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Abstract

Oxidative stress, which results from the accumulation of free radicals, plays a substantial role in cataract formation.
Antioxidants have shown promise in mitigating or even preventing this process. However, delivering antioxidants
noninvasively to the anterior segment of the eye has been a significant challenge. In this study, we developed ceria
nanoparticles modified with cyclic cell-penetrating peptides to overcome the obstruction of the dense corneal
barrier on topical drug delivery. Our results demonstrated that modified ceria nanoparticles with cell-penetrating
peptides (CPPs) facilitate the opening of tight junctions in human corneal epithelial cells. This characteristic consider-
ably enhances the trans-corneal transport of nanoparticles and improves cellular uptake efficiency, while also con-
tributing to their intracellular enrichment toward mitochondria. Further experiments confirmed that the modified
ceria nanoparticles effectively counteracted ferroptosis induced by oxidative stress in lens epithelial cells both in vitro
and in vivo, substantially reducing cataract formation. The successful development of ceria nanoparticles modified
with cyclic cell-penetrating peptides (cCPPs) opens new avenues for research in cataract prevention and treatment.
Additionally, the modified ceria nanoparticles could serve as a noninvasive drug delivery system, which holds remark-
able potential for advancing drug delivery in diseases affecting the anterior segment of the eye.
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Introduction

Cataracts are the leading cause of blindness worldwide,
which affects an estimated 83.5 million individuals aged
50 years and older, severely impairing their quality of
life [1]. While cataract surgery is widely recognized as
a cost-effective intervention in developed areas, people
in remote or economically disadvantaged areas still lack
timely access to this treatment, therefore missing the
optimal therapeutic window [2]. Consequently, research-
ers worldwide have endeavored non-surgical approaches
to decelerate or halt the progression of cataracts for dec-
ades in order to reduce cataract-induced blindness. The
occurrence and development of age-related cataracts is a
slow and multifactorial process, during which oxidative
stress was identified as a crucial risk factor [3-5]. Oxida-
tive stress refers to a condition characterized by an excess
of oxidants relative to antioxidants, which can potentially
lead to harm or damage [6, 7]. Various external stimuli,
such as radiation, toxins, and inflammation, can lead to
the generation of reactive oxygen species (ROS) within
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cells. When these stimuli persist or their intensity sud-
denly escalates, cells may fail to eliminate the excessive
ROS promptly. This disruption of cellular homeostasis
can further lead to cell death. Therefore, when the body
is unable to escape from such pathological insults, timely
intervention to assist cells in clearing ROS is crucial.
Breaking this harmful cycle not only prevents further
damage but also facilitates tissue repair and promotes
the recovery of organ function [8, 9]. Over the past three
decades, researchers have conducted extensive screen-
ings and investigations to assess the anti-oxidative effec-
tiveness of natural and synthetic antioxidants. Numerous
antioxidants have shown encouraging outcomes in treat-
ing preclinical models of cataracts. However, their appli-
cation has predominantly been limited for the systemic
administration routes via oral, intraperitoneal, or intrave-
nous in experimental animals [10-13]. The main obsta-
cle in delivering antioxidants to the anterior segment
through topical application lies in the unique structure of
the ocular surface, including the dense corneal epithelial
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barrier and the rapid turnover of the tear film [14, 15].
Thus, achieving efficient noninvasive delivery to the ocu-
lar anterior segment area remains a challenge [16, 17].

Ferroptosis, an emerging research focus in recent
years, has garnered significant attention across nearly
all biomedical fields [18—20]. In particular, ferroptosis is
recognized as an important pathophysiological process
involved in various diseases, including neurodegenerative
disorders, stroke, traumatic brain injury, ischemia—rep-
erfusion injuries, liver fibrosis, and acute kidney injury
[21, 22]. An expanding body of research has identified
numerous genes and pathways associated with ferrop-
tosis. Among them, pathways that influence glutathione
peroxidase 4 (GPX4) activity, redox-active iron levels,
and glutathione (GSH) homeostasis are essential for
the regulation of cell death mediated by the oxidation
of polyunsaturated fatty acid (PUFA)-containing phos-
pholipids [23]. In detail, GPX4 is currently regarded as
the only enzyme capable of detoxifying hydroperox-
ides of PUFA-containing phospholipids (PL) [24, 25].
Although research on ferroptosis in lens diseases is still
in its infancy, existing evidence have indicated that aged
human lenses and cataractous lenses exhibit hallmarks
of ferroptosis, including disrupted redox homeostasis,
reduced GSH levels, impaired GPX activity, elevated
redox-active iron content, and increased lipid peroxida-
tion [26, 27]. These changes align with the fundamental
criteria defining ferroptosis. Thus, exploring therapeu-
tic strategies aimed at preventing or treating cataracts
by targeting and inhibiting ferroptosis holds significant
potential. Such approaches could pave the way for novel
interventions to preserve lens transparency and prevent
vision loss associated with cataracts.

The initial permeability barrier for drugs to penetrate
through the dense corneal barrier to the anterior seg-
ment is the dynamic, rapid-regenerating tear film [28—
30]. Within the tear film, the mucus layer plays a role as
the greatest barrier, characterized by negatively charged
glycans and hydrophobic pore structure [31, 32]. Thus,
it is plausible to hypothesize that particles with a posi-
tive charge on the surface can effectively adhere to the
tear film [33]. After penetrating through the tear film,
what lies ahead is the dense corneal barrier, consisting of
alternating hydrophilic and hydrophobic layers between
different strata, making it nearly impossible for most
drug molecules to passively diffuse and reach the ante-
rior chamber [17, 34]. The outer multi-layered cornea
epithelium is hydrophobic and features tight junctions
between cells, forming a dense barrier that primarily hin-
ders the diffusion of hydrophilic drugs through paracellu-
lar channels [35]. In contrast, the stroma is a hydrophilic
fibrous layer that restricts the penetration of hydropho-
bic molecules through transcellular pathways. Therefore,
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the molecular size and hydrophobicity/hydrophilicity
of drugs are key factors influencing their permeability
through the cornea [31].

