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KEY WORDS Abstract  Acute kidney injury (AKI) is a critical clinical condition characterized by rapid renal func-
tion decline, with high morbidity, mortality, and healthcare costs. Traditional Chinese medicine (TCM)
has shown potential effects on mitigating oxidative stress and programmed cell death in AKI models.
Scutellaria barbata D. Don (SB) and Scleromitrion diffusum (Willd.) R. J. Wang (SD), a classic TCM

Nano-TCM;
Self-assemble;
Protein corona;

SSNPs: herbal pair exhibited anti-inflammatory and antioxidant activities. Using advanced chromatographic sep-
AKT; aration technology, we enriched the effective fractions of water extracts from SB—SD, obtaining self-
Nrf2; assembled herbal nanoparticles (SB and SD nanoparticles, SSNPs) rich in flavonoids and terpenoids.
Ferroptosis These SSNPs demonstrated robust antioxidant properties in vitro and mitigated AKI progression

in vivo by activating the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway. Oral admin-
istration of SSNPs in mice resulted in absorption into the bloodstream, formation of a protein corona,
reduced macrophage phagocytosis, and enhanced bioavailability and renal targeting. Furthermore, we
investigated the self-assembly principle of SSNPs using representative flavonoids and terpenoids. Kinetic
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studies and in situ transmission electron microscopy (in situ TEM) revealed that these compounds self-
assemble via supramolecular forces like hydrogen bonding and w— interactions, forming stable nanos-
tructures. This study elucidates the renoprotective effects and mechanisms of SB and SD, and provides a
novel approach for the development of TCM-based nanomedicines, highlighting the potential of nano-

TCM in AKI treatment.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute kidney injury (AKI), characterized by a sudden deteriora-
tion of renal function over a short period, is a common compli-
cation with high morbidity and mortality as well as a substantial
expenses to healthcare systems'?. Clinically, diverse etiologies,
such as cisplatin (DDP) nephrotoxicity, ischemia, sepsis or urinary
tract obstruction, lead to heterogeneous AKI pathogenesis which
serves as a considerable impediment to its treatment™*. Emerging
evidence suggests that oxidative stress connecting ferroptosis and
inflammation responses associated with excessive accumulation of
reactive oxygen species (ROS) and lipid metabolism may repre-
sent a common pathophysiological process of various types of
AKI>®. Therefore, pharmacological agents that possess anti-
oxidative, anti-ferroptosis and anti-inflammatory properties may
be an imperative therapeutic strategy for AKI.

Numerous studies have indicated that herbal medicines, espe-
cially traditional Chinese medicine (TCM) exhibited high efficacy
in inhibiting oxidative stress”®, programmed cell death and
inflammatory responses, which have been extensively tested in
animal models of AKI and even in patients™'®. Scutellaria bar-
bata D. Don (SB) and Scleromitrion diffusum (Willd.) R. J. Wang
(SD), as a classic herbal pair for clearing heat and detoxifying,
have not only a long history of application in cancer treatment, but
also exhibit multiple pharmacological activities such as anti-
inflammation and antioxidation, showing good therapeutic
effects for various diseases'""'?. These two herbs are abundant in
resources worldwide and are an important treasure of the natural
medicine system. However, whether SB—SD herbal pair exert
renal protective effects and the underlying mechanism is currently
unclear.

It is well known that TCM decoction, the oldest and most
common traditional form of herbal preparation, uses water as a
solvent to prepare single or multiple herbal slices by boiling, with
a long history of treating diseases and widely used in clinical
practice due to its high concentration, easy to take and absorb.
Notwithstanding the great potential, the initial decoction of TCM
still faces many challenges in effective component enrichment,
component analysis, and unclear therapeutic material basis. Given
the remarkable advances in the cross-integration of nanoscience
and TCM research, TCM decoction contains not only water-
soluble components, but also a large number of nano-scale small
particles, which means that TCM decoction is actually a complex
multi-phase dispersion system containing supramolecular aggre-
gates'>'*. The formation of these supramolecular aggregates is
mainly due to the interaction between various chemical compo-
nents and the self-assembly process during the decoction pro-
cess'>!®. Studies have shown that supramolecular aggregates in
TCM decoctions can significantly improve the solubility and
stability of the active ingredients and promote their absorption in

the gastrointestinal tract, thereby demonstrating superior phar-
macodynamic activities'’. These findings provide a new
perspective and way to reveal the material basis of TCM and
elucidate its mechanism of action.

Based on the aforementioned considerations, we utilized an
advanced chromatographic separation technology to accurately
enrich the effective fractions of water extracts of Scutellaria
barbata (SB) and Scleromitrion diffusum (SD) and the active
fraction (SB and SD nanoparticles, SSNPs) with flavonoids and
terpenoids as the main components were successfully obtained.
The final SSNPs are able to self-assemble into supramolecular
aggregates, which exhibit particularly robust antioxidant proper-
ties in vitro and exert anti-oxidative, anti-ferroptotic and anti-
inflammatory effects to ameliorate AKI progression via acti-
vating nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway. Moreover, after oral administration in mice, these
effective ingredient nanoparticles can be absorbed into the blood
in the intestines and form protein corona on their surface,
effectively reducing the phagocytosis of macrophages and
improving the bioavailability and special renal-targeting capacity
(Scheme 1).

To go a step further, we try to probe the principle of self-
assembly observed here and to explore whether this molecular
self-assembly principle is adaptable for the application of nano-
TCM. Scutellarin (STR) and geniposidic acid (GPA) were selected
as two representative flavonoids and terpenoids, we conducted
preliminary kinetic studies on both two-component reactions and
employed in situ electron microscopy, the results demonstrated
that two representative components can achieve self-assembly via
supramolecular forces such as hydrogen bonding and 7—m in-
teractions, thereby forming stable nanostructures. Overall, this
study not only elucidated the specific renoprotective effects and
underlying mechanisms of Scutellaria barbata and Scleromitrion
diffusum, but also offered a novel approach and methodology for
the research and development of TCM and nano-TCM.

2. Materials and methods
2.1.  Materials

Scutellaria barbata D. Don (SB) and Scleromitrion Diffusum
(Willd.) R. J. Wang (SD) were purchased from Beijing Tong Ren
Tang Co., Ltd. (Beijing, China). Scutellarin and geniposidic acid
were purchased from Chemxyz Biotech Co., Ltd. (Shanghai,
China). ML385, DDP, 2’,7'-dichlorodihydrofluorescein diacetate
(H2DCFDA), Cyanine5.5 (CyS5.5) and FITC were purchased from
MedChemExpress Co., Ltd. (NJ, USA). C11-BODIPY¥%!
Mitotracker™ Green, Mitotracker™ Deep Red and MitoSOX™
Red were purchased from Thermo Fisher Technology Co., Ltd.
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Scheme 1

Schematic illustration of a nano-TCM strategy for investigating the mechanisms underlying the renoprotective effects of the self-

assembled herbal nanoparticles (SSNPs) derived from Scutellaria barbata D. Don (SB) and Scleromitrion diffusum (Willd.) R. J. Wang (SD) on

cisplatin (DDP)- and folic acid (FA)-induced kidney injury.

(Shanghai, China). Mitochondrial membrane potential assay kit
(JC-10) was purchased from Biosharp biotechnology Co., Ltd.
(Hefei, China). Malondialdehyde (MDA) assay kit, reduced
glutathione (GSH) assay kit, blood urea nitrogen (BUN) assay kit
and blood creatinine (CRE) assay kit were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Fast
silver stain kit and cell counting kit-8 (CCK-8) were provided by
Beyotime Institute of Biotechnology (Shanghai, China). Intracel-
lular iron colorimetric assay kit was purchased from Applygen
Technology Co., Ltd. (Beijing, China). The following primary
antibodies were used: anti-Nrf2 (Proteintech, 16396-1-AP, China),
anti-NQO1 (ABclonal, A23486, China), anti-HO-1 (Abcam,
ab52947, UK), anti-GPX4 (Zenbio, R381958, China), anti-xCT
(Zenbio, R26116, China), anti-4-HNE (ABclonal, A26085,
China), anti-Pink1 (Cohesion Biosciences, CPA5801, UK), anti-
Parkin (Bioss, bs-23687R, China), anti-LC3A/LC3B (Santa
Cruze, sc-398822, USA), anti-KIM-1 (Proteintech, 30948-1-AP,
China), anti-NGAL (Affinity, DF6816, China), anti-GAPDH
(Proteintech, 10494-1-AP, China), anti-B-actin (ABclonal,
ACO038, China), HRP-conjugated Goat anti-Rabbit IgG (H + L)
(ABclonal, ASO14, China), HRP-conjugated Goat anti-Mouse IgG
(H 4 L) (ABclonal, AS003, China), Goat anti-Rabbit IgG (H + L)

(Thermo Fischer Scientific, AlexaFluor®488, A32731). FITC-F4/
80 (Biolegend, 123108, USA), PE/CF594-CD11b (Biolegend,
101256, USA), PE-CD86 (Biolegend, 105008, USA), PerCP/
Cy5.5-CD206 (Biolegend, 141715, USA), Alexa Fluor® 700-
CD45 (Biolegend, 147716, USA), FITC-Ly6G (Biolegend,
127606, USA) and Alexa Fluor® 700-CD11c¢ (Biolegend, 117320,
USA). Antibody dilutions were according to manufacturer’s
instructions.

