury cells. The NPs utilized Gel-SH as a sensitive receptor for MMP2 and diselenide as a sensitive receptor for ROS,
while PEG,, modification enhanced biocompatibility and prevented phagocytosis mediated by the mononuclear
phagocyte system. The amphiphilic Gel-SH and diselenide encapsulate the liposoluble VitE and self-assemble

into the NPs with a hydrodynamic size of 69.92 nm. Both in vivo and in vitro experiments based on these NPs show
good biocompatibility and the ability of target renal injury cells. In vivo kidney I/R injury models and in vitro cell
hypoxia/reoxygenation models, the NPs have demonstrated effects in reducing oxidative stress and alleviating AKI.
Notably, VitE can preferentially react with peroxyl radical (LOO-) than polyunsaturated fatty acid (PUFA), inhibiting

the formation of carbon centered radical (L-), thereby blocking the chain reaction between PUFA and LOO- in fer-
roptosis. The NPs also inhibit the transition from AKI to chronic kidney disease, with few side effects. Thus, the NPs
with dual-responsiveness to MMP2 and ROS for targeted delivery of VitE to renal injury cells exhibit remarkable effects
in inhibiting ROS and the chain reactions of ferroptosis, making it a promising therapeutic agent against AKl caused
by I/R.
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Dual-Responsive Renal Injury Cells Targeting Nanoparticles for Vitamin E Delivery

to Treat ischemia reperfusion-induced Acute Kidney Injury

Study design
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CONCLUSION:

NPs with dual-responsiveness to MMP2 and ROS for targeted delivery of VitE to renal injury cells

exhibits remarkable effects in inhibiting ROS and the chain reactions of ferroptosis.

Introduction

Acute kidney injury (AKI) is a series of pathological and
physiological changes caused by sudden decline in renal
function and inability to eliminate metabolic waste in the
body, usually caused by renal ischemia/reperfusion (I/R),
sepsis, and nephrotoxin [1-3]. AKI occurs in about 13.3
million people per year, thereby contributing to about
1.7 million deaths every year [4]. However, there is a sig-
nificant lack of specific and effective treatment for AKI,
among surviving AKI patients, nearly 70% of them will
progress to chronic kidney disease (CKD) and renal fail-
ure, requiring lifelong dialysis [5]. Therefore, it is highly
desirable to explore effective therapies for AKI.

Lipid peroxidation is the oxidation of phospholipids
with polyunsaturated fatty acid (PUFA) tails in an iron
dependent manner. A peroxyl radical (LOO») abstracts a
hydrogen (H) from PUFA and forms a lipid hydroperox-
ide (LOOH), but also generates carbon centered radical
(Le), which will react with oxygen to form another LOO»
and form a chain reaction [6, 7]. The mitochondrial den-
sity and oxygen consumption of the kidneys are second
only to those of the heart [8, 9]. Oxidative stress-induced
ferroptosis plays a crucial role in I/R-AKI [10, 11]. Inhib-
iting oxidative stress-induced ferroptosis is a potential
target for AKI treatment.

Vitamin E (VitE) is the main lipophilic antioxidant in
the body. VitE could attenuate ferroptosis via the termi-
nation of chain reaction by inhibiting Le formation [12,
13]. Despite VitE’s immense therapeutic promise in kid-
ney diseases, its clinical application remains constrained
due to its limited bioavailability and high concentrations
required for administration, which can subsequently
elevate patient mortality [13, 14]. Relevant studies have
shown that nanoparticles (NPs) with kidney targeting
capabilities can enhance bioavailability and local drug
concentration in the kidney, while minimizing toxic side
effects [1, 15, 16]. Targeted supplementation of VitE rep-
resents an effective strategy for the treatment of AKI.

In our study, we designed a renal targeting system by
employing diselenide and Gel-SH as shells, encapsulat-
ing VitE to create 69.92 nm NPs. The mesangial space
can be directly accessed through the glomerular vas-
cular fenestrations, which typically exhibit a relatively
wide width of 70 to 130 nm [17]. Previous studies have
demonstrated significant changes in the structure and
permeability of the glomerular filtration barrier (GFB)
in I/R, thereby allowing the passage of smaller than
100 nm [18]. Metalloproteinases (MMPs), particularly
MMP?2, are overexpressed and released in renal injury
cells, participating in the degradation of extracellular
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matrix and exacerbating AKI. Gel, as a substrate of
MMP2, can be degraded by renal injury cells that
secrete MMP2. Selenium is an important compo-
nent of the antioxidant glutathione peroxidase in the
body. The diselenide could be cleaved by oxidants and
is an important candidate for oxidation reactions. We
employed Gel-SH and diselenide for the dual-respon-
sive release of VitE to MMP2 and ROS, achieving tar-
geted VitE delivery to renal injury cells. The NPs have
been evaluated both in vitro and in vivo and showed
significant effects on AKI. Specifically, VitE can pref-
erentially react with LOO« than PUFA, inhibiting the
formation of L., thereby blocking the chain reaction
between PUFA and LOOe¢ in ferroptosis (Fig. 1).