Ceria nanoparticles (CeNPs), with a size of less than
5 nm, possess a unique surface composition that includes
both trivalent (Ce3") and tetravalent (Ce**) states, result-
ing in the presence of abundant oxygen vacancies within
their lattice structure [36—39]. This characteristic enables
CeNPs to exhibit antioxidant activity through electron
transfer between cerium(IIl) and cerium(IV) [40-43].
Moreover, due to the inherent memory function of the
lattice structure and their capacity to exchange electrons
with other ions, these ultrafine ceria nanoparticles can
readily restore their redox activity [39, 42, 44, 45]. This
property repeatedly allows them to eliminate reactive
oxygen species (ROS), showcasing their remarkable self-
regeneration properties. The auto-regenerative multien-
zyme activity of CeNPs, including superoxide dismutase
[46, 47] and catalase [48], has attracted significant atten-
tion among researchers in the field of biomedical sci-
ence in recent years. The potential therapeutic effects
of CeNPs have been demonstrated in various oxidative
stress-related disease models, including neurodegenera-
tive diseases [44], cardiac protection applications [49],
skin injuries hair loss [50, 51], and eye disorders, such as
age-related macular degeneration [52, 53], dry eye [54],
chemical burn [55], and acute glaucoma [56].

In recent years, research on nanotechnology-based
drug delivery has made significant advancements. Among
these, ceria nanoparticles (CeNPs) have emerged as a
promising solution for addressing the long-standing chal-
lenges of drug delivery to the anterior segment of the eye.
Their exceptional versatility, precise control over particle
properties, and direct surface modification capabilities
make CeNPs highly adaptable for ophthalmic applica-
tions. Given the challenges associated with drug delivery
to the ocular surface or intraocular tissues, recent years
have seen several successful strategies, with the applica-
tion of cell-penetrating peptides (CPPs) standing out as
particularly noteworthy [31, 57-59]. Surface modifica-
tion of nanomaterials with CPPs significantly enhances
their bioavailability, whether applied to the ocular surface
[60] or administered via intravitreal injection [61]. In this
study, we employed amphiphilic cyclic cell-penetrating
peptides (cCPPs) [62] and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene-
glycol)—2000] (DSPE-mPEG,;,,) to surface-modify
hydrophilic CeNPs. As a result (Fig. 1), we successfully
synthesized nanoparticles with a highly positive surface
charge and excellent medium dispersion performance,
referred to as cCPP-CeNPs. We demonstrated that
modified cCPPs on the surface of nanoparticles greatly
enhance their ability to penetrate the corneal barrier and
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Fig. 1 Schematic diagram showing the synthesis process and mechanism of cCPP-CeNPs for alleviating cataracts



Jiang et al. Journal of Nanobiotechnology =~ (2025) 23:337

accumulate within lens epithelial cells. Subsequently,
using both in vitro cell lines and in vivo mouse models
of ultraviolet radiation-induced cataracts, we found that
the cCPP-CeNPs effectively cleared ROS in lens epithelial
cells and mitigated cataract formation through inhibition
of cell ferroptosis. This study highlights the potential of
cell-penetrating peptides (CPPs), particularly cCPPs-
engineered ceria nanoparticles, in noninvasive drug
delivery to the anterior segment, paving the way for novel
avenues of future research.

Methods

Materials and animals

Cerium acetate (99.99%) and xylene (98.5%) were
obtained from Aladdin Industrial, Inc. (Shanghai, China).
Oleylamine (70%) was purchased from Sigma-Aldrich
Co. (St. Louis, MO). DSPE-mPEG,,, was obtained from
AV.T. (Shanghai) Pharmaceutical Co. Ltd. Cyclo[Ff-(2-
Nal)-RrRrQC-DSPE-mPEG,y,] (Remark: f is D-Phe, r is
D-Arg), Ff-(2-Nal)-RrRrQC-DSPE-mPEG,,,) (Remark:
f is D-Phe, r is D-Arg), and FITC-DSPE-mPEG,,, were
purchased from ChinaPeptides Co. Ltd. (QYAOBIO).
FITC was acquired from Shanghai Yuanye Biotechnology
Co., Ltd. Tissue-Tek OCT Compound was obtained from
Sakura Finetek USA. Ultrapure water (18.2 MQ-cm) was
provided by a Milli-Q filtration instrument.

Synthesis of CeNPs

CeNPs were synthesized through hydrolytic sol-gel
reactions [44, 63]. In brief, 0.43 g of cerium(III) acetate
(1 mmol) and 3.25 g of oleylamine (12 mmol) were dis-
solved in 15 mL of xylene. The mixture solution was
stirred vigorously for 12 h at room temperature and
then heated to 90 °C at a rate of 2 °C/min under an argon
atmosphere. Deionized water (1 mL) was rapidly injected
into the heated solution to initiate the sol-gel reaction,
evidenced by the color change from purple to cloudy yel-
low. The reaction mixture was maintained at 90 °C for 3 h
until it became transparent and subsequently cooled to
room temperature. Ceria NPs were precipitated by add-
ing 100 mL of acetone, collected by centrifugation, and
then resuspended in chloroform to achieve a final con-
centration of 10 mg/mL. The resulting purified CeNPs
were readily dispersed in chloroform for storage and use.

Synthesis of three sets of water-dispersive ceria NPs

and FITC-conjugated ceria NPs

To synthesize biocompatible CeNPs, these were coated
with DSPE-PEG co-polymer using a combination of the
film hydration method [64]. Briefly afterwwards, 30 mg
of DSPE-mPEG,,, (1.1 X107 mmol) was dissolved in
5.0 mL of chloroform and then mixed with chloroform
containing 10 mg of CeNPs. The solution was evaporated
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using a rotary evaporator and dried under vacuum at
room temperature for 90 min. Ten milliliters of deionized
water were added to the flask, followed by sonication.
The resulting transparent, light-yellow suspension was
filtered using a syringe filter with a 0.2 um pore size. To
remove free DSPE-mPEG,, the PEG-CeNPs were thor-
oughly purified by sequentially treating the nanoparticles
with high-speed ultracentrifugation at 450,000 g for 2 h
and filtration using an Amicon centrifugal filter with a 30
kDa cutoff molecular weight. The purified PEG-CeNPs
were stored in double distilled water (ddH,O) at 4 °C.