2.2.  Preparation and characterization of SSNPs

The extraction of the drug was carried out by the traditional
method of heat reflux extraction in the ratio of 2:1 between Scu-
tellaria barbata D. Don and Scleromitrion Diffusum (Willd.) R. J.
Wang (SB—SD) (Tongrentang, Beijing, China), and then rotary
evaporation with a rotary evaporator (Labconco) was used to
obtain the preliminary aqueous extract, subsequently extracted
with petroleum ether and saturated n-butanol twice respectively,
The n-butanol fraction was put into the pretreated AB-8 resin
column elution with 70% ethanol, The eluate was retained, rotary
evaporated and freeze dried on a freeze dryer (Labconco) to obtain
the active site, after lyophilization we found that the water
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solubility was good and the SSNPs formed were stably dispersed
in the aqueous solution. The morphology of SSNPs was charac-
terized by TEM (JEM-1200EX, Tokyo, Japan). The size distri-
bution and charge measurement of SSNPs were measured by
dynamic light scattering (DLS; Brookhaven, USA.) in water (pH
7.4) and hydrochloric acid buffer (pH 2.4). SSNPs were suspended
at 1 mg/mL in water with 10 min of bath sonication prior to
testing.

2.3.  In situ TEM imaging process

To observe the particle formation of SSNPs, we selected two
monomer molecules with representative structures, scutellarin
(STR) and geniposidic acid (GPA), which were first dissolved in
anhydrous ethanol at a molar ratio of 1:1, and then diluted with
water to obtain the SGNPs (STR and GPA nanoparticles). 50 nL.
SGNPs solution was injected into the liquid cell of a 20 nm thick
SiNx window. After that, the liquid cells were sealed with epoxy
and dried out. High-resolution TEM (HRTEM) images, high angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and the elemental mapping were conducted
using a ThermoFisher Talos operated at 50 kV. A beam current
density of about 6 efl(;\z-s) was used within the whole obser-
vation. A high sensitivity TVIPS CMOS camera was used for real-
time imaging at low dose conditions, which allowed a time res-
olution of 5 frames per second.

2.4.  Self-assembly molecular dynamics simulation

Molecular simulations were further used to certify the driving
interactions during assembly process. First, scutellarin (STR) and
geniposidic acid (GPA) monomer molecules are modeled using
Pymol software'®, and then we use ORCA to optimize the struc-
tures at B3LYP/6-311G basis set'®. Afterward, Packmol pro-
gram®® was applied to construct a mixture system in a certain
ratio, specifically STR/GPA (15:15), which was calculated as
mole ratio of experimental methods. The resp charge and elec-
trostatic potential map was calculated by B3LYP/6-311G method.
On this basis, antechamber program was used to construct the
RESP charge parameters®’ of the two molecules, and all the
molecular parameters were generated by GAFF2 force field?>. The
molecular dynamics simulations were carried out using Gro-
macs2018 program®. In brief, the side length of the water box
was set to 1 nm using TIP3P water box model**. 5000 steps of
energy minimization were performed, followed by the simulation
of fix heavy atoms (force constant of 1000 kJ/mol-nm?) under
NVT and NPT, respectively, for 100 ps. Finally, a 50 ns balance
simulation (without any restrictions) was generated. The cutoff
radius was set to 1.0 nm, and the time step was set to 2 fs. The
configurations were saved every 10 ps for subsequent analysis.

2.5.  Molecular simulation of the interaction of nanoparticles
and protein

Using Desmond 2021.1 Academic Version®®, molecular dynamics
simulations were performed. The OPLS4 force field®® was
selected for both the starch and protein systems. The protein and
starch were placed in a cubic water box. In the simulation, the
cutoffs for electrostatic interactions and van der Waals interactions
were both set to 1.0 nm, and the time step was set to 2 fs. The
temperature was maintained at 30 °C, and the pressure at
1.01325 bar. The constructed system first underwent 100 ps of

Brownian Dynamics NVT equilibration at 10 K, followed by 12 ps
of NVT and 12 ps of NPT equilibration dynamics at 10 K. Sub-
sequently, a 12 ps restrained NPT equilibration for heavy atoms
and a 24 ps unrestrained NPT equilibration were performed.
Finally, a 100 ns molecular dynamics sampling was conducted.

2.6.  Encapsulation and quantification of SSNPs protein corona

Fresh intestinal tissues were isolated from mouse and rinsed with
saline, the isolated SSNPs were instilled inside the intestinal tis-
sues and ligated at both ends with surgical sutures, placed in a six-
well plate with saline on a shaking table for 3 and 6 h. The
supernatant at 3 and 6 h was first centrifuged at a low speed of
3000x g, and then the supernatant was further centrifuged at an
ultracentrifugation speed of 100,000xg. The precipitates were
collected after 2 h, and then added PBS to centrifuge twice at
100,000x g to obtain SSNPs-col, which was then incubated with
50% whole blood (0.067 mol/L PBS) at 37 °C for 6 h, and then
centrifuged at 1000xg, and then the supernatant was further
centrifuged at an ultracentrifugation speed of 100,000xg. The
precipitates were collected and washed twice with PBS by
centrifugation to obtain SSNPs-col-blo finally. In corona desorp-
tion studies, upon the final wash, the pellet (SSNPs-col, SSNPs-
col-blo) was dispersed in RIPA buffer (mixed with 1:100 prote-
ase inhibitor cocktail), was sonicated and then centrifuged at
10,000xg, 15 min, and the supernatant fraction obtained, was
subjected to protein determination by microBCA assay. The
remaining supernatant were stored at —80 °C before further
analysis.

2.7.  SDS—PAGE

SSNPs-col, blood, SSNPs-col-blo (15 pg) of lysate supernatant
were mixed with loading buffer and incubated at 100 °C for
10 min. The samples were then loaded onto a 12% PAGE gel and
run at 80 mV for 30 min and 120 mV for 1 h. For rapid silver
staining, the gel was fixed in 100 mL fixing solution (50%
methanol, 10% acetic acid, 50 pL formaldehyde) for 4 h, followed
by washing with 30% ethanol and deionized water. The gel was
then sensitized with silver dye sensitizer (1 x) for 2 min and
washed three times with deionized water. The gel was then
impregnated with silver ion solution (1 x) for 10 min. The gel was
then washed with deionised water for 1 min and subjected to band
development using 100 mL of silver staining solution for 10 min.
After development, the reaction was stopped with silver staining
termination solution (1 x). The gel was digitally photographed
against a white background.

2.8.  Protein corona digestion for mass spectrometry

The obtained lysate supernatant (SSNPs-col-blo) was processed
with 40 pg/mL protein, followed by the introduction of pre-cooled
acetone for protein precipitation, then protein lysate to dissolve
the precipitate, subsequent addition of an alkylating reductant,
before incubating at 95 °C for 5 min. After the samples cooled
down, protease was introduced, followed by a 2 h incubation of
the blend at 37 °C. Insert a termination agent to halt the reaction
following the enzyme digestion process. The specimen was
introduced into the desalting column, followed by centrifugation
using the peptide washing agents 1 and 2, respectively. Then
transfer the desalting column to a fresh centrifugation tube, where
the peptides are collected via centrifugation following the addition
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of the peptide eluent. Conclusively, the samples underwent
concentrating using a vacuum freeze-centrifuge concentrator,
while the test samples were reconstituted using 0.1% (v/v) formic
acid (diluted in UPLC—MS grade water) and added to iRT for on-
line detection.

2.9.  Cell culture and treatments

The human renal tubular epithelial cell line (HK-2) and mouse
tubular epithelial cell line (TCMK-1) were purchased from
American Type Culture Collection. The murine-derived macro-
phage cell line (RAW264.7) was purchased from BeNa Culture
Collection. HK-2 cells were cultured in DMEM/F12 medium,
TCMK-1 cells were cultured in DMEM/H medium, and
RAW264.7 cells was cultured in RPMI 1640 medium, which
was supplemented with 10% (v/v) fetal bovine serum (FBS) and
1% (v/v) penicillin/streptomycin at 37 °C, 5% CO, in a humidified
incubator. For the in vitro experiments, HK-2 and TCMK-1 cells
were pre-incubated with various concentrations of SSNPs for 4 h or
Ferrostatin-1 (Fer-1, 5 pmol/L) for 1 h in the corresponding groups.
And then, the cells were pre-treated with ML385 (5 pmol/L) for
1 h and indicated concentration of cisplatin (DDP) for 24 h.