The amphiphilic Gel-SH and DSPE-Se-Se-PEG,;-NH,
encapsulate the liposoluble VitE and self-assemble into
the NPs with a hydrodynamic size of 69.92 nm. After
tail vein injection, NPs could effectively accumulate
in kidney and pass through glomerular filtration bar-
rier disrupted by I/R. The NPs with dual-responsive
to MMP2 and ROS are designed for targeted delivery
of VitE to renal injury cells. The targeted delivery of
VitE could block the chain reaction between PUFA and
LOOe¢ in ferroptosis and alleviate AKI.

Page 30f 18

Methods

Materials

The materials are described in Supplementary Table 1.
Antibodies for western blotting are described in Sup-
plementary Table 2. Primer sequences for RT-PCR are
described in Supplementary Table 3.

Synthesis of DSPE-Se-Se-PEG,,-NH,

Synthesis of DSPE-COOH

DSPE (100 mg) and succinic anhydride (14.7 mg) were
dissolved in triethanolamine solution and reacted at
room temperature for 10 min. The product mixture was
concentrated by rotary evaporation and the crude prod-
uct was precipitated by cold acetone. The above steps
were repeated twice to improve the purity of the crude
product. And then the crude product was subjected to
column chromatography to isolate pure DSPE-COOH.

Synthesis of DSPE-Se-Se-NH-Boc

DSPE-COOH (100 mg), EDC (38 mg), and DMAP
(24 mg) were dissolved in anhydrous DMSO (20 mL)
with a molar ratio of 1:1.5:1.5. The mixture was stirred for
30 min in an argon atmosphere at 0 °C to activate the car-
boxyl groups of DSPE-COOH. Meanwhile, n-Boc-NH-
CH,CH,-Se-Se-CH,CH,-NH, (45 mg) was dissolved in
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Fig. 1 The structure of NPs and the schematic illustration for NPs to reduce ferroptosis and alleviate I/R-AKI
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DMSO at a molar ratio of 1:1 with DSPE-COOH. Then
n-Boc-NH-CH,CH,-Se-Se-CH,CH,-NH,/DMSO  solu-
tion was slowly injected into the activated DSPE-COOH
solution, react at room temperature in the dark for 48 h.
After the reaction, the product was purified by dialysis
(MWCO 1000 Da) to obtain DSPE-Se-Se-NH-Boc.

Synthesis of DSPE-Se-Se-NH,

DSPE-Se-Se-NH-Boc (100 mg) was dissolved in TFA
(10 mL) and stirred at room temperature for 30 min
to remove the Boc. The mixture was then concen-
trated using rotary evaporation, and the product was
purified by dialysis (MWCO 1000 Da) to obtain pure
DSPE-Se-Se-NH,.

Synthesis of DSPE-Se-Se-PEG,,-NH-Boc

DSPE-Se-Se-NH, (100 mg) and Boc-NH-PEG, -NHS
(242 mg) were dissolved in TFA (30 mL with a molar
ratio of 1:1, and were allowed to react at room tempera-
ture for 10 min. After the reaction, the mixture was then
concentrated using rotary evaporation, and the product
was purified by dialysis (MWCO 2000 Da) to obtain pure
DSPE-Se-Se-PEG,,-NH-Boc.

Synthesis of DSPE-Se-Se-PEG,,-NH,
DSPE-Se-Se-PEG,-NH-Boc (100 mg) was dissolved in
TFA (10 ml), and stirred at room temperature for 45 min
to remove Boc. After reaction, After the reaction, the
mixture was then concentrated using rotary evapora-
tion, and the product was purified by dialysis (MWCO
2000 Da) to obtain pureDSPE-Se-Se-PEG,,-NH,,.

Synthesis of Gel-SH

Gelatin was synthesized according to the reported
method [19]. Under ultrasonic conditions, the gelatin
aqueous solution (10 mg/ml) was added to the activa-
tion solution with deionized water (800 ul), hydroxide
solution (800 ul, 0.1 M), and anhydrous ethanol (400 pl)
containing mercaptobenzoic acid (0.008 g, 0.05 mmol)
and EDC (0.010 g, 0.05 mmol). The mixture was reacted
at 40 °C for 4 h under a N, atmosphere. After the reac-
tion, the mixed solution was first purified by dialysis
against DMSO and then against deionized water for 24 h
(MWCO=8000-14000) to obtain Gel-SH. Fixed-SH
content was calculated via absorbance. Gel-SH (0.020 g)
was dissolved in pH 8.0 Tris—glycine buffer (8 ml), and
then 0.1 mL of sodium dodecyl sulfate (0.5%, SDS) and
0.02 mL of Ellman’s reagent were added. The resulted
mixture was diluted to 10 ml and incubated in a water
bath at 37 °C for 3 h. The absorbance was measured at a
UV absorption with wavelength of 412 nm.
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Characterization of NPs

The 'H-NMR (CDCl;) was confirmed by AVANCE
NEO 400 M (Bruker, Germany), the FT-IR by Nicolete
iS50 (Thermo, USA), transmission electron microscopy
(TEM) by JEM F200 (JEOL, Japan), and the hydrody-
namic size and zeta potentials by 90plus PALS (Nano-
Brook, USA).