Water-dispersive ICPP-CeNPs and cCPP-CeNPs were
obtained using the same procedures as for the prepara-
tion of water-dispersive PEG-CeNPs, except that a mix-
ture of linearCPP/CyclicCPP-conjugated DSPE-PEG,,
and DSPE-PEG,,, was used in a 1:3 ratio of linearCPP/
CyclicCPP-DSPE-PEG,, to DSPE-PEG,q,.

To produce FITC-conjugated ceria or linearCPP/
CyclicCPP-ceria nanoparticles, FITC-conjugated DSPE-
PEG,, was used together with either DSPE-PEG,, or
a mixture of linearCPP/CyclicCPP-conjugated DSPE-
PEG,y, with DSPE-PEG,, at a ratio of 1 to 50 during
the water-transfer of ceria nanoparticles.

Characterization of three types of CeNPs

Hydrodynamic diameters and zeta potentials for the
PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs were meas-
ured using dynamic light scattering with a Zetasizer
Nano-ZS system (Malvern Instruments, Inc., Worces-
tershire, UK) and disposable folded capillary cells. The
morphology of nanoparticles was characterized by
the Hitachi HT7700 TEM (Hitachi, Tokyo, Japan) and
high-resolution transmission electron microscope (HR-
TEM) (Talos F200X G2, Thermo Fisher Scientific). XRD
patterns were recorded using RIGAKU SmartLab SE.
XPS spectra were performed using Thermo Scientific
K-Alpha. Inductively coupled plasma mass spectrometry
(Agilent 7700 Series ICP-MS) was employed to measure
the retained concentrations of cerium in solution or in
the aqueous humor of C57BL/6 ] mice’s eyes.

Electron paramagnetic resonance experiments
5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) was
obtained from J&K Scientific Ltd., Beijing, China. Iron(II)
sulfate heptahydrate was sourced from Sigma-Aldrich,
Milwaukee, WI, USA. Stock solutions were prepared
using deionized water (Milli-Q, Millipore Synergy UV
water purification system, Merck Millipore, Billerica,
MA, USA), 0.88 M DMPO, 1.0 mM Fe(II) sulfate, and 10
mM hydrogen peroxide. Stock solutions of three types of
CeNPs were initially prepared at a concentration of 0.5
mM.
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For spin trapping experiments, samples were prepared
as follows: 2.84 uL of DMPO stock solution was added
to 12.5 pL of aqueous iron sulfate solution. Subsequently,
12.5 uL of hydrogen peroxide stock solution was added
to initiate the reaction, marking the start of timing. After
incubating the mixture for 5 min to form hydroxyl radi-
cal adducts, 25 pL of the sample under study (or water
in control experiments) was added, mixed, and the liquid
was aspirated into the capillary for the electron paramag-
netic resonance (EPR) experiment.

SOD activity assay

The superoxide scavenging activity was assessed using
a SOD assay kit from Beyotime Biotechnology. Initially,
three types of CeNPs were diluted in 200 pL of WST-1
(water-soluble tetrazolium salt; 2-(4-iodophenyl)—3-(4-
nitrophenyl)—5-(2,4-disulfophenyl)—2H-tetrazolium,
monosodium salt) solution at cerium concentrations of
0.1 and 1.0 mM and added in triplicate to each well. The
SOD coupling reactions commenced with the addition of
20 pL of xanthine oxidase solution, followed by incuba-
tion at 37 °C for 20 min. The absorbance at 450 nm, pro-
portional to SOD activity, was measured using an iMark
Microplate Absorbance Reader (Bio-Rad Laboratories,
Inc. USA). An SOD activity of 50 U/mL was defined as
the enzyme activity that inhibits the reduction reaction
of WST-1 with the superoxide anion by 50% in experi-
ments quantifying SOD-mimetic activity. Three repeated
sets of measurements were performed.

Cell culture and cytotoxicity detection

The human lens epithelial cell line (HLEB3) was cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with 10% fetal bovine serum (FBS) and maintained in a
37 °C incubator with 5% CO,. For cytotoxicity detection,
HLEBS3 cells were seeded in 96-well plates (1 x 10* cells/
well) and cultured for 24 h. CeNPs were diluted in cell
culture medium to equal ceria concentration and incu-
bated with HLEB3 cells for 2 h. Subsequently, the cell cul-
ture medium was replaced with phenol red-free medium
(containing 10% FBS) for exposure to UVB radiation at
varying concentrations (0, 20, 40, 60, 80, and 100 m]/
cm?). After a further 24-h incubation, cell viability was
measured using a Cell Counting Kit-8 (CCK-8) assay
according to the manufacturer’s instructions. All experi-
ments were performed in triplicates independently.

ROS detection

HLEBS3 cells were seeded in 24-well plates (5 x 10* cells/
well) and pretreated with PEG-CeNPs, 1CPP-CeNPs,
and cCPP-CeNPs for 2 h before UVB stimulation. The
ROS content was detected using a Dichloro-dihydro-
fluorescein diacetate (DCFH-DA) kit according to the
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manufacturer’s instructions. Following the different
interventions, HLEB3 cells were incubated with DCFH-
DA dilution for 30 min, after which the fluorescence was
observed and captured using fluorescence microscopy.

Ferrorange staining

FerroOrange (Dojindo Laboratories, Japan) was used to
detect the iron content in HLEB3 cells. The cells were
seeded in 24-well plates (5 x10* cells/well) and pre-
treated with PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs
for 2 h before UVB stimulation; PBS treatment served
as the control group. Following administration, HLEB3
cells were stained with a FerroOrange dilution (diluted
in DMSO, 1 ymol/L) for an additional 30 min of incuba-
tion. Images were observed and captured using fluores-
cence microscopy. The experiments were conducted in
triplicate.