2.10.  Cellular uptake assay

SSNPs, SSNPs-col-blo, SSNPs-hb and SSNPs-BSA were labeled
with FITC, and their particle concentrations were normalized to
the initial drug concentration to ensure uniformity in the initial
sample concentrations and fluorescence intensities across the same
batch of samples. RAW264.7 cells and TCMK-1 cells (1 x 10°)
were treated with FITC-labelled SSNPs, SSNPs-col-blo, SSNPs-
hb and SSNPs-BSA at equivalent fluorescent unit values and
doses. After 2 h, the cells were collected for immunofluorescence
analysis and flow cytometry analysis. For immunofluorescence
staining, cells were fixed with 4% paraformaldehyde. Then the
cytoskeleton was incubated with phalloidin (1 pg/mL), and the
cell nucleus was stained with DAPI (1 mg/mL) for 5 min. Finally,
the slides were sealed and observed under confocal microscope
(Zeiss LSM980, Germany). For flow cytometry, cells were
collected, washed and analyzed by flow cytometry (CytoFLEX,
Beckman, USA).

2.11.  Cell proliferation assay

HK-2 cell proliferation was assessed with CCK-8 assay according
to the manufacturer’s instructions. Briefly, cells were cultured at
37 °C in 96-well plate (1 x 10* cells/well/100 pL) for 24 h and
then incubated with different concentrations of SSNPs or DDP. At
24 h time point, 10 pL of CCK-8 solution was added to each well
and the plate was incubated for 1 h. The optical density (OD) at
450 nm was measured using a microplate reader (SpectraMax i3,
Molecular Devices, USA).

2.12.  Intracellular ROS and lipid peroxidation detection

Cells were collected and incubated with H2DCFDA (5 pmol/L)
and C11-BODIPY>¥">°! (1 pumol/L) for 30 min at 37 °C under
dark conditions. After washing three times with PBS, the cells
were detected by flow cytometry (Beckman Cytoflex). In addition,
cell sections were incubated with H2DCFDA and Cl11-
BODIPY>3*°! under the same conditions and intracellular ROS

and lipid peroxidation levels were assessed using confocal
microscopy (Zeiss LSM980, Germany).

2.13.  Mitochondrial damage and membrane potential
assessment (A¥m)

To detect mitochondrial superoxide dismutase (mitochondrial
ROS, mitoROS) and mitochondrial damage, cells were incubated
in medium with MitoSOX™ Red (2.5 pumol/L) and Mitotracker™
green (5 pmol/L) for 30 min at 37 °C, and then were detected by
flow cytometry (Beckman Cytoflex) or images were acquired on a
confocal microscope (Zeiss LSM980, Germany). Mitochondrial
membrane potential was assessed using JC-10 fluorescent dye
staining employing fluorescence microscopy and flow cytometry
following the manufacturer’s guidelines (Biosharp, China).
Briefly, cells were cultured according to the instructions and
incubated with JC-10 (5 pg/mL) for 20 min at 37 °C. After
washing twice with binding buffer, cells were detected by flow
cytometry (Beckman Cytoflex). Data were analyzed by FlowJo
software.

2.14.  Iron content analysis

For cell Fe** quantification, they were placed in 6-well plates and
incubated at 37 °C in a 5% CO, incubator, with the measurement
of their iron ion levels conducted using the intracellular iron
colorimetric test kit. The assay involves adding a single working
reagent at 60 °C, followed by incubation for 1 h, then another with
an iron ion reagent and incubating for 30 min at room tempera-
ture. After centrifuging the supernatant at 12,000 rpm for 5 min
(Eppendorf 5424, Germany), it was gathered to assess the optical
density at 520 nm.

2.15.  Apoptosis analysis

Apoptosis was detected by flow cytometry and terminal deoxy-
nucleotidyl transferase (TdT) dUTP nick end labelling (TUNEL)
staining. Apoptosis analysis was performed using annexin V-PE/7-
AAD staining and flow cytometry according to the manufacturer’s
instructions (Vazyme, Nanjing, China). Flow cytometry was
detected by a Beckman Cytoflex instrument and data were
analyzed by FlowJo software. Renal tissue apoptosis was detected
by TUNEL assay using the in situ cell death assay manual.
TUNEL-positive cells were detected with a fluorescence micro-
scope (Nikon, Tokyo, Japan), and the average number of apoptotic
cells was calculated by manually counting TUNEL-positive cells
in six random fields of view (200 x) in each group.

2.16.  Animal experiments

Male C57BL/6 mice (6—8 weeks, 20—22 g) and Nrf27/7 mice
(Nfe212, 8 weeks, 22—24g) were purchased from SiPeiFu (SPF)
Biotechnology Co., Ltd. (Beijing, China) and Jackson Labora-
tories (Bar Harbor, USA), respectively. To evaluate the effects of
SSNPs on DDP-induced acute injury (AKI), mice were randomly
divided into the following six groups: Control group (saline), DDP
group (20 mg/kg DDP), SSNPs-H group (28 g/kg SSNPs),
DDP + SSNPs-L group (20 mg/kg DDP + 7 g/kg SSNPs),
DDP + SSNPs-M group (20 mg/kg DDP + 14 g/kg SSNPs) and
DDP + SSNPs-H group (20 mg/kg DDP + 28 g/kg SSNPs).
Different doses of SSNPs were administrated intragastrically (i.g.)
for 9 days, and DDP (20 mg/kg) was administrated
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intraperitoneally (i.p.) on Day 7 to induce acute kidney injury. On
Day 10, the mice were euthanized, and blood and kidney samples
were collected for further analysis. The same method was
applied to establish a folic acid (FA)-induced acute kidney injury
model. The experimental groups were randomly divided into
the following four groups: Control group (saline), SSNPs group
(28 g/kg SSNPs) and FA group (250 mg/kg) and FA + SSNPs
group (250 mg/kg FA + 28 g/kg SSNPs). All animal experiments
were approved by the Institutional Animal Care and the Animal
Ethics Committee of Dalian Medical University, Dalian, China
(Approval No. AEE24045).

2.17.  Biochemical and histological analysis

Blood urea nitrogen (BUN) and blood creatinine (CRE), which
reflect the level of renal function, were assessed using commercial
kits. For histological analysis, fresh kidney tissues were fixed and
embedded in paraffin. Subsequently, the samples were cut into
4 pm thick slices for hematoxylin and eosin (H&E) and Periodic
Acid-Schiff (PAS) staining. Furthermore, H&E and PAS sections
were assigned scores according to the percentage of tubules
that were damaged: 4 = 75%—100%, 3 = 51%—75%,
2 = 26%—50%, 1 = 1%—25%; 0 = normal.

2.18.  Immunohistochemistry and immunofluorescence analysis

To conduct immunohistochemical tests, kidney tissue slices
underwent an overnight incubation at 4 °C with primary anti-
bodies targeting KIM-1 (HAVCRI, 1:100), NGAL (LCN2, 1:50),
and 4-HNE (1:50), followed by further incubation using HRP-
linked secondary antibodies. After DAPI staining for 10 min, the
slices were observed under a light microscope (Olympus BX51,
Japan). For immunofluorescence analysis, cell lines were collected
and fixed in 4% paraformaldehyde, following which they were
incubated with a primary Nrf2-targeting antibody (1:100) over-
night at 4 °C. They were then exposed for 1 h to Alexa Fluor 488-
linked goat anti-rabbit IgG (1:1000). Following DAPI staining for
5 min, the sections were sealed and observed under a fluorescence
microscope (Nikon, Tokyo, Japan).

2.19.  Flow cytometry analysis

Whole kidneys were collected on the tenth day, mechanically
dissociated, digested, and the erythrocytes lysed to obtain a single-
cell suspension of the kidney. Suspension cells were stained with
antibodies against CD45, Ly6G, CD11b and CD11c (BioLegend),
washed twice with FACS buffer, and then the cells were analyzed
using a flow cytometer (CytoFLEX, Beckman, USA).

2.20. BMDM polarization detection

Bone marrow-derived macrophages (BMDMs) were isolated and
cultured from mouse bone marrow. For polarization, BMDMs
were pretreated with SSNPs (100 pg/mL) for 4 h. Afterward, the
cells were treated with IFN-vy (20 ng/mL) and LPS (100 ng/mL)
for 24 h to induce M1 polarization. During the experiment, the
cells were first stained with antibodies against F4/80, CD11b and
CD86 (BioLegend) for surface labeling. Next, the cells were
treated with a permeabilization agent to allow nuclear staining.
After permeabilization, the cells were stained with an anti-CD206
(BioLegend) antibody for nuclear labeling. Following the staining

steps, the cells were analyzed using flow cytometry (Beckman
CytoFLEX) to assess the expression levels of CD86 (M1 marker)
and CD206 (M2 marker). All results were analyzed using FlowJo
software.

2.21.  Western blotting analysis

Cells and kidney tissue were collected and lysed on ice for 30 min
before being disrupted by ultrasound for 2 min. Equal amounts of
protein (20—40 ng) were separated by 10%—15% SDS-PAGE,
and the separated proteins were transferred to a PVDF membrane
and blocked with 5% skimmed milk powder in PBS buffer for 1 h
at room temperature. The proteins were incubated overnight with
antibodies against (-actin (1:5000), GAPDH (1:5000), GPX4
(1:1000), xCT (1:1000), PINK1 (1:1000), Parkin (1:1000), LC3
(1:200), Nrf2 (1:2000), HO-1 (1:1000) and NQO1 (1:3000), and
then incubated with appropriate secondary antibodies and devel-
oped. The resulting images were analyzed using ImageJ software
to determine the relative expression levels. Protein expression
levels were normalized to $-actin or GAPDH.