Drug loading content were analyzed by a fluoro-
max spectrometer with the excitation wavelength set
at 530 nm and then calculated following Drug load-
ing =(mass of VitE/mass of NPs) x 100%.

To investigate the release profile of encapsulated VitE
in vitro, 10 mL of NPs micelles solution was sealed into
a dialysis bag (MWCO 3500 Da), then immerged in
100 mL of phosphate buffered solution (PBS, pH 7.4)
with or without H,0, and MMP2, and incubated at 37 °C
with a constant stirring. Collect one milliliter dialysate
at different time intervals while complement the same
volume of fresh medium back to keep dialysis volume
unchanged. The concentration of the released VitE was
measured through fluoromax spectrometry.

Cell culture and hypoxia/reoxygenation model

HK-2 cells were from the Cell Bank of the Chinese Acad-
emy of Sciences. Cultured in MEM (HyClone) with 5 ng/
ml human recombinant EGF (Novus), 10% FBS (Gibco)
and penicillin—streptomycin supplement.

For hypoxia/reoxygenation (H/R) model, after medium
was changed to serum and glucose-free MEM, cellular
hypoxic conditions were created in a modular incuba-
tor chamber (Biospherix, Lacona, NY, USA) with 1% O,,
5% CO, and 94% N,. Cells were incubated under normal
conditions for 60 min after the indicated times of H/R.

Animals, kidney I/R model and in vivo distribution of NPs
Institute of C57BL/6 mice were provided from Center
for Animal Experiment of Wuhan University and ran-
domly divided into four groups (6 mice/group). Mice
8-10 weeks old males, raised under specific pathogen-
free and controlled temperature with 12 h light/dark
cycle. All animal experiments were approved by The
Animal Care and Use Committee of Zhongnan Hospi-
tal of Wuhan University and the approved number was
WP20230685. Additionally, all animals were provided
humane treatment according to the ARRIVE guidelines
[20].

For kidney I/R surgery, mice were anesthetized with
isoflurane, abdomen opened after iodine disinfection,
bilateral renal pedicles occluded with microvascular
clamp, clamp removed after 30 min ischemia for reper-
fusion. If the clamp became dislodged prematurely, or if
the animal died prematurely, preventing the collection
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Fig. 2 Syntheses and Characterization of NPs. A. Syntheses methods of DSPE-Se-Se-PEG,,-NH,. B. "TH-NMR (CDCl3) spectrum of DSPE-COOH.
C. "H-NMR (CDCl;) spectrum of DSPE-Se-Se-NH-Boc. D. "H-NMR (CDCl,) spectrum of DSPE-Se-Se-NH,. E."H-NMR (CDCl;) spectrum
of DSPE-Se-Se-PEG,,-NH-Boc. F. 'H-NMR (CDCl,) spectrum of DSPE-Se-Se-PEG,-NH,. G. FT-IR spectrum of Gel-SH. H. Representative TEM images
of NPs, scale bar=50 nm. |. Hydrodynamic size of NPs.
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of behavioral and histological data. In Sham group, mice
were subjected to same process without clamping. To
aid in recovery, prewarmed saline (0.05-0.1 mL/g body
weight) was injected subcutaneously. After the proce-
dure, the animals were placed on a warming blanket and
given postoperative analgesia once they had fully recov-
ered from anesthesia.

For in vivo distribution of NPs, mice were euthanized
at different time after sham or surgery to collect major
organs. The organs were visualized and the relative flu-
orescence value was calculated by the IVIS Lumina LT
Series III (PerkinElmer, America).

Cell viability assay
HK-2 cells were plated in 96-well plates, and treated with
NPs at different concentrations for different times. Cell
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viability was evaluated by Cell Counting Kit 8 (Dojindo
Molecular Technologies, Kumamoto, Japan).

Blood detection

Heparinized blood was centrifuged at 2000 rpm for
10 min to obtain plasma. The plasma was tested by
hematology analyzer (BC-5000vet, Mindray, Shenzhen,
China) and automatic biochemical analyzer (Chemray
800, Rayto, Shenzhen, China).

Immunohistochemical and immunofluorescence staining

Paraffin-embedded kidney Sects. (4 pm) were deparaffi-
nized, antigen retrieval with ethylene diamine tetra ace-
tic acid (1 mM), H,O, (0.03%) for immunohistochemical
study, primary antibody incubated overnight at 4 °C. For
immunofluorescence, slides with primary antibodies at
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Fig. 3 Biocompatibility, Cellular Uptake, and Targeted Ability of NPs Fig. 3. Biocompatibility, Cellular Uptake, and Targeted Ability of NPs. A. The
dose-dependent cytotoxicity tests of NPs on HK-2 cells in vitro. B. The time-dependent cytotoxicity tests of NPs on HK-2 cells in vitro. C. The in vitro
drug release curves of the NPs. D. Representative confocal microscopy images of MMP2 and FITC-VitE in HK-2 cells, scale bar=10 um. Results are
presented as means +SEM, n=6. P values from One-way ANOVA with Dunnett’s multiple comparisons test
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4 °C overnight, images detected by fluorescence micros-
copy, positive images analyzed by digital image analysis
using Image J.