JC-1 staining

Mitochondrial membrane potential (AWYm) was evalu-
ated using a JC-1 kit. HLEB3 cells were seeded in 24-well
plates and subjected to various interventions. Subse-
quently, the cells were stained with JC-1 staining solu-
tion and incubated for an additional 20 min at 37 °C.
Cell images were observed and captured using confocal
microscopy. At high mitochondrial membrane potential,
JC-1 aggregated in the mitochondrial matrix, forming
J-aggregates that produced red fluorescence. Conversely,
at low mitochondrial membrane potential, JC-1 did not
accumulate in the mitochondria’s matrix and remained a
monomer, resulting in green fluorescence.

Mito-FerroGreen staining

Mito-FerroGreen is a novel fluorescent probe for detect-
ing ferrous ions in mitochondria. In this experiment,
HLEBS3 cells were seeded in 24-well plates and subjected
to various treatments. After medium removal, HLEB3
cells were washed three times with serum-free medium.
Then, the Mito-FerroGreen working solution (5 mol/L,
containing 200 nmol/L MitoTracker Red) was added, and
the cells were incubated for 30 min at 37 °C in a 5% CO,
incubator. Subsequently, the supernatant was removed,
and the cells were washed three times with serum-free
medium. Erastin, the activator, was then added and the
incubation continued for another 1 h. Finally, images
were observed and captured using confocal microscopy.

Cellular uptake and mitochondria-targeting ability

To investigate the cellular uptake ability of our CeNPs, we
added free-FITC, PEG-CeNPs, 1CPP-CeNPs, or cCPP-
CeNPs modified FITC (equal concentration, 500 uM) to
HLEB3 plates (24 well, 5x 10* cells per well) and incu-
bated for 2 h. The cellular uptake ability was assessed
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by the fluorescence intensity of FITC observed under
microscopy. Subsequently, after removing the FITC
medium, we added MitoTracker Red solution (200 nM)
to the plates and cultured them for an additional 30
min at 37 °C in the incubator. Colocalization analysis of
MitoTracker and CeNPs modified FITC was conducted
using Image J.

Preparation and imaging of the eyeball tissue using TEM
To assess the alteration of tight junctions between corneal
epithelial cells, C57BL/6 ] mice’s eyes underwent topical
administration with PBS, PEG-CeNPs, ICPP-CeNPs, or
cCPP-CeNPs eyedrops (1 h per time, four times). After
4 h, the mice were sacrificed, and their corneas were har-
vested immediately and fixed for TEM imaging. To deter-
mine changes in mitochondria of LECs, HLEB3 cells and
C57BL/6 ] mice were pretreated with CeNPs, followed
by UVB radiation (60 mJ/cm? for HLEB3 cells, 3.6 kJ/
m? for mice), and corresponding samples were collected.
The samples were then fixed overnight in glutaraldehyde
solution.

For fixing samples, samples mentioned above were
then fixed in 1% osmium tetroxide for another 2 h. Each
fixation step was followed by a 15-min rinse in PBS (pH
7.0) three times to remove remaining fixatives. The sam-
ples were then dehydrated in a graded ethanol series
(50%, 70%, 80%, 90%, and 95%) and pure acetone for 20
min each at room temperature. For permeabilization, the
samples were treated successively with a mixture of Spurr
embedding agent and acetone (volume ratio 1:1) for
1 h, a mixture (volume ratio 3:1) for 3 h, and pure Spurr
embedding agent overnight. Afterward, the samples were
embedded and cut into slices (70 nm thickness). The
images were observed using a Hitachi H-7650 transmis-
sion electron microscope.

Immunofluorescence staining

To identify the expression of ferroptosis-related markers
in mouse LECs, C57BL/6 ] mice were randomly divided
into five groups: Control, UVB +PBS, UVB +PEG-
CeNPs, UVB +ICPP-CeNPs, and UVB +cCPP-CeNPs.
After euthanization, the mice’s eyeballs were fixed in 4%
paraformaldehyde solution overnight. For evaluating the
distribution of tight junctions in corneal epithelial cells,
mice were randomly divided into four groups (PBS, PEG-
CeNPs, ICPP-CeNPs, or cCPP-CeNPs). Corneas were
collected and fixed in 4% paraformaldehyde solution
overnight. The following day, samples were placed in an
OCT agent post-intervention and transferred to —80 °C.
The samples were then subjected to frozen sections. Sub-
sequently, OCT agent was washed off using PBS, and the
samples were permeabilized with 0.25% Triton X-100 at
room temperature for 20 min, blocked with 5% bovine
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serum albumin at room temperature for 1 h, and incu-
bated with the primary antibodies: anti-ASCL4 (1:200,
ABclonal, A6826, USA), anti-GPX4 (1:200, ABclonal,
A13309, USA), anti-xCT (1:500, Affinity, DF12509, USA),
anti-TfR1 (1:200, ABclonal, A5865, USA), and anti-ZO-1
(1:200, Abcam, ab68477, USA) at 4 °C overnight. On the
second day, the sections were incubated with a secondary
antibody (CoraLite594-conjugated Goat Anti-Rabbit IgG
(H +L), SA00013-4, Proteintech, USA) at room tempera-
ture for 1 h, and then the slices were observed and cap-
tured using confocal microscopy.

Lipid peroxidation

The lipid peroxidation of HLEB3 cells was investigated
using the Lipid Peroxidation Probe-BDP*$V*! (C11
(Dojindo Laboratories, Japan). HLEB3 cells were seeded
in 24-well plates (5 x 10* cells/well) and subjected to spe-
cific treatments. Subsequently, BDP**'/*! C11 working
solution was added to the cells and incubated for 30 min
in a 37 °C incubator with 5% CO,. After removing the
solution and washing the cells with FBS-free medium,
images were captured using fluorescence microscopy.
The fluorescent probe emits red fluorescence under nor-
mal conditions, and the fluorescence changes from red to
green during lipid peroxidation. Thus, the formation of
lipid peroxides can be detected with high sensitivity by
the fluorescence intensity of red and green.

H&E staining

The collected tissues (including eyeballs, heart, liver,
spleen, lung, and kidney) were fixed with 4% paraform-
aldehyde, embedded in paraffin, and sectioned. Sub-
sequently, tissue paraffin sections, 5 pm thick, were
stained with H&E and observed and imaged using optical
microscopy.