2.22. Statistical analysis

The data are expressed as mean =+ standard error of the mean (SEM).
A P-value of less than 0.05 was considered statistically significant.
The statistical analysis of differences between two unpaired groups
was conducted using an unpaired two-tailed ¢-test. The data from the
multiple groups were subjected to one-way analysis of variance
(ANOVA), followed by post hoc tests. The statistical analysis was
conducted using GraphPad Prism (GraphPad Software, San Diego,
CA, USA, RRID: SCR_002798), a statistical software program.
*P < 0.05, ¥*P < 0.01, #**P < 0.001, ****P < 0.0001. ns, not
significant. All sample sizes for statistical analyses were greater
than or equal to 3 (n > 3).

3. Results
3.1.  Characterisation and self-assembly mechanism of SSNPs

The extraction process employed a 2:1 ratio of Scutellaria barbata
D. Don (SB) and Scleromitrion Diffusum (Willd.) R. J. Wang
(SD). Using our previously established extraction method, we
obtained aqueous extracts, and 70% ethanol elution fraction. To
evaluate the antioxidant activity of these components, two stan-
dard assays were conducted: DPPH radical inhibition and super-
oxide anion scavenging activity. The results demonstrated that the
70% ethanol elution fraction exhibited superior antioxidant per-
formance in both assays and was thus identified as the active
fraction (Supporting Information Fig. S1). Unlike conventional
aqueous extraction methods, the refined aqueous extraction em-
ploys a systematic fractionation approach that is grounded in the
polarity of molecules. Upon redispersion in water, this fraction
was found to exist stably in the form of nanoparticles, termed
SSNPs (SB and SD nanoparticles), as shown in Fig. 1A. Trans-
mission electron microscopy (TEM) images clearly demonstrated
the uniform spherical structure of SSNPs (Fig. 1B), with a
diameter of approximately 82.0 + 11.9 nm. As illustrated in
Fig. 1C, the hydrodynamic size analysis revealed that the parti-
cle size distribution of SSNPs was approximately 100.6 £ 7.4 nm,
with a polydispersity index (PDI) of 0.215, indicating good
dispersion. Furthermore, zeta potential of SSNPs was
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Figure 1  SB-SD formed self-assembled SSNPs during the extraction and isolation process. (A) Flow chart of SB—SD extraction and isolation
of active ingredient with SSNPs formation. (B) Morphology of SSNPs under transmission electron microscope (TEM). (C) The size distribution of
SSNPs under neutral (pH 7.4) and acidic (pH 2.4) conditions and the morphology under acidic conditions through transmission electron
microscope (TEM). (D) Schematic diagram of the self-assembly of representative compounds STR and GPA in the active fraction of SSNPs to
form SGNPs. (E) Schematic of the fusion of SGNPs. (F) In situ transmission electron microscopy (TEM) of SGNPs undergoing aggregation and
fusion in aqueous solution. Scale bar: 5 nm. (G) Molecular dynamics simulation of self-assembly of STR and GPA from 0 to 100 ns. (The
hydrophobic part in GPA and STR is shown as green, the glycosyl group as red). (H, I) 3D and 2D force structure diagrams of GPA and STR
(Green dotted line indicates hydrophobic interactions. Brown dotted line indicates m— stacking). (J) Schematic representation of flavonoid and
terpenoid self-assembly.
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—15.6 = 1.9 mV (Supporting Information Fig. S2). Additionally,
under acidic conditions (pH = 2.4), SSNPs maintained a stable
particle size distribution (86.6 £ 5.0 nm) and a low PDI value
(0.261), demonstrating excellent acid resistance. This character-
istic suggests that SSNPs can effectively resist gastric acid during
oral administration, thereby enhancing the bioavailability and
stability of the active fraction. We also observed the particle size
distribution in simulated gastric fluid, simulated intestinal fluid,
and serum, further confirming the stability of the particles
(Supporting Information Fig. S3). These findings indicate poten-
tial self-assembly behavior of chemical components during the
preparation process of the active fraction, and the particles exhibit
good stability.

Ultra-high performance liquid chromatography/quadrupole
time of flight mass spectrometry (UHPLC/QTOF—MS) analysis
further revealed that the main components of the SB—SD active
fraction were flavonoids (62.5%) and terpenoids (23.7%) (Fig. 1D,
Supporting Information Figs. S4 and S5, Supporting Information
Table S1). To elucidate the molecular assembly mechanism un-
derlying the formation of nanoparticles in the active fraction, we
selected scutellarin (STR), a prototypical flavonoid glycoside
derived from SB, and geniposidic acid (GPA), a representative
iridoid glycoside derived from SD, for conducting self-assembly
simulations. As it is depicted in Fig. 1D—F, in situ liquid phase
transmission electron microscopy (in situ TEM) observations
reveal that during the solvent exchange process, STR and GPA
undergo intermolecular interactions, leading to the spontaneous
self-assembly and formation of STR-GPA nanoparticles (SGNPs).
The aggregation of nanoparticles proceeds through three stages. In
the initial stage, the two compounds form nanoclusters, which
then aggregate due to intermolecular interactions, causing the
distance between clusters to gradually decrease over time. During
the second stage, preliminary fusion occurs among the particles,
driven by non-covalent interactions, leading to an increase in the
surface area of individual particles. Finally, in the third stage, the
particles fully fuse, resulting in a reduction in particle count and
the formation of larger, stable nanoparticles (Supporting
Information Video S1).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2025.05.024

Molecular simulations are utilised to facilitate a more profound
exploration of the molecular mechanisms that the self-assembly of
STR and GPA. Specifically, the simulation involved the intro-
duction of 15 STR molecules and 15 GPA molecules into a water
container (Supporting Information Fig. S6). As shown in Fig. 1G,
the two small molecular compounds were initially distributed as
discrete particles. The process of aggregation occurred within 10
ns, and was characterized by the presence of hydrophilic glycosyl
groups (indicated in red) located on the surface of the particles. As
time progressed, the particles amalgamated closely. Supporting
Information Videos S2 and S3 documented the active aggrega-
tion of particles. The formation of particles from STR and GPA
through self-assembly has been attributed to the occurrence of
intense interactions between molecules. In detail, the structures of
STR and GPA are characterized by the participation of their
fragrant configurations in m— layering interactions, while their
glycosyl groups engage in hydrogen bonds. The comprehensive
architectural details are illustrated in Fig. 1H and I. The stability
of the system was verified through the root mean square deviation
(RMSD) curve, leveling off around 30 ns. Additionally, the
decrease in the solvent-accessible surface area (SASA) and the

radius of gyration (RoG) post the first 25 ns confirms the trend of
self-assembly ~ (Supporting  Information  Fig. S7). 2-
Phenylchromene forms the main progenitor nucleus of flavo-
noids. Typically, flavones are combined with sugars in the syn-
thesis of glycosides. In this procedure, the carbonyl moiety has the
ability to establish hydrogen bonds, and the benzene ring plays a
key role in promoting the m—m stacking interaction. The funda-
mental structural unit of terpenoids is isoprene. A hydrophobic
backbone promotes hydrophobic bonding, allowing the hydro-
philic hydroxyl and carboxyl groups to participate in the forma-
tion of hydrogen bonds*’. Furthermore, hydrophobic nuclei and
hydrophilic glycosides may additionally generate hydrophobic
interactions. As a result, these components are capable of pro-
pelling the creation of self-assembled entities through hydropho-
bic connections and hydrogen bonds (Fig. 1J)*%. In summary, the
distinct structural features of these small molecules increased
intermolecular forces, which in turn helped to form self-assembled
nanoparticles.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2025.05.024

3.2. Characterization of protein corona and biodistribution of
SSNPs

The mechanisms by which nanoparticles interact with biological
systems, in particular the development of the protein corona, are
crucial to understanding why nanoparticles function physiologi-
cally and have a fate in the body*. To this end, our research
focused on how the protein corona forms on the surface of SSNPs
when they interact with body fluids, and the resulting biological
effects. As shown in Fig. 2A, we employed ex vivo murine
intestine to introduce SSNPs into the luminal environment, with
the objective of simulating the interaction between ingested
nanoparticles and the intestinal environment. Subsequently, we
gathered nanoparticles that effectively breached the intestinal
physical barrier, termed as SSNPs-colon (SSNPs-col). Moreover,
we co-incubated SSNPs-col with blood in vitro and collected the
resulting particles, known as SSNPs-colon-blood (SSNPs-col-blo),
thereby replicating the biological process by which nanoparticles
penetrate the intestinal barrier and enter blood. As shown in
Fig. 2B, the analysis of protein bands in SSNPs-col, blood, and
SSNPs-col-blo reveals that these nanoparticles develop a protein
corona on their surface (as marked by the blue arrow) post
intestinal tissue penetration.