HK-2 cells cultivated on slides for staining, slides with
primary antibodies at 4 °C overnight, after secondary
antibody, images detected by confocal or fluorescence
microscopy.

Histopathology and TUNEL detection

Tissue was fixed with 4% PFA, and sectioned for Haema-
toxylin and eosin (HE) staining. The Apoptosis Detection
Kit (S7100, Serologicals, Millipore) was used to detect
TUNEL positive cells.

DHE staining

After harvested, kidney tissue was placed in frozen sec-
tion embedding agent (Yeasen) and rapidly frozen in liq-
uid nitrogen. Frozen tissue sections were incubated at
37 °C with 10 uM DHE for 30 min, and analyzed by fluo-
rescence microscopy.

Western blotting and quantitative RT-PCR

Western blotting was used to measure protein expres-
sion in tissues and cells. Image ] was used to quantify
the protein expression. In addition, mRNA RT was per-
formed with ReverTra Ace kit (Toyobo, Osaka, Japan).
All reactions were run in RT-PCR Detection System
(Bio-Rad).

RNA sequencing analysis

Total RNA was extracted from kidney of mice. The
RNA library was sequenced on the BGISEQ-500 plat-
form (BGI Genomics, Shenzhen, China). Differentially
expressed genes (DEGs) were screened using two cri-
teria: (1) a fold change greater than 1.5 and (2) a cor-
responding adjusted P value <0.05. KEGG analysis with
a P value <0.05 were considered significantly enriched.
The analysis of DEGs and KEGG pathways was per-
formed at Dr.tom online (https://biosys.bgi.com).

Flow cytometry

After treatment, 10° cells were collected, centrifuged
and discarded the supernatant. ROS was detected by
ROS kit (40778ES50, Yeasen). Fluorescence was ana-
lyzed using a flow cytometer.

(See figure on next page.)
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Statistical analysis

All numerical data was expressed as means + SEM. Stu-
dent’s t test and One-way ANOVA were used. Statisti-
cal analyses were performed using SPSS (version 22.0),
and GraphPad Prism (version 8.0). P value<0.05 was
considered to be statistically significant.

Results

Syntheses and characterization of NPs

As shown in Fig. 2A, we employed diselenide as the
reaction site for drug release, modified PEG, to avoid
mononuclear phagocyte system mediated phagocy-
tosis, and synthesized DSPE-Se-Se-PEG,-NH,, in
steps. Meanwhile, the introduction of the diselenide
bond enhances the oil solubility of the polymer, while
the PEG fragment improves the water solubility. The
"H-NMR spectra of the intermediates and the target
compounds have been shown in Fig. 2B-F. In addi-
tion, based on reported study, we modified hydrophilic
Gel to amphiphilic Gel-SH by grafting hydrophobic
4-mercaptobenzoic acid onto the gelatin molecules
through an amide bond. The red-shift observed in
the FT-IR spectrum at 1650 cm™' was attributed to
the association of Gel-SH through m-m stacking inter-
actions between the benzene rings of 4-mercapto-
benzoic acid. This verified the successful grafting of
4-mercaptobenzoic acid onto Gel molecules (Fig. 2G)
[19]. The content of thiol in Gel-SH was determined
by Ellman method and was 60.13 pmol/g (Fig. S1A).
Finally, Gel-SH, DSPE-Se-Se-PEG,-NH,, and VitE
were self-assembled in the saline or PBS. TEM proved
that it could stably assemble into spheres and encap-
sulate VitE, and the drug loading was 19.1% +5.9%
(Fig. 2H). Dynamic light scattering (DLS) illustrated
that the hydrodynamic size of the resulting micelles
was 69.92 nm (Fig. 2I). Zeta-potential results showed
that the NPs had weak positive potential charge of
being +(8.1+2.4) mV (Fig. S1B). The weak positive
charge facilitated the binding of nanoparticles to the
cell surface, meanwhile with little cytotoxicity [16].

Biocompatibility, release, and cellular uptake of NPs

in vitro

We performed a dose- and time-dependent cytotoxic-
ity validation on HK-2 cells by CCK8. NPs didn't show
cytotoxicity after 12 h of cultivation with a gradient

Fig. 4 Biocompatibility, Cellular Uptake, and Targeted Ability of NPs. A. Representative fluorescence microscopy images of MMP2 and Podocyte
in kidney, scale bar=50 um. B. Representative fluorescence images of the main organs (heart, liver, spleen, lung and kidney) of Sham and I/R groups
at 3,6, 12, 24 and 48 h after tail vein injection of NPs-CY5.5. C. Average radiance of the main organs in Sham group. D. Average radiance of the main
organs in I/R group. E. Representative fluorescence images for FITC-NPs of the main organs (heart, liver, spleen, lung and kidney) of Sham and I/R

groups, scale bar=20 um. Results are presented as means+SEM, n=6
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concentration and exposure to 50ug/ml (Fig. 3A, B). To
investigate the dual-responsive release behavior of NPs,
the in vitro VitE release curves with or without MMP2
and H,0O, were studied using a dialysis bag. The NPs
could stably exist in the solution, and after 72 h, only
about 19.26% of VitE was released from NPs, indicating
that NPs could be stable during circulation. However,
in the oxidative environment and under the action of
MMP2, the release rates of NPs at 24 h, 48 h, and 72 h
were 53.92%, 75.56% and 78.98%, respectively (Fig. 3C).
The in vitro release results demonstrated that NPs with
dual-responsiveness to MMP2 and ROS for targeted
delivery of VitE to renal injury cells. To evaluate the cel-
lular uptake ability of NPs, we used FITC-VitE encapsu-
lated in NPs shell, and performed MMP2 fluorescence
staining on HK-2 cells after 12 h of H/R. The laser con-
focal microscopy results showed that cells expressed
MMP2 after H/R, and the cells absorbed VitE released
from NPs’ shell degraded by ROS and MMP2 (Fig. 3D).