Western blotting

To determine the expression of ferroptosis-related pro-
teins, HLEB3 cells were divided into six groups: Control,
UVB, UVB +PBS, UVB +PEG-CeNPs, UVB +ICPP-
CeNPs, and UVB +cCPP-CeNPs. The total proteins of
cells were lysed using Radio-immunoprecipitation assay
(RIPA) lysis plus 1% protease inhibitors (PMSF), and the
protein concentration was measured by bicinchoninic
acid (BCA) assay. Proteins (10 pg) were subjected to
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) gel electrophoresis, and polyvi-
nylidene fluoride or polyvinylidene difluoride (PVDF)
membranes were incubated with the following primary
antibodies: anti-ASCL4 (1:1000, ABclonal, A6826, USA),
anti-GPX4 (1:1000, ABclonal, A13309, USA), anti-xCT
(1:2000, Affinity, DF12509, USA), and anti-TfR1 (1:1000,
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ABclonal, A5865, USA). The Image] software was used to
quantify the intensity of each target gene.

Experimental animals

We conducted UVB irradiation-induced cataract stud-
ies using adult C57BL/6 ] female mice, aged 6-8 weeks
(purchased from the Experimental Animal Center of
Hangzhou Medical College). The mice, weighing approx-
imately 20 g upon arrival, were fed ad libitum and kept
under standard conditions with a 12 h light/dark cycle.
They were acclimatized and habituated to the laboratory
for 3 days prior to the experiments. Prior to experiments,
all mice were examined using a slit lamp (66 Vision Co.,
Suzhou, China). Only mice without anomalies in the
anterior segment of the eye (cornea, anterior chamber,
iris, or lens) were included in the studies. The Institu-
tional Animal Care and Use Committee approved the use
of animals for this study. The mice were maintained and
treated in accordance with the Association for Research
in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

Experimental grouping and UV exposure

C57BL/6 female mice, aged 6 weeks and weighing 18—-20
g, were acclimatized for three days before being ran-
domly allocated into six groups for eyedrop treatment.
PBS (untreated), PEG-CeNPs, ICPP-CeNPs (3.0 mg/
mL), low-concentration cCPP-CeNPs (1.0 mg/mL), high-
concentration cCPP-CeNPs (3.0 mg/mL), and pirenoxine
sodium eye drops groups were used in the experiments.
The administration of eye drops started one day before
exposure to UV light. Eye drops (20 pL each) were
applied four times a day at intervals of 3 h and continued
until 7 days after exposure to UVB.

Mice were anesthetized by intraperitoneal injection of
sodium pentobarbital (45 mg/kg body weight). Five min-
utes after the injection, 1% tropicamide was administered
to both eyes to induce pupil dilation. The unexposed
eye on the contralateral side was shielded throughout
the exposure period for comparison. The left eye of the
mouse was subjected to UVB light emitted from a Philips
ultraviolet lamp (peak wavelength: 311 nm) for 10 min at
a constant distance of 12 cm between the ultraviolet lamp
and the mouse cornea. Here, 0.3% sodium hyaluronate
eye drops were utilized to prevent corneal dryness during
irradiation. Post-UVB exposure, carbomer ophthalmic
gel was applied to the eyes to avert exposure to keratitis.
Subsequently, the mice were allowed to return to their
original cages. UVB light intensity was measured using
a UV detector (UVB ultraviolet irradiation meter, Bei-
jing Normal University Optoelectronic Instrument Fac-
tory, Beijing, China). We monitored the instantaneous
illumination on the corneal plane at 0.6 mW¥/cm?, which
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resulted in a final irradiation dose of approximately 3.6
kJ/m?>.

Lens morphologic examination

The anterior segment underwent examination using a slit
lamp (66 Vision Co., Suzhou, China) before UV exposure.
Morphological changes in the cornea and lens were mon-
itored via slit lamp microscopy at various time points
after exposure. However, UV-induced corneal cloudiness
hindered the slit lamp examination of the lens, necessitat-
ing enucleation of the lenses. These were then examined
and photographed under a dissecting microscope (Leica
stereo microscopes) using dark field illumination, ensur-
ing meticulous recording of all morphological changes.

Statistical analysis

Quantitative data were displayed as mean +standard
deviation (SD) and were analyzed using SPSS version 25.0
software. Significance between two groups was assessed
through a two-tailed ¢-test, while the Kruskal-Wallis
test determined significance when parametric tests were
unsuitable for the data. One-way ANOVA with Bonfer-
roni correction established significance among multi-
ple groups. A p-value <0.05 was defined as significant.
Graphs were plotted using GraphPad Prism 8 software.

Results

Synthesis and characterization of CeNPs

Hydrophobic uniform-sized CeNPs with a diameter
of approximately 3 nm were synthesized using reverse
micelle method [44, 65, 66], as evidenced by the trans-
mission electron microscopy (TEM) images (Fig. 2A).
After surface modification, the ceria nanoparticles
maintained a pure and typical fluorite cubic structure,
as demonstrated by selected area electron diffraction
(SAED) patterns (Fig. 2B) and X-ray diffraction (XRD)
analysis (Fig. 2C). The X-ray photoelectron spectros-
copy (XPS) analysis (Fig. 2D) indicated the coexistence of
Ce®* and Ce** on the surface of CeNPs, which provided
the structural basis for the enzymatic reactions [67].
We quantified the surface concentrations of cerium(III)
(peaks at 885.0 and 903.5 eV) and cerium(IV) (peaks
at 882.1, 888.1, 898.0, 900.9, 906.4, and 916.4 eV), and
found that the slightly yellow ceria nanoparticles con-
tained a cerium(IIl) content of approximately 43.62%
(Fig. 2D). Subsequently, to enhance water dispersibil-
ity and biocompatibility, CeNPs were coated with either
DSPE-PEGy, referred to as PEG-CeNPs or linearCPPs/
cyclicCPPs-conjugated-1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[amino(polyethylene-
glycol)—2000] (DSPE-mPEG-linearCPPs or
DSPE-mPEG-cyclicCPPs), referred to as 1CPP-CeNPs,
and cCPP-CeNPs, respectively. DSPE-mPEG-linearCPPs
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and DSPE-mPEG-cyclicCPPs were obtained through
the conjugation of the cysteine residue of linear[Ff-
(2-Nal)-RrRrQC] (where f is d-phenylalanine, r is
d-arginine, 2-Nal is 1-2-naphthylalanine) or cyclo[Ff-(2-
Nal)-RrRrQC] with the maleimide group in DSPE-PEG-
Mal. The purified products (DSPE-PEG-linearCPPs and
DSPE-PEG-cyclicCPPs) were quality-checked by the
matrix assisted laser desorption ionization (MALDI)
TOF mass spectrum. The results (Fig. S1 and S2) showed
that the molecular weight of DSPE-PEG-linearCPPs
or DSPE-PEG-cyclicCPPs was approximately 4200 g/