However, this protein decreases when mixed with blood, likely
due to competitive binding occurring at specific sites. Conse-
quently, in the corresponding bands, most of the proteins in
SSNPs-col-blo are derived from the blood (indicated by the red
arrow). We observed a significant increase in the zeta potential of
the particles after the formation of the protein corona. Notably, the
zeta potential of SSNPs-col-blo reached —29.7 + 1.1 mV, indi-
cating enhanced stability of the protein-coated nanoparticles
(Fig. S2). Proteomic analysis was conducted on SSNPs-col-blo
using liquid chromatography-mass spectrometry (LC—MS)
(Supporting Information Table S2). The ten most abundant pro-
teins are illustrated in Fig. 2C including haemoglobin, skeleton
protein, anion exchange protein and albumin. Since skeleton
proteins are ubiquitous in eukaryotic cells, anion-exchange pro-
teins mainly regulate osmotic pressure and lack a unique func-
tional significance. Therefore, albumin and hemoglobin were
entered into our research scope. Albumin might be specifically
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Figure 2  The protein composition analysis and renal targeting of SSNPs with protein corona. (A) Schematic diagram illustrating the in vitro
simulation of particle construction with protein coronas to improve cellular uptake. (B) Typical silver staining of SSNPs-col and SSNPs-co-blo.
Blood was used for the SSNPs-co-blo control. (C) Protein crown composition analysis diagram. (D) Molecular docking analysis of SSNPs binding
to albumin. Representative immunofluorescence images of (E) TCMK-1 cells and (F) RAW264.7 cells treated with FITC-labelled SSNPs, SSNPs-
col-blo, SSNPs-hb and SSNPs-BSA for 2 h. Scale bar: 30 pm. (G) After labelling SSNPs with FITC, the retention and uptake of nanoparticles in
the intestine of C57BL/6 mice were observed by immunofluorescence and bioluminescence. Scale bar: up, 200 pm; down, 50 um. (H) Repre-
sentative bioluminescence images of main organs of C57BL/6 mice treated with FITC-labelled SSNPs at different times.

adsorbed with the presence of hydrophilic glycosylation sites on ID: P07724) was performed (Fig. 2D). For illustrative purposes,
the surface of SSNPs. we specifically selected the unit fragments constituting the

To verify this hypothesis, molecular docking analysis between SGNPs, which encompassed the STR and GPA along with their
the sites exposed on the surface of SGNPs and albumin (Uniprot corresponding structural sites. These structural sites were
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systematically labeled as MOL1 to MOL30 (including GPA1—15
and STR16—30). The hydrogen bond binding sites were primarily
located between the glycosyl groups of SGNPs and the amino acid
residues of albumin (Supporting Information Fig. S8). Hydrogen
bonds were identified between the small molecules and amino
acid residues: MOL-13 and GLN-143, MOL-28 and GLU-544,
MOL-25 and GLU-542, MOL-9 and ASP-197, MOL-22 and
LYS-205, MOL-29 and THR-463, MOL-20 and GLU-211, MOL-
30 and GLU-211, THR-459, GLU-424, as well as MOL-8 and
GLU-424. In addition, we also found that the hydrophobic sites
exposed by STR/GPA have hydrophobic interactions with albu-
min, which plays an important role in promoting their tight and
stable binding. Hydrophobic interactions were observed between
the following: MOL-3, MOL-13, MOL-12, MOL-24, MOL-18,
MOL-22, MOL-17 within the particles and THR-203, PRO-541,
GLU-143, GLY-423, CYS-201, LYS-205, and ASP-207 from al-
bumin. The calculated binding free energy was —989.48 kcal/mol
albumin. These findings collectively indicate that SGNPs exhibit a
strong binding affinity with albumin. As illustrated in Supporting
Information Fig. S9, the RMSD curves indicate that the protein
and particles reached a relatively stable binding state after
approximately 65 ns. RMSF shows that fluctuations were pri-
marily localized at the amino acid residues and glycosyls, further
confirming extensive interactions between the glycosyls on the
particle surface and the protein (Supporting Information Fig. S10).

Previous studies have revealed that nanoparticles exhibit unique
immune evasion and targeting properties by adsorb albumin and
hemoglobin on their surfaces*®>'. To investigate the uptake char-
acteristics of SSNPS with different protein coronas on phagocytes
and renal tubular epithelial cells, we incubated these particles
in vitro with RAW264.7 cells and TCMK-1 cells. As shown in
Fig. 2E, compared to SSNPs, TCMK-1 cells exhibited higher up-
take efficiency for SSNPs-col-blo and SSNPs-BSA. Furthermore, it
was observed that SSNPs-col-blo, SSNPs-hb, and SSNPs-BSA
significantly reduced the uptake by RAW264.7 cells (Fig. 2F and
Supporting Information Fig. S11). These results collectively sug-
gest that the protein corona on the surface of SSNPs can effectively
enhance the bioavailability in target tissues or organs while
reducing nonspecific uptake. Furthermore, we investigated the
absorption process of Cy5.5-labeled SSNPs within the digestive
tract. As depicted in Figs. 2G and 3 h post-administration, the drug
significantly accumulated in the jejunum, while colon epithelial
cells also began to exhibit a certain degree of absorptive capacity. As
time progressed to 6 h, the residual amount of SSNPs in the jejunum
lumen decreased, indicating that most SSNPs had been effectively
absorbed by colon epithelial cells. This finding is of great signifi-
cance for understanding the absorption mechanisms of SSNPs in the
gastrointestinal tract. The in vivo distribution study of Cy5.5-
labeled SSNPs revealed that the drug remained in the liver for
approximately 12 h and in the kidneys for up to 24 h post-
administration (Fig. 2H). To further elucidate the specific distri-
bution of the drug within the kidneys, we assessed the
co-localization of the drug with both the glomerulus and renal tu-
bules following drug labeling. Our findings indicated that, irre-
spective of whether in the renal medulla or renal cortex, the drug
co-localized with the renal tubules (Supporting Information
Fig. S12). This observation suggests that the drug may engage in
active transport mechanisms, demonstrating a certain degree of
targeting specificity for the renal tubules. Furthermore, over time, a
reduction in drug content within the renal cortex was accompanied
by an increase in the renal medulla, which provides further evidence
that the drug is delivered to the kidneys via the bloodstream and

subsequently migrates from the renal cortex to the renal medulla,
thereby exerting its therapeutic effects on the renal tubules. This
data provides a rationale for determining an appropriate dosing time
window when constructing animal models of acute kidney injury in
subsequent studies.

3.3. The protective efficiency of SSNPs in vivo

To evaluate the preventive effects of SSNPs in vivo, C57BL/6
mice were intraperitoneally (i.p.) injected with cisplatin (DDP) to
induce AKI. As shown in Fig. 3A, the renal phenotype of mice in
the model group exhibited clear signs of ischemia, kidney
enlargement, and pallor. After administering different concentra-
tions of SSNPs, these ischemic and pathological changes were
reversed to varying degrees. Kidney injury modeling was per-
formed according to the animal model described in the methods
(Fig. 3B), and the obtained serum and kidney tissues were eval-
uated for damage. The renal injury in mice was assessed, and as
illustrated in Fig. 3C—E, SSNPs can significantly reverse DDP-
induced increases in kidney index, serum urea nitrogen, and
creatinine levels. To examine the levels of lipid peroxidation,
malondialdehyde (MDA) and reduced glutathione (GSH) were
measured in the serum of mice. It was found that different con-
centrations of SSNPs reversed the production of MDA and the
depletion of GSH induced by DDP to varying degrees (Fig. 3F and
G). As illustrated in Fig. 3H, the results of H&E and PAS staining
demonstrated that the renal tubules exhibited severe dilatation (red
arrow), evident oedema (blue arrow) and cast formation (black
arrow) of renal tubular epithelial cells in the model group. As
illustrated in Fig. 31 and J, the defensive role of SSNPs in pre-
venting renal damage caused by DDP was confirmed through
H&E and PAS coloration results. Post SSNPs treatment, the kid-
ney injury showed a substantial improvement. Additionally,
treatment with DDP led to increased amounts of kidney injury
molecule-1 (KIM-1) and NGAL, but these were reduced after
SSNPs treatment. The TUNEL stain indicated a notable rise in
apoptosis in tissues treated with DDP, a trend which SSNPs suc-
cessfully counteracted. The quantitative results of IHC and
TUNEL staining are shown in Supporting Information Fig. S13.
The treatment’s advantages were further evidenced in a model of
folic acid (FA)-induced acute renal injury in mice, offering more
proof of the treatment’s effectiveness (Supporting Information
Fig. S14). We further assessed the safety of the drug by con-
ducting additional liver function tests and histopathological
analysis of liver tissue. The levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) remained within the
normal range, indicating that liver function remained normal
following treatment. H&E staining revealed preserved liver ar-
chitecture, with hepatocytes arranged in a regular pattern, and no
indications of inflammation, damage, or fibrosis. These findings
provided further evidence that SSNPs do not induce liver toxicity
(Supporting Information Fig. S15). As illustrated in Supporting
Information Fig. S16, in the study of kidney single-cell suspen-
sions from the DDP-stimulated AKI model, flow cytometry
showed that SSNPs treatment markedly decreased neutrophil
accumulation, thus reducing the infiltration of inflammation.
Furthermore, our research explored the in vifro polarization
aspects of BMDMs (Supporting Information Fig. S17) and
discovered that SSNPs enhance M2 polarization and lessen M1
polarization. This suggests that SSNPs amplify anti-inflammatory
macrophages and diminish pro-inflammatory macrophages,
resulting in potent anti-inflammatory actions.
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Figure 3  SSNPs alleviated cisplatin (DDP)-induced acute kidney injury in C57BL/6 mice. (A) The representative photographs of mice kidney
from six groups. (B) Schematic diagram of mice AKI model. (C) The renal index of mice from six groups. The serum levels of (D) BUN and (E)
SCr in mice from six groups. Serum levels of (F) MDA and (G) GSH in mice from six groups. (H) H&E staining showed evidence of renal tissue
damage, while PAS staining indicated the presence of renal lesions characterised by glycogen deposition. Immunohistochemistry for KIM-1 and
NGAL was performed to assess the extent of renal lesions. TUNEL immunofluorescence staining was used to detect the degree of apoptosis in
different subgroups. Scale bar: 20 or 30 um. (I) H&E and (J) PAS staining scores. Each point represents the mean + SEM (n = 6). *P < 0.05,
**P < 0.01, ¥***P < 0.005, ****P < 0.0001. ns, no significance.
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3.4.  Potent antioxidation effects of SSNPs in vitro