Biocompatibility and targeted ability of NPs in vivo

C57 mice were used for in vivo biocompatibility test-
ing. After 24 h of tail vein injection of 200ul (2 mg/kg),
there was no damage to the tissue (Fig. S2A). Blood tests
also showed no significant abnormalities (Fig. S2B). The
expression of MMP2 in mouse glomeruli and changes
in GFB (Nephrin) were detected by immunofluores-
cence. In Sham group, the GFB had an intact structure
and almost no MMP2 expression was detected. After I/R,
MMP2 was expressed, and GFB was disrupted, which
allowed the passage and accumulation of NPs (Fig. 4A).
At the same time, we used the shell wrapped CY5.5 tail
vein injection to evaluate the renal targeting ability of
NPs. Mice were euthanized at different times (3, 6, 12,
24, 48 h) after Sham or I/R, and their main organs were
harvested for optical imaging technology. Results showed
NPs had renal targeting ability. In the Sham group, NPs
could pass through the glomerular vascular endothelium
via particle size and accumulated in kidneys, but NPs
were blocked in the glomerulus by the intact podocyte
barrier and metabolized after 12 h (Fig. 4B, C). In the I/R
group, MMP2 was expressed and the GFB was disrupted,
enabling NPs to target the kidney and stably accumulate.

(See figure on next page.)
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Fluorescence could be maintained for up to 48 h, indicat-
ing that NPs released drugs targeting renal injury cells
after being lysed by ROS and MMP2 (Fig. 4B, D). We also
linked FITC to the skeleton structure of NPs via NH,,
and after the Sham or I/R 12 h, organs were harvested
for fluorescence scanning. For the heart, liver, spleen,
and lungs, the particle size of the vascular endothelium
is only about 10 nm, through which NPs cannot pass
[21]. Therefore, the fluorescence results only indicated
that some NPs adhered to the inner of the blood ves-
sels and did not extravasate to tissues. The blood vessels
in the liver expanded due to the higher portal pressure,
which also explained the reason for the higher fluores-
cence intensity in the liver. However, for the kidneys, the
larger pore size of the vascular fenestrations allowed the
passage of NPs. Therefore, in the Sham group, the fluo-
rescence analysis showed that in addition to the vascu-
lar morphology, NPs also accumulated in the glomeruli,
which were blocked by the podocyte barrier. In the I/R
group, with the destruction of GFB, NPs could pass
through GFB and target renal injury cells (Fig. 4E).

NPs reduce ROS and alleviate AKl in vivo

To investigate the effect of NPs on I/R-AKI, renal func-
tion was measured after 12 h of I/R. NPs could sig-
nificantly reduce the elevation of Scr (50.66+3.75 in
I/R+NPs vs. 70.85+3.84 umol/L in I/R+ Saline) and
BUN (25.18+1.59 in I/R+NPs vs. 35.03+2.86 mg/dl
in I/R+ Saline) after I/R (Fig. 5A, B). Additionally, NPs
decreased the mRNA levels of AKI biomarkers (38%
decrease in NGAL and 34% decrease in KIM-1) follow-
ing I/R (Fig. 5C, D). HE staining showed that NPs could
reduce renal pathological damage, and reduce the tubu-
lar injury scores by 35% (Fig. 5E, F). TUNEL staining
was used to detect the apoptosis of kidney cells, and NPs
could reduce the apoptosis (27.52 +2.54%o in I/R+ NPs
vs. 44.63+4.68%0 in I/R+Saline) (Fig. 5G, H). Oxida-
tive stress is an important characteristic of renal I/R. We
homogenized kidney tissues and measured the levels
of SOD and MDA. NPs could significantly alleviate the
loss of renal antioxidant activity (31% decrease in MDA
and 1.30-fold increase in SOD) (Fig. 5I, J). DHE staining

Fig. 5 NPsreduce ROS and alleviate AKI in vivo. A. Serum creatinine levels of Sham or I/R groups treated with Saline or NPs. B. BUN levels of Sham
or I/R groups treated with Saline or NPs. C. NGAL mRNA expression of Sham or I/R groups treated with Saline or NPs. D. KIM-1 mRNA expression
of Sham or I/R groups treated with Saline or NPs. E. Representative histological HE staining in kidneys of Sham or I/R groups treated with Saline

or NPs, scale bar=50 pm. F. Tubular injury scores of HE staining. G. Representative TUNEL staining in kidneys of Sham or I/R groups treated

with Saline or NPs, scale bar=20 um. H. TUNEL-positive cells rate of TUNEL staining. . MDA levels of Sham or I/R groups treated with Saline or NPs.
J. SOD levels of Sham or I/R groups treated with Saline or NPs. K. Representative DHE staining in kidneys of Sham or I/R groups treated with Saline
or NPs, scale bar=>50 um. L. Relative fold of DHE staining. Results are presented as means+ SEM, n=6. P values from Student’s t test. * indicates

P <0.05; ** indicates P<0.01; *** indicates P <0.001
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also demonstrated that NPs could reduce ROS by 22%
(Fig. 5K, L).