mol. Specifically, the molecular weight of linearCPPs or
cyclicCPPs was around 1350 g/mol each. Moreover, the
molecular weight of DSPE-PEG,, is about 2900 g/mol.
These results suggested that the cell-penetrating peptides
were successfully conjugated to DSPE-PEG,y,,. TEM
analysis demonstrated that the three groups of nano-
particles (PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs)
all presented a core diameter of approximately 3 nm
(Fig. 2A). The hydrodynamic diameters of PEG-CeNPs,
ICPP-CeNPs, and cCPP-CeNPs were approximately 15
nm, and the zeta potential underwent a transition from
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—25.7 to +29 mV, respectively (Fig. 2E and F). These
changes in size and surface potential confirmed the suc-
cessful conjugation of ICPPs or cCPPs onto the CeNPs.
Figure 2G depicted the UV-vis absorption spectrum of
ceria nanoparticles before and after surface modification.
The absorption spectrum exhibited intense peaks in the
range of 280-300 nm, which are recognized as the char-
acteristic peaks of CeNPs. After surface modification,
the characteristic peaks of the nanoparticles displayed a
subtle redshift, as illustrated by the dotted line in Fig. 2G.
The hydrodynamic diameters of ceria nanoparticles in
artificial tears (Fig. 2H), ultrapure water (Fig. S3), and

A

Page 10 of 22

phosphate-buffered saline (PBS) (Fig. S4) were monitored
over a span of 30 days. During this period, the hydrody-
namic diameters in all three different media remained
relatively constant, indicating the excellent colloidal sta-
bility of these ceria nanoparticles under physiological
conditions.

Auto-regeneration feature and ROS scavenging
performance of ceria nanoparticles in vitro

To assess the auto-regenerative properties of the ceria
nanoparticles, 0.02 M H,0O, was added to 10 mM stock
solution of the nanoparticles (Fig. 3A). Upon addition,
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the solution rapidly changed to a dark yellow color on the
first day. After ten days, the samples returned to a color-
less state. Subsequently, the oxidation process reoccurred
in the same sample on the 10 th day with an additional
0.02 M H,0O,. The surface modification of ICPP/cCPP
showed no effects on their auto-regeneration properties.
All three surface-modified nanoparticles were reusable
and could continue to scavenge free radicals. Corre-
sponding to the color change reaction, the characteristic
absorption peak underwent a redshift following the addi-
tion of H,O, (represented by the solid line) compared to
the control (depicted by the dashed line) in the UV-Vis
spectrum (Fig. 3B). In addition, as shown by XPS analy-
sis (Fig. S5), most of Ce®" in the nanoparticles were oxi-
dized to Ce**. To evaluate the catalytic activities of ceria
nanoparticles in terms of superoxide dismutase (SOD)-
mimic activity and hydroxyl radical antioxidant capacity
(HORAC) (Fig. 3C and D), the elimination of superoxide
anions and hydroxyl radicals (-OH) was examined. The
CeNPs exhibited SOD-mimic activity in a concentration-
dependent manner (Fig. 3C). Furthermore, electron spin
resonance (ESR) spectra proved that CeNPs efficiently
scavenged the -OH radicals generated by the Fenton
reaction (Fig. 3D, S6, and S7). These findings underscore
the excellent ROS-scavenging capabilities of the CeNPs.
Finally, when we simultaneously employed nanoparticles
and Rosup to treat cells, and then assessed the ROS levels
within the cells, we observed a notable reduction in ROS
levels after nanoparticles treatment (Fig. 3E). The nano-
particles demonstrated remarkable ROS removal effects,
with the most significant impact observed in the cCPP-
CeNPs group (Fig. 3F). These outcomes serve as a solid
foundation for our subsequent experiments.

Mechanisms of topical ophthalmic delivery of CeNPs

To evaluate the in vivo penetrating capability of CeNPs,
we detected the distribution of fluorescein isothio-
cyanate (FITC)-modified PEG-CeNPs, ICPP-CeNPs,
and cCPP-CeNPs in the entire mice eyeball. As shown
in Fig. 4A, FITC was only observed on the surface of
the cornea in mice treated with free-FITC. In contrast,
mice treated with PEG-CeNPs displayed notable fluo-
rescence extending from the corneal epithelium to the
corneal endothelium. Moreover, weak fluorescent sig-
nals were detected in the anterior capsule of the lens
in mice treated with ICPP-CeNPs, whereas stronger
fluorescent signals were observed after cCPP-CeNPs
administration, indicating the superior penetrating
ability of cCPP-CeNPs. Then, to elucidate the mecha-
nism underlying the enhanced permeation of cCPP-
CeNPs, we conducted trans-endocytosis experiments.
As shown in Figure S8, we first treated HCECs seeded
on coverslip A with FITC-labeled CeNPs for 24 h, and
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then this coverslip was co-cultured with a second cov-
erslip (coverslip B) in fresh culture medium for another
24 h. Distinct green fluorescence on the coverslip B
indicated that a certain amount of cCPP-CeNPs was
absorbed from cells on the coverslips A. Collectively,
these findings suggest that CeNPs modified with cyclic
cell-penetrating peptides exhibited the strongest tran-
scytotic activity, which aligns with our earlier obser-
vations of this material group demonstrating superior
tissue penetration ability and cellular uptake efficiency.