HK-2 cells were treated with varying doses of DDP and SSNPs in
order to ascertain the optimal concentrations for the inhibition and
promotion of cell growth. As illustrated in Fig. 4A and B, DDP
demonstrated a dose-dependent inhibitory effect on cell viability,
whereas SSNPs exhibited a dose-dependent promotion of cell
growth. It is noteworthy that SSNPs treatment markedly attenu-
ated the impact of DDP on cell death (Fig. 4C). Similar results
were observed in TCMK-1 cells (Supporting Information
Fig. S18). Nrf2, a key regulator of the antioxidant response, is
known to alleviate oxidative stress by activating downstream
antioxidant pathways®>. To further investigate the regulatory
effects of SSNPS on oxidative stress, we examined the expression
levels of key oxidative stress-related proteins. As depicted in
Fig. 4D—J, SSNPs markedly upregulated the expression of Nrf2,
HO-1, and NQOI, even in the presence of DDP. Furthermore,
immunofluorescence staining revealed that DDP reduced the
expression of Nrf2 protein in HK-2 cells, while SSNPs effectively
restored Nrf2 protein levels (Fig. 4K). These results were
confirmed in TCMK-1 cells, further supporting the validity of our
observations (Supporting Information Fig. S19). The quantifica-
tion of ROS by H2DCFDA staining (Supporting Information
Fig. S20) and flow cytometry demonstrated that ROS levels
were elevated in HK-2 cells after DDP treatment, as illustrated in
Fig. 4L and M. To further validate this conclusion, similar results
were obtained in TCMK-1 cells (Supporting Information
Fig. S21). As oxidative stress promotes the accumulation of
ROS, which in turn triggers apoptosis, we further examined the
impact of SSNPs on DDP-induced apoptosis. DDP-induced
apoptosis was significantly attenuated by SSNPs (Fig. 4N and
O), suggesting that the protective mechanism of SSNPs may
involve the regulation of oxidative stress pathways.

3.5.  SSNPs protected renal tubular epithelial cells from DDP-
induced ferroptosis

Free iron can interact with ROS to form lipid-free radicals, which
can rapidly react with oxygen and induce lipid peroxidation. As
previously demonstrated, SSNPs are capable of reducing the
accumulation of ROS (LipROS) induced by DDP. To gain further
insight into the quantitative analysis of ferric ions, a ferric ion
detection kit was employed to quantify the ferric ion content in the
supernatant of HK-2 cells lysate. The results demonstrated that
SSNPs treatment can reduce intracellular accumulation of ferric
ions caused by DDP in different cells (Fig. SA and B, Supporting
Information Fig. S22). As illustrated in Fig. 5C and D, SSNPs
were observed to reverse the MDA production and GSH deple-
tion induced by DDP. Subsequently, the regulatory effect of
SSNPs on the expression of iron death-related target genes was
further assessed. DDP treatment resulted in a significant reduction
in the expression of GPX4 and xCT, which could be dose-
dependently increased by SSNPs (Fig. SE). The statistical
results are provided in Supporting Information (Supporting
Information Fig. S23). As shown in Fig. 5F, SSNPs were found
to reverse the DDP-induced increase in 4-HNE for fluorescence
staining of mouse kidney tissue. The quantitative results are
shown in Supporting Information Fig. S24. Ferroptosis, which was
defined as a novel non-apoptotic pathway of cell death charac-
terized by iron-mediated excessive lipid peroxidation. Further-
more, previous study reported that DDP-induced renal tubular

epithelial cell ferroptosis through ROS/HO-1/GPX4 axis®. We
thus evaluated the level of LipROS in TCMK-1 cells and HK-
2 cells (Fig. 5G—I, Supporting Information Figs. S25 and S26).
Compared with control, SSNPs and Fer-1 could effectively reverse
the increase of LipROS induced by DDP. Furthermore, electron
microscopy results (Fig. 5J) show that, as indicated by the red
arrows, mitochondria were significantly shrunk and deformed
following DDP treatment. In contrast, SSNPs treatment improved
mitochondrial morphology, with clearer mitochondrial cristae, as
indicated by the blue arrows. Taken together, our results suggest
that SSNPs can mitigate the DDP-induced ferroptosis in renal
tubular epithelial cells.

3.6.  SSNPs attenuated mitochondrial damage and promoted
mitophagy in vitro and in vivo

As DDP is capable of boosting mitochondrial ROS production in
mouse renal tubular epithelial cells (mRTECs)*, we viewed
mitochondrial ROS production in TCMK-1 cells using MitoSOX
fluorescent probe. As illustrated in Fig. 6A and B, SSNPs, as
well as Fer-1 (a ferroptotic inhibitor), decreased mitochondrial
ROS generation in response to DDP. These results were
confirmed in HK-2 cells, further supporting the validity of our
observations (Supporting Information Fig. S27). To investigate
the total number and overall health of mitochondria in TCMK-1
cells, we stained cellular mitochondria with MitoTracker Green
and MitoTracker Red, which stain all the mitochondria and
mitochondria with intact membrane potential, respectively. The
findings indicated that SSNPs and Fer-1 significantly amelio-
rated DDP-induced mitochondrial damage (Fig. 6C and D), and
effectively reversed the DDP-induced reduction in mitochondrial
numbers (Supporting Information Fig. S28). We assessed the
effects of DDP treatment on mitochondrial function in TCMK-1
cells using JC-10 fluorescence detection and flow cytometry.
DDP treatment led to an increased green fluorescence intensity
ratio of JC-10 (Supporting Information Fig. S29), indicating a
significant reduction in mitochondrial membrane potential
(AW,,) following DDP exposure. Nonetheless, the administra-
tion of SSNPs and Fer-1 effectively reversed the loss of AW,
(Fig. 6E and F). Evaluating the accumulation of mitochondrial
ROS in damaged mitochondria involved conducting immuno-
fluorescence tests using MitoTracker Green co-located with
MitoSOX Red. The results indicate that SSNPs and Fer-1
reversed the rise in mitochondrial ROS linked to mitochondrial
damage caused by DDP (Fig. 6G). For a deeper exploration into
how SSNPs regulate mitophagy, we assessed the protein ex-
pressions related to it. As it is depicted in Fig. 6H and I, SSNPs
significantly upregulated the expressions of PINK1, Parkin, and
LC3 in a dose-dependent manner, indicating the promotion of
mitophagy. Moreover, transmission electron microscopy (Fig.
6J) revealed that mitochondria in renal tubular epithelial cells
of mouse kidney tissue treated with DDP exhibited unclear
morphology and cristae, with swollen mitochondrial vacuoles, as
indicated by the red arrows. In contrast, treatment with SSNPs
restored the normal shape and cristae of the mitochondria, as
indicated by the blue arrows, and also revealed fragmented
mitochondria surrounded by double-membrane structures, as
indicated by the green arrows, indicating of mitophagy. Collec-
tively, these findings indicate a strong connection between
SSNPs’ defense against nephrotoxicity caused by DDP and the
activation of mitophagy.
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Figure4  SSNPs mitigated DDP-induced oxidative stress in HK-2 cells. Proliferations of HK-2 cells treated with different concentrations of (A)
DDP and (B) SSNPs for 24 h were measured by CCKS8 assay. (C) Proliferations of HK-2 cells pretreated with different concentrations of SSNPs
for 4 h, and then treated with or without DDP (20 pmol/L) for 24 h were measured by CCKS assay. (D) Immunoblots of cytosol-/nucelus-Nrf2 in
HK-2 cells and quantitative analysis of (E) cytosol-Nrf2 and (F) nucelus-Nrf2. (G) Immunoblots of total-Nrf2, HO-1 and NQO1 in HK-2 cells and
quantitative analysis of (H) total-Nrf2, (I) HO-1 and (J) NQOI. (K) Representative fluorescence images showing the expressions of Nrf2 in HK-
2 cells. Scale bar: 20 um. Flow cytometry histograms (L) and quantification (M) of ROS level in HK-2 cells treated with DDP (20 pmol/L),
SSNPs (200 pg/mL). Representative flow cytometry zebra plots (N) and the quantification (O) of apoptotic cells in TCMK-1 cells pretreated with
treated SSNPs (200 pg/mL) for 4 h, and then treated with DDP (40 pmol/L) and for 24 h. Each point represents the mean + SEM (n = 3).
*P < 0.05, ¥**P < 0.01, ***P < 0.005, ****P < (0.0001. ns, no significance.
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Figure 5 The effect of SSNPs on alleviating DDP-induced ferroptosis. (A) The levels of Fe>" in HK-2 cells treated with different concen-
trations of DDP for 24 h. (B) The levels of Fe*™ in HK-2 cells pre-treated with different concentrations of SSNPs for 4 h and then treated with
DDP (100 umol/L) for 24 h. (C) The levels of MDA production and (D) GSH depletion in HK-2 cells pre-treated with different concentrations of
SSNPs for 4 h and then treated with DDP (20 pmol/L) for 24 h. (E) The protein levels of GPX4 and xCT in HK-2 cells were analyzed by Western
blotting. (F) Representative fluorescence images showing the levels of 4-HNE in kidney tissues from DDP-induced AKI mice. Scale bar: 20 pm.
(G) Representative fluorescence images showing the induction of ferroptosis in TCMK-1 cells pre-treated SSNPs (200 pg/mL) for 4 h or Fer-1
(5 pmol/L) for 1 h and then treated with DDP (40 umol/L) for 24 h. The cells were stained with C11-BODIPY>®>°!, Scale bar: 10 pm.
Representative flow cytometry histograms (H) and the quantification (I) of lipid ROS level in TCMK-1 cells. (J) Transmission electron micro-
scopy images of TCMK-1 cells. Red arrows (damaged mitochondria), blue arrows (recovering mitochondria). Scale bar: up, 1 pm; down, 200 nm.
Each point represents the mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. ns, no significance.
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Figure 6  SSNPs alleviated DDP-induced mitochondrial damage and enhanced mitophagy. (A, B) The levels of mitochondrial ROS in TCMK-
1 cells were detected by flow cytometry with the fluorescent probe MitoSOX. (C, D) The levels of mitochondrial damage in TCMK-1 cells were
determined by flow cytometry with the fluorescent probe MitoTracker Green. (E, F) The levels of mitochondrial membrane potential in TCMK-1 cells
were detected by flow cytometry with the fluorescent probe JC-10. (G) The immunofluorescence assay was used to assess the accumulation of
mitochondrial ROS in damaged mitochondria with MitoTracker Green and MitoSOX. Scale bar: 20 pm. (H, I) The protein levels of PINK1, Parkin
and LC3 in TCMK-1 cells were detected by Western blotting. (J) Transmission electron microscopy images in renal tubular epithelial cells of mice
kidney tissues. Red arrows (damaged mitochondria), blue arrows (recovering mitochondria), green arrows (mitophagy). Scale bar: up, 1 pm; down,
400 nm. Each point represents the mean £ SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. ns, no significance.
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3.7.  The powerful protective efficiency of SSNPs through Nrf2
pathway in vitro and in vivo