NPs reduce AKI by inhibiting ferroptosis in vivo

After demonstrating the therapeutic effect of NPs on
AKI, we analyzed its therapeutic mechanism through
RNA sequencing. Between the I/R groups, NPs inhib-
ited the expression of Lcn2 (NGAL) and Haverl (KIM-
1), and to some extent reduced the expression of MMP2.
Since the NPs with diselenide shell wrapped VitE, the
NPs inhibited the expression of ferroptosis related genes,
including genes related to lipid peroxidation, iron ion
metabolism, etc. (Fig. 6A). KEGG results showed changes
in pathways closely related to I/R, such as inflammation,
lipid metabolism, oxidative stress, and apoptosis, indicat-
ing that NPs play a significant role in I/R (Fig. 6B). We
also conducted gene ontology enrichment, in Biological
Processes, NPs altered the metabolism of reactive oxygen
species, fatty acids, and metal ions, especially iron ions,
in addition to vitamin transport and metabolic process.
In Cellular Component, NPs participated in extracellu-
lar matrix, plasma membrane, podosome, etc., indicat-
ing that NPs alleviates the damage to the renal filtration
barrier structure caused by I/R. Additionally, NPs could
regulate peroxisomes and ion channels. In Molecular
Function, VitE functioned as an antioxidant and inhibi-
tor of ferroptosis, and its mechanism was to react with
peroxide free radicals, thereby blocking the lipid peroxi-
dation chain reaction. We detected changes in the activ-
ity of oxidoreductases acting on CH-CH and CH-OH.
In addition, NPs also regulated a series of ferroptosis
related molecular function, including iron ion binding,
CoA-ligase activity, fatty acids, and glutathione (Fig. 6C).
To clarify the regulatory function of NPs, we conducted
GSEA analysis. The results showed that NPs significantly
upregulated the VITAMIN binding of kidney, indicating
the renal targeting ability of NPs. The results also showed
that NPs significantly increased the activity acting on
the CH-CH and CH-OH group of donors, correspond-
ing to VitE inhibiting ferroptosis by blocking the lipid
peroxidation chain reaction via LO« and LOO» (Fig. 6D).
Next, we detected the expression of ACSL4, ALOXS5, and
4hydroxynonenal (4HNE), the end product of ferroptosis,
by western blotting. The results showed that NPs could

(See figure on next page.)
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inhibit the expression of ACSL4 and ALOXS5, reducing
the production of 4HNE (Fig. 6E, F). Additionally, we
performed 4HNE immunohistochemistry staining, and
NPs can reduce ferroptosis by 28% (Fig. 6G, H).

NPs reduce ROS and inhibit ferroptosis in vitro

We analyzed oxidative stress in HK-2 cells exposed to
H/R by DHE staining. After H/R, ROS in HK-2 cells was
increased. However, NPs inhibited H/R induced ROS in
HK-2 cells by 29% (Fig. 7A, B). We quantified ROS by
flow cytometry and the results showed that NPs reduced
ROS by 33% (Fig. 7C, D). Additionally, we detected
changes in ferroptosis related proteins. NPs could inhibit
the expression of ACSL4 and ALOXS5, reducing the pro-
duction of 4HNE (Fig. 7E, F). 4HNE fluorescence inten-
sity was reduced by 25%, demonstrating that NPs can
reduce ferroptosis in vitro (Fig. 7G, H).

NPs attenuates the transition of AKI to CKD

AKI is an independent risk factor for CKD and end-stage
renal disease, and approximately 70% of AKI patients are
at risk of developing CKD and renal failure [22]. Incom-
plete repair of acute tubular injury can lead to irrevers-
ible fibrosis in the kidneys. To analyze the effect of NPs
on the progression of AKI to CKD, 30-min bilateral I/R-
induced AKI-to-CKD models were constructed. First, in
the Sham group, 14 days after injecting NPs, the histo-
pathological analysis and blood tests also showed no sig-
nificant abnormalities, ensuring the long-term biosafety
of NPs (Fig. S 2 C&D). Masson and Picrosirius Red were
used to detect the deposition of collagen fibers in the
tissue, and NPs could reduce the fibrotic area by 27.9%
(Fig. 8A, B). During this process, we measured Scr at dif-
ferent times, and NPs treatment could promote the early
recovery of renal function and reduce the irreversible loss
of renal function in the late stage (Fig. 6C). Immunohis-
tochemistry detected that the Collagen 1 and fibrotic
markers a-smooth muscle actin (a-SMA) were expressed
in the I/R groups, while the NPs reduced the positive
area, indicating that NPs effectively prevented renal
fibrosis (Fig. 8D—@G). In addition, we also semi-quantified
by WB that NPs could reduce Collagen 1 by 25.4% and
a-SMA by 32.3% (Fig. 8H, I).