Considering the potential blocking effect of the
corneal barrier, we conducted immunofluorescence
staining of zonula occludens (ZO)—1, a protein associ-
ated with tight junction, to assess the tight junctional
regions of the corneal epithelium. As displayed in
Fig. 4B, the opening of the tight junctions in epithelial
cell layers (indicated by the absence of a continuous
ring-like structure between adjacent cells) was observed
following 1CPP-CeNPs and cCPP-CeNPs treatment.
Subsequently, we examined the distribution of ZO-1 in
human corneal epithelial cells (HCECs). HCECs were
cultured in vitro to form a monolayer, mimicking the
structure of the corneal epithelial barrier, and then
treated with CeNPs or PBS for 2 h. The results showed
considerable disruption in ZO-1 distribution, accompa-
nied by a decrease in ZO-1 expression level, following
ICPP-CeNPs and cCPP-CeNPs treatment, with more
pronounced changes in the latter (Fig. 4C).

We conducted additional experiments to investigate
the effect of UVB irradiation on the ZO-1 protein. As
shown in Figure S9, UVB irradiation exerted a detri-
mental impact on the tight junctions between corneal
epithelial cells, as demonstrated by a significant reduc-
tion in ZO-1 fluorescence continuity compared to the
non-irradiated group. However, our cell-penetrating pep-
tide-modified nano-cerium oxide continued to affect the
Z0O-1 protein, resulting in a further decrease in fluores-
cence continuity. Therefore, we conclude that our nano-
cerium oxide can further enhance corneal permeability
even in the presence of UVB radiation.

To further validate our hypothesis, we examined the
changes in tight junctions using TEM imaging. Com-
pared to the tight junctions in the PBS-treated group,
mice treated with cCPP-CeNPs exhibited narrower gaps
in the cornea, indicating that cCPP-CeNPs could rear-
range the distribution of tight junctions in the corneal
epithelium. In contrast, fewer cracks were observed
in mice treated with ICPP-CeNPs and PEG-CeNPs
(Fig. 4D). Therefore, these findings suggest that our nan-
oparticles penetrated the corneal barrier by compromis-
ing the tight junctions of the corneal epithelium, thereby
promoting their antioxidant performance in the anterior
capsules of the mouse lens.
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corneal epithelial tight junctions (scale bars: 2 pm)

Cellular uptake and intracellular spatial localization

of CeNPs

Our previous results have demonstrated that cCPP-
CeNPs possess the ability to penetrate the corneal bar-
rier and reach the anterior capsule of the lens. We
further investigated whether lens epithelial cells (LECs)
could uptake these particles. First, no cytotoxicity was
observed in HCECs and human lens epithelial cell line
(HLEB3) following administration with various concen-
trations of CeNPs (Fig. S10 and S11). Subsequently, we
treated HLEB3 cells with FITC-modified PEG-CeNPs,
ICPP-CeNPs, and cCPP-CeNPs for varying durations
(1, 2, 3, and 4 h). The results indicated that the fluores-
cence intensity of cCPP-CeNPs peaked at 2 h (Fig. S12)
and remained constant at 3 and 4 h. In contrast, treat-
ments with PEG-CeNPs (Fig. S13) and ICPP-CeNPs
(Fig. S14) exhibited the highest fluorescence intensity at

4 h, albeit weaker than that of the cCPP-CeNPs group.
Consequently, we exposed HLEB3 cells to CeNPs for
2 h in subsequent experiments to investigate their cel-
lular uptake efficiency (Fig. 5A). It has been reported
that cyclicCPP exhibits the characteristic of early escape
from lysosomes[62]. Therefore, to compare intracellu-
lar distribution of the nanoparticles, we examined their
colocalization with mitochondria (Fig. 5C and D-F),
endoplasmic reticulum, lysosomes, and the Golgi appa-
ratus (Fig. S15-S17). Notably, we observed a significant
fluorescence overlap between cCPP-CeNPs and mito-
chondria (Fig. 5C and F).

Additionally, mitochondrial membrane potential
(A¥m) serves as a crucial indicator of mitochondrial
function. Therefore, we employed the membrane-per-
meant JC-1 staining to assess the AYm of HLEB3 cells.
Higher JC-1 red fluorescence intensity indicates a
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reduced degree of mitochondrial dysfunction and a
maintenance of A¥m. The JC-1 red fluorescence intensity
in HLEB3 cells decreased significantly after ultraviolet B
(UVB) exposure, while cCPP-CeNPs treatment improved
the intensity close to that of the control group, notably
higher than PEG-CeNPs and ICPP-CeNPs treatment
(Fig. 5G and H). This result demonstrated that nanopar-
ticles could shield cell mitochondria from the detrimen-
tal effects of ultraviolet radiation and uphold the stability
of mitochondrial membrane potential. Previous studies
have shown that mitochondria play a crucial role in regu-
lating intracellular iron homeostasis [68]. Consequently,
we measured the mitochondrial iron content using Mito-
ferro staining and observed a marked increase in mito-
chondrial iron following UVB stimulation (Fig. 5I and
J). However, the increase was substantially reduced by
cCPP-CeNPs treatment compared to the PEG-CeNPs
and ICPP-CeNPs treated groups. Together, these results
confirm that after cellular uptake, CeNPs can accumulate
in mitochondria, enhancing their capacity to resist oxida-
tive damage and ultimately maintain cellular physiologi-
cal function.