Nrf2 is a well-known key regulator of the antioxidant response
element (ARE) and plays a critical role in mitigating oxidative
stress®>. To determine whether the protective mechanism of
SSNPs depends on Nrf2 in kidney, both an Nrf2 inhibitor
(ML385) and Nrf2 '~ mice were used to verify the effects in vitro
and in vivo. As illustrated in Fig. 7A, the SSNPs treatment reduced
DDP-induced mitochondrial ROS production in TCMK-1 cells.
However, this effect was significantly attenuated upon the addition
of ML385. To quantify mitochondria, MitoTracker Red staining
and flow cytometry were performed in TCMK-1 cells. The results
demonstrated that the protective effect of SSNPs on mitochondria
was diminished in the presence of ML385 (Fig. 7B). As shown in
Fig. 7C, DDP-induced ROS accumulation was effectively sup-
pressed by SSNPs, whereas this protective effect was attenuated
following the addition of ML385, indicating the ability of SSNPs
in alleviating oxidative stress was reduced. Similarly, as depicted
in Fig. 7D, the protective effect of SSNPs against lipid peroxi-
dation in TCMK-1 cells was also weakened in the presence of
ML385. Additionally, western blot analysis was performed to
assess the expression of Nrf2 and its related proteins following
SSNPs and ML385 application in the model of TCMK-1 cellular
damage induced by DDP. It can be seen that DDP could reduce the
expression of Nrf2, HO-1 and GPX4, while ML385 could
significantly reverse the increased expression of Nrf2, NQO1, HO-
1 and GPX4 caused by SSNPs (Fig. 7E—I). For a deeper analysis
of SSNPs’ impact dependent on Nrf2, the study employed Nrf2~/~
mice to develop a model for acute kidney injury (Fig. 7J). The
relevant renal protection evaluation results (Supporting
Information Fig. S30) show that the nephroprotective effect of
SSNPs is significantly diminished in the Nrf2~'~ mice. Electron
microscopy revealed that the protective effect of SSNPs on
mitochondrial morphology in Nrf2/~ mice was diminished
(Fig. 7K). Following DDP treatment, mitochondria exhibited
significant shrinkage and deformation, and no significant
improvement in mitochondrial morphology was observed after
SSNPs administration. Moreover, the study evaluated the protein
manifestation of Nrf2 along with its associated proteins within the
kidney tissues of Nrf27/ ~ mice. The findings showed a substantial
reduction in the expression of Nrf2, NQO1, HO-1, and GPX4
(Fig. 7L). The research confirmed the vital function of Nrf2 in
protecting SSNPs from DDP-induced oxidative stress, ferroptosis
and mitochondrial damage.

4. Discussion

In the present study, we have created an innovative kind of self-
assembly herbal nanoparticles (SSNPs) derived from Scutellaria
barbata D. Don and Scleromitrion diffusum (Willd.) R. J. Wang,
an effective counteragent for DDP and folic acid-triggered AKI.
The SSNPs synthesized mainly consist of flavonoids and terpe-
noids, which are meticulously self-assembled to create nano-
structures with outstanding solubility and dispersibility in water.
In addition, the self-assembled SSNPs naturally adsorb albumin
and hemoglobin following oral administration, forming a protein
nanocorona. This process diminishes macrophage phagocytes and
improves the absorption by renal tubular epithelial cells, thereby
improving the absorption rate of SSNPs. This study reveals how
flavonoids and terpenoids in SSNPs self-assemble via intermo-
lecular forces like hydrogen bonds and w—7 interactions, and

further underscores how these nanoparticles effectively protect the
proximal tubular epithelial cells from oxidative stress and fer-
roptosis by activating the Nrf2 signaling pathway.

Traditional techniques for the extraction of SB—SD active
components rely on aqueous extraction’®. Here, we have devel-
oped a nano-TCM approach, where the fabrication of SSNPs
involved a comprehensive refinement of conventional extraction
techniques. By meticulously coordinating a series of steps
involving extraction and self-assembly procedures, we accom-
plished the generation of stable nanoparticles. The sophisticated
optimization process significantly improved both the uniformity
and the purity of the derived components and their efficiency.
These augmented interactions served as a pivotal cornerstone,
underpinning the formation and stabilization of SSNPs. This
method demonstrates the potential collaborative effect of nano-
technology and classical Chinese medicine, paving the way for the
creation of innovative drugs with improved qualities and increased
efficacy.

The herb pair SB—SD has garnered considerable attention due
to their rich pharmacological activities and broad clinical appli-
cation value’’. Based on network-pharmacology and bioinfor-
matics, analysis and comparison of the bioactive constituents
indicated that SB—SD contained many components, some of
which exert anti-tumor effects through diverse mechanisms like
anti-oxidative, anti-inflammatory, pro-apoptotic, anti-angiogenic,
and immune-regulating pathways''*®. However, the intricate
make-up and compositions of these substances have resulted in a
partial comprehension of their pharmacological dynamics. Previ-
ous study reported that SB—SD could induces ferroptosis in
ovarian cancer cells (A2780, SKOV3 and OVCAR3) by promoting
heme catabolism and ferritinophagy. Furthermore, administering
SB—SD triggered increased levels of HO-1 and Nrf2 in three cell
lines''"*®. Our findings now show that the stable self-assembled
nanoparticles (SSNPs) derived from SB—SD clearly inhibited
DDP-triggered ferroptosis in renal tubular epithelial cells by
reducing oxidative stress via Nrf2 enhancement. We speculate that
this discrepancy may be attributed to two potential reasons.
Firstly, the majority of TCM are a collection of multiple chemical
components capable of exerting multiple therapeutic effects. In
addition, this discrepancy may be attributed to the idiosyncratic
nature of the cancer cel lines and proximal tubular epithelial cells
utilized in these studies, as different cell lines can exhibit distinct
behaviors and responses to various agents.