Fig. 6 NPsreduce ROS and alleviate AKI in vivo. A. Heat map analysis for RNA-sequencing of I/R group treated with Saline or NPs. B. KEGG pathway
classification analysis of I/R group treated with Saline or NPs. C. GO enrichment of I/R group treated with Saline or NPs. D. GSEA analysis of I/R
group treated with Saline or NPs. E. Representative western blotting of ferroptosis-related protein in Sham or I/R groups treated with Saline or NPs.
F. Protein levels analysis of western blotting. G. Representative immunohistochemical staining images of 4HNE in Sham or I/R groups treated

with Saline or NPs, scale bar=50 um. H. 4HNE Positive area percentage of immunohistochemical staining. Results are presented as means +SEM,
n==6. P values from Student’s t test. * indicates P < 0.05; ** indicates P <0.01; *** indicates P <0.001
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Discussion

Our strategy for synthesizing the NPs is through the
self-assembly of amphiphilic polymers. In aqueous envi-
ronments (saline or PBS), these amphiphilic polymers,
Gel-SH and DSPE-Se-Se-PEG,-NH,, undergo self-
assembly as the differential solubility of their different
part of segments. These hydrophobic segments have low
solubility in water and thus aggregate through hydropho-
bic interactions to form a core, which is surrounded by
a hydrophilic shell to form a spherical micelle structure
This configuration facilitates the effective encapsulation
of hydrophobic VitE within the micelle core. The particle
size results indicated that the particle size was 69.92 nm.
Furthermore, the morphology of the NPs can be deter-
mined by adjusting the molecular weight ratio between
the hydrophilic and hydrophobic segments. In specific,

(See figure on next page.)
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with the large molecular weight of the hydrophobic seg-
ment, the formed micelles are cylindrical and have a
larger particle size. Such ability to fine-tune the structure
highlights the versatility of the self-assembling amphiphi-
lic polymers, making it possible to synthesize nanoparti-
cles with various morphologies and sizes, thereby greatly
broadening the application potential in medicine delivery.
These formed NPs with a hydrodynamic size less than
100 nm, exhibiting dual-responsiveness to MMP2 and
ROS, effectively target and deliver VitE to renal injured
cells, demonstrating a significant role in suppressing ROS
and ferroptosis. Following tail vein injection, the NPs effi-
ciently accumulate in the kidneys and traverse the GFB
damaged by I/R. Both in vitro and in vivo experiments
have confirmed the biocompatibility and targeting ability
towards renal injured cells of NPs. In vivo results indicate
that the NPs can inhibit ROS and renal function damage

Fig. 7 NPs reduce ROS and inhibit ferroptosis in vitro. A. Representative DHE staining in HK-2 of H/R 0 h or 12 h groups treated with PBS or NPs,
scale bar=20 pm. B. Mean fluorescence intensity of DHE staining. C. Representative histogram showing ROS in HK-2 of H/R 0 h or 12 h groups
treated with PBS or NPs. D. Relative fold of ROS. E. Representative western blotting of ferroptosis-related protein in HK-2 of H/R 0 h or 12 h groups
treated with PBS or NPs. F. Protein levels analysis of western blotting. G. Representative immunofluorescence staining images of 4HNE in HK-2

of H/R 0 h or 12 h groups treated with PBS or NPs, scale bar=20 um. H. Mean fluorescence intensity of immunofluorescence staining images

for 4HNE. Results are presented as means +SEM, n=6. P values from Student’s t test. * indicates P < 0.05; ** indicates P <0.01; *** indicates P < 0.001
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following I/R. RNA sequencing results suggest that the
NPs exert their therapeutic effects by suppressing ferrop-
tosis. Finally, we have also demonstrated that the NPs can
reduce ROS and inhibit ferroptosis in vitro.

The GFB consists of glomerular endothelial cells, glo-
merular basement membrane (GBM), and podocytes
[23]. The pore size of glomerular endothelial cells typi-
cally has a relatively wide width of 70 to 130 nm, and NPs
below 130 nm can be selectively filtered by the kidneys
[17]. The NPs have a hydrodynamic size of 69.92 nm and
can pass through the pore of glomerular endothelial cell.
The GBM has a pore size of 2—8 nm, and podocytes have
a monolayer of cells with a pore size of 4—11 nm [24].
Normally, NPs of 100 nm can pass through endothelial
cell pores but are blocked by the GBM and the intact
podocyte barrier, which is consistent with the podocyte
fluorescence and organ imaging results of Sham group
in our study. However, after I/R, the enzyme MMP2
for matrix remodeling is expressed on the peritubular
capillary endothelial cells, causing GBM degradation,
podocyte damage, and increased glomerular permeabil-
ity, enabling large substances to pass through [25, 26].
Related studies have shown that GFB structure is dis-
rupted by I/R, and its permeability undergoes significant
changes, allowing 100 nm NPs to be delivered to renal
tubules [18]. The fluorescence of podocytes showed that
the podocyte barrier of the I/R group was disrupted,
MMP2 was expressed, and NPs began to accumulate in
the kidney at 3 h. Besides, it still shows fluorescence until
48 h, indicating that NPs has been cleaved and VitE was
released.

MMP2 is one of the zinc-dependent proteases, and
responsible for extracellular matrix breakdown and bio-
active protein degradation, which is involved in I/R [27].
MMP2 can increase 10 min after I/R and maintain a sus-
tained increase [28]. In this study, substrate Gel of MMP2
was used as the shell material. After NPs delivery to the
kidneys, the Gel shell can achieve the effect of targeting
and releasing drugs to renal injury cells. Moreover, it can
competitively neutralize MMP2, thereby inhibiting its
further damage to kidney. Due to the important binding
of selenium as a glutathione peroxidase and thioredoxin
reductase with selenium dependent enzymes, selenium

(See figure on next page.)
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effectively neutralizes free radicals and maintains intra-
cellular redox balance [29]. Multiple selenium-based NPs
have been proven to inhibit the occurrence and develop-
ment of AKI [30-32]. We employed diselenide to react
with ROS, enabling targeted drug delivery, neutralizing
ROS, and replenishing selenium. The most crucial factor
for guiding nanoparticles to kidney and avoiding phago-
cytosis mediated by the mononuclear phagocyte system
is their relatively non-opsonic surface. Long PEG chains
(>2000 Da) are most effective in reducing regulatory
effects [1, 33, 34]. In our study, we prepared PEG,, on
NPs. Although NPs temporarily accumulate in the liver
due to inferior vena cava pressure after tail vein injec-
tion, NPs rapidly decreases and demonstrate renal target-
ing ability. Besides, the low fluorescence intensity in the
spleen, which also possessed mononuclear phagocyte
system like the liver, similarly demonstrated the effective-
ness of PEGylated in resisting phagocytosis. The increase
in fluorescence intensity in the liver was due to the tem-
porary accumulation of drugs caused by the opening of
the portal vein.

Ferroptosis is a chain reaction initiated by iron-depend-
ent interactions between LOOs and PUFA, resulting
in the formation of Le, which subsequently regenerates
LOOe.. The reaction rate between VitE and LOO- is 1000
times faster compared to that between LOO« and PUFA.
Consequently, the targeted delivery of VitE effectively
inhibits the formation of L, preventing chain reactions
and thus inhibiting ferroptosis [35]. Related studies have
shown that the concentration of VitE in human plasma is
only about 15 uM [36]. Animal experiments have shown
that VitE supplementation can alleviate AKI caused by
cisplatin and I/R [37, 38]. A prospective double-blind
study on humans showed that VitE can reduce contrast-
induced AKI [39]. Studies in human also demonstrated
that VitE can reduce the renal toxicity of drugs [40, 41].
However, high-dose supplementation of VitE throughout
the body may lead to bleeding and increased mortality
[14, 42]. Therefore, targeted renal supplementation with
VitE is an effective strategy for treating AKI.

CKD imposes a huge burden on global public health as
current therapies are generally ineffective. Early detec-
tion and effective treatment are crucial for the future

Fig. 8 NPs attenuates the transition of AKI to CKD. A. Representative histological Masson and Picrosirius Red staining in kidneys of Sham or I/R

14d groups treated with Saline or NPs, scale bar=50 um. B. Mean Fibrotic area of staining. C. Serum creatinine levels at different times of Sham

or I/R groups treated with Saline or NPs. D. Representative immunohistochemical staining images of Collagen 1 in Sham or I/R 14d groups

treated with Saline or NPs, scale bar=20 um. E. Collagen 1 Positive area percentage of immunohistochemical staining. F. Representative
immunohistochemical staining images of a-SMA in Sham or I/R 14d groups treated with Saline or NPs, scale bar=20 um. G. a-SMA Positive area
percentage of immunohistochemical staining. H. Representative western blotting of fibrotic-related protein in Sham or I/R 14d groups treated

with Saline or NPs. I. Protein levels analysis of western blotting. Results are presented as means + SEM, n=6. P values from Student’s t test. * indicates

P <0.05; ** indicates P <0.01; *** indicates P <0.001
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prevention and progression of CKD [43]. Increasing evi-
dence suggests that kidney-targeted NPs are one of the
effective methods for the prevention and treatment of
CKD, which can improve the bioavailability of drugs,
reduce toxicity, and reduce the filtration pressure of the
kidneys [22, 44]. In our study, we investigated the effect
of NPs in the AKI-CKD model induced by I/R. We found
that VitE-loaded NPs could reduce the accumulation of
collagen fibers at 14 days, promote the recovery of AKI,
and reduce the irreversible loss of renal function, thus
retarding the transition of AKI to CKD.

Conclusion

In conclusion, we synthesized the NPs that target renal
injury cells for VitE delivery through dual-response to
MMP2 and ROS. The NPs have good biocompatibility
and targeting ability to renal injury cells. The NPs could
reduce ROS, reduce ferroptosis, alleviate I/R-AKI and
inhibit the transition from AKI to CKD. The NPs may
provide a novel therapy for I/R-induced kidney disease.
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