The findings from this study highlight the strong antioxidant
activity of SSNPs and their potential protective effects against
DDP-induced acute kidney injury (AKI). The data suggest that
Nrf2 plays a central role in mediating these effects. In fact, as a
significant regulator of redox balance, mounting evidence
demonstrated that the use of Nrf2-activated agents can efficiently
reduce ROS levels, thereby preventing or delaying the progression
of various types of AKI***°. In DDP-associated AKI, a common
therapeutic tactic is to elevate the cellular antioxidant response to
combat increased ROS. Previous studies indicated that Nrf2
knockout mice were more susceptible to DDP induction than wild-
type mice. Pretreatment with CDDO-Im*!, an activator of Nrf2,
prevented DDP toxicity in Nrf2 wild-type mice but not in Nrf2-
deficient mice. Similarly, another Nrf2 inducer, melatonin42,
attenuated DDP-induced AKI probably by regulating Nrf2/HO-1
signaling. Consistently, our current study confirmed the neph-
roprotective effects of SSNPs against AKI via the Nrf2/HO-1
signaling pathway. Notably, when the Nrf2 inhibitor ML385 or
Nrf2 knockout mice were used, the protective effects of SSNPs
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Figure 7  SSNPs attenuated DDP-induced oxidative stress, ferroptosis, and mitochondrial damage via the Nrf2 pathway. TCMK-1 cells were
pre-treated with or without the Nrf2 inhibitor ML385 (5 pmol/L) for 1 h and SSNPs (200 pg/mL) for 4 h, and then treated with DDP (40 pmol/L)
for 24 h (DDP + SSNPs + M: 40 pmol/L DDP, 200 pg/mL SSNPs and 5 pmol/L ML385). (A) The levels of mitochondrial ROS in TCMK-1 cells
were detected by flow cytometry with the fluorescent probe MitoSOX. (B) The levels of mitochondrial damage in TCMK-1 cells were determined
by flow cytometry with the fluorescent probe MitoTracker Red. (C) The ROS levels of TCMK-1 cells were detected by flow cytometry with the
fluorescent probe H2DCFDA. (D) The lipid ROS levels of TCMK-1 cells were detected by flow cytometry with the fluorescent probe C11-
BODIPY>#"°!_ (E) The protein levels of Nrf2, NQO1, HO-1, and GPX4 in TCMK-1 cells were detected by Western blotting and quantita-
tive analysis of (F) Nrf2, (G) HO-1, (H) NQOI1 and (I) GPX4. (J) Schematic representation of the therapeutic strategy using different concen-
trations of SSNPs for 20 mg/kg DDP challenge in Nrf2 '~ mice. (K) Transmission electron microscopy images in renal tubular epithelial cells of
Nrf2~'~ mice kidney tissues. Red arrows (damaged mitochondria), green arrows (mitophagy). Scale bar: up, 1 pm. (L) The protein levels of Nrf2,
NQO1, HO-1, and GPX4 in mice kidney tissues were detected by Western blotting. Each point represents the mean = SEM (n = 3). *P < 0.05,
**P < 0.01, ¥***P < 0.005, ****P < 0.0001. ns, no significance.
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were significantly reduced, both in vitro and in vivo. These results
strongly suggest that the protective effects of SSNPs are mediated
through the activation of Nrf2 and its downstream antioxidant
pathways. We further revealed that SSNPs might promote PINK1/
Parkin-mediated mitophagy, thereby facilitating the clearance of
damaged mitochondria and preventing excessive ROS accumula-
tion. In addition, SSNPs exhibited the ability to lower intracellular
iron levels, reduce lipid peroxidation and ultimately inhibit DDP-
induced ferroptotic cell death. Overall, these findings provide a
mechanistic basis for the use of SSNPs in mitigating DDP-induced
AKI, emphasizing the critical role of Nrf2 activation and the
regulation of ferroptosis in their protective effects.

Compared to conventional AKI treatments, nanotechnology-
based therapeutics for AKI exhibited substantial and immense
potential of further development*’. Various nanotechnology-based
therapeutic approaches including nanozymes, ROS scavenger
nanomaterials loaded with antioxidants and anti-inflammatory
agents have been designed to achieve an optimal therapeutic
index by simultaneously improving both efficacy and safety.
Likewise, in order to overcome the inherent limitations of TCM
such as poor water solubility and low bioavailability, nanotech-
nology has been extensively explored for characteristics and ther-
apeutic efficacy of nano-TCM****. Currently, the development of
carrier-free nanomedicines of single active ingredients has partially
overlooked the compatibility of TCM formulas. Utilizing multiple
active ingredients through various nanostructures formed by self-
assembly of TCM is a more potential strategy*®. Recent
researchers have found that the varied structures of herbal compo-
nents facilitate their ability to self-assemble, enabling them to
assemble with other molecules*®. Common ingredients of TCM
with self-assembly properties include terpenoids, quinones and
glycosides. Tan et al.*’ exploited the intermolecular recognition
properties of various ginsenoside monomers to facilitate the self-
assembly of carrier-free ginsenoside nano-micelles gallic acid and
resveratrol, both natural polyphenolic small molecules, are capable
of co-assembling to form a two-component hydrogel*S.

In our study, in order to gain a deeper understanding of how
SSNPs are produced, we analyzed their main components and
selected two key compounds, scutellarin (STR) and geniposidic
acid (GPA), to study their self-assembly mechanism. Observations
showed that the process of nanoparticle aggregation proceeds in
three stages. Initially, the duo of substances resulted in many tiny
nanoparticles. With time, interactions between molecules
decreased the separation between these nanoparticles, aiding in
their clustering. In the latter phase, initial fusion took place among
the nanoparticles via non-covalent interactions. During the ulti-
mate phase, the nanoparticles experienced additional merging,
diminishing their total quantity while creating stable structures.
Molecular simulations have been employed to provide further
mechanistic insights into the fusion process, thus highlighting the
critical role of hydrogen bonding and m— stacking interactions in
the initial association of the two compounds. These interactions
promoted particle aggregation and fusion, ultimately resulting in
the formation of stable nanoparticles. Collectively, these findings
present a novel strategy and method for fostering research and
development in nano-TCM.

Additionally, the formation of a protein corona is a crucial
phenomenon in the interaction of nanoparticles with biological
systems. Upon introduction into serum, nanoparticles swiftly
adsorb proteins onto their surfaces, resulting in the establishment
of a protein corona. This corona plays a significant role in

determining the biological identity of the nanoparticles and in-
fluences their subsequent interactions with cells and tissues™.
Previous studies have demonstrated that the hemoglobin-
encapsulated nanodrug delivery system effectively evaded the
immune system, which exhibiting significant targeting capabilities
in cancer immunotherapy®’. Also, Albumin coating boosts im-
mune evasion and drug delivery by prolonging circulation time
and allowing tumor targeting®!. Consistently, protein corona-
loading validation revealed that both albumin and hemoglobin
reduced uptake of the nanoparticles by macrophages. Meanwhile,
albumin was shown to enhance uptake by renal tubular epithelial
cells, thereby conferring kidney-targeting properties to the nano-
particles. The formation of the protein corona further enhances our
understanding of the transport, distribution, and metabolic pro-
cesses of SSNPs in vivo, providing a solid theoretical basis for
their application in biomedical research. Through molecular
simulation techniques, we further confirmed the binding ability of
glycosyl ligands exposed on the surface of SSNPs to albumin in
the bloodstream, providing a solid theoretical basis for the for-
mation of the protein corona on SSNPs. These findings highlight
the potential of SB—SD-derived nanoparticles to achieve targeted
drug delivery, minimize off-target effects, and enhance therapeutic
efficacy, particularly in kidney-related applications.

Despite substantial advancements in our understanding of the
specific renoprotective effects and underlying mechanisms of
SSNPs, due to the compositional complexity and complicated
mechanism, there remains gaps in our understanding. Future
studies can further confirm the potent single active ingredients and
take on the in-depth mechanism. Moreover, our study found that
SSNPs can also accumulate in the liver, although no drug-related
toxic effects were observed during the study, it is imperative to
investigate the potential adverse effects or the potential protective
effect on liver injury associated with the utilization of SSNPs. We
anticipate broader use of our SSNPs in other oxidative stress-
related diseases. Ultimately, we preliminarily elucidated the
possible mechanism of self-assembly process of SSNPs via driven
by hydrogen bonding and m—m stacking interactions. The adapt-
ability of the principle for the application of nano-TCM has not
been substantiated through specific experimental verification.
Future research endeavors will be undertaken.

5. Conclusions

This study proposes a pioneering approach in the domain of
traditional Chinese medicine (TCM) by forming self-assembled
herbal nanoparticles (SSNPs). The SSNPs, which contain flavo-
noids and terpenoids, have excellent water solubility and disper-
sion and are ideal for treating AKI. Through our extensive
research, we revealed the complex process of self-assembly in
these nanoparticles, driven by intermolecular dynamics like
hydrogen bonds and w—m interactions. The process of self-
assembly has been shown to stabilize and purify nanoparticles,
thereby protecting tubular epithelial cells from oxidative stress
and ferroptosis by activating the Nrf2 signaling pathway. Further
analysis revealed that SSNPs naturally absorb albumin and he-
moglobin in vivo, leading to the creation of protein corona which
improves bioavailability and kidney targeting. In summary, our
present study clarifies the specific renoprotective effects and
underlying mechanisms of SB and SD, and also establishes an
innovative nano-TCM methodology for advancing traditional
Chinese medicine and naturally occurring nanomedicines.
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