Inhibition of ferroptosis of HLECs with CeNPs treatment

Previous studies have demonstrated that ferroptosis plays
an essential role in Human Lymphatic Endothelial Cells
(HLECsS) in the formation of cataracts [21]. In this study,
we further investigated whether the cytoprotective effect
of CeNPs was through the inhibition of ferroptosis. We
stimulated HLEB3 cells with UVB radiation at various
intensities (0, 20, 40, 60, 80, and 100 mJ/cm?), followed
by culturing them for an additional 24 h. The results of
CCK-8 assay showed an intensity-dependent decrease
in cell viability with increasing UVB radiation (Fig. S18).
Notably, cell viability decreased to approximate 70%
when treated with 60 mJ/cm? UVB, which was used as
the suitable UVB radiation dose in subsequent experi-
ments. Next, HLEB3 cells were pretreated with specific
inhibitors, including chloroquine (autophagy), Fer-1
(ferroptosis inhibitor), Z-VAD-FMK (a cell-permeant
pan caspase inhibitor of apoptosis), and Nec-1 s (necro-
sis inhibitor) after UVB stimulation. The CCK-8 results
demonstrated that Fer-1 exhibited the most significant
effect, indicating that UVB radiation can effectively

(See figure on next page.)
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induce ferroptosis in HLEB3 cells (Fig. S19). To deter-
mine the cytoprotective effect of CeNPs, HLEB3 cells
were pretreated with PEG-CeNPs, 1CPP-CeNPs, and
cCPP-CeNPs at equal concentrations (500 pM), and
then stimulated with 60 mJ/cm® UVB. The cCPP-CeNPs
group exhibited a significant restoration of cell viability,
while minimal effect was observed in the PEG-CeNPs
or 1CPP-CeNPs groups (Fig. 6A—C). We then investi-
gated the expression of ferroptosis markers, including
the inducer achaete-scute complex-like 4 (ASCL4) and
inhibitors glutathione peroxidase 4 (GPX4) and cystine-
glutamate antiporter (xCT). Notably, the results showed
a significant upregulation of ASCL4 and downregula-
tion of GPX4, xCT after UVB induction. However, pre-
treatment with cCPP-CeNPs dramatically suppressed
ASCL4 expression and promoted the expression of GPX4
and xCT, outperforming other groups, including those
treated with PEG-CeNPs or ICPP-CeNPs (Fig. 6D and
E). We further examined another important marker for
ferroptosis, the ferrous ion content in HLEB3 cells, using
Ferrorange staining and found that UVB exposure sig-
nificantly increased ferrous iron accumulation, whereas
cCPP-CeNPs pretreatment most effectively offset this
effect compared to other treatments (Fig. 6F and G). It
is noteworthy that previous studies have emphasized the
significance of lipid peroxidation as a key event in the
process of ferroptosis[69]. The increased ratio of non-
oxidized to oxidized cells, as indicated by Lipid Peroxida-
tion Probe-BDP>#V/%%! staining, suggested the occurrence
of lipid peroxidation after UVB radiation (Fig. 6H and I).
And pretreatment with cCPP-CeNPs effectively reversed
this process. Collectively, these results demonstrated that
cCPP-CeNPs inhibited HLEB3 ferroptosis by alleviating
cell oxidative stress and lipid peroxidation.

CeNPs in the form of eye drops non-invasively alleviate
UVB-induced cataracts in mice

Our previous in vitro experiments demonstrated that
CeNPs were effective antioxidants in UVB-induced
models. The cyclicCPP-modified nanoparticles could
effectively penetrate the corneal barrier while simultane-
ously enhancing cellular uptake efficiency. These proper-
ties of cCPP-CeNPs can potentially mitigate cell damage
caused by UV radiation by inhibiting ferroptosis. These

Fig.5 Cellular uptake and intracellular spatial localization of CeNPs. Confocal images (A) and statistics (B) of HLEB3 cells 2 h after treatment

with freeFITC, PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs (scale bar: 100 um). (C) Images of mitochondria staining of HLEB3 cells treated for 2 h
with PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs (scale bars: 40 pm), and the co-localization analysis (D-F) on the fluorescence intensity of ceria
nanoparticles with mitochondria. (G) AYm in indicated groups of HLEB3 cells and (H) statistics. Investigated using JC-1 staining (scale bar: 100
um). Confocal images (1) and statistics (J) of mitochondrial iron content detected by MitoFerro staining (scale bar: 100 um). In all histograms, data
is presented as the mean +SD (n=4). *p< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance



Jiang et al. Journal of Nanobiotechnology

o

Mean Fluorescence
D
<

Intensity (MFI)
N S
.

o -
.2

0.0

R o
9(’/0 c,?? °

Control

G

JC-1 JC-1
MitoFerro Merge aggregate monomers

MitoTracker

Merge

Fig. 5 (Seelegend on previous page.)

(2025) 23:337

Intensity

LU TUCING D

-PEG-CeNPs
- Mito
200-

|V

Intensity m
o 8

I L\J"UCINE D

FITC MitoTracker

Merge

—ICPP-CeNPs
- Mito

Page 14 of 22

LU SUCINE D

IV SUCINeED

—cCPP CeNPs

2004
2
7]
5
E 1004
0 T

10 20 30 40 0
Distance (um)

PEG-CeNPs ICPP-CeNPs

PEG-CeNPs ICPP-CeNPs

10 20 30
Distance (um)

cCPP-CeNPs

cCPP-CeNPs

.-. 0
\‘° ~l
o™V
Q¢

40
Dlstance (um)

X

Fkkk

kKKK kkkk

i
s 100 sokkk NS
» 80
[
€ 60
2
§ 40 I
20
N -
¢ lnnBER
S
0

SO v?f\\? e

Q@G 2:,? ©

.

Sk
L |
ok sk
| —

I3
il

ns %

IS
nd

MitoFerro MFI
N
o

AN
o?? e



Jiang et al. Journal of Nanobiotechnology =~ (2025) 23:337

encouraging results prompted us to further investigate
the in vivo therapeutic potential of these nanomaterials
on cataracts. In this study, we employed a mouse cata-
ract model induced by ultraviolet irradiation to explore
whether nanomaterials could reduce cataract formation
and elucidate the underlying mechanism.

Based on previous research [70], we have successfully
established a mouse cataract model induced by UVB
radiation at a wavelength of approximately 302 nm. On
the third day after different doses of UV radiation (3.6 kJ/
m? and 5.0 kJ/m?), extensive anterior subcapsular opaci-
fication of the mouse lens was observed, which gradually
underwent repair over the subsequent days, ultimately
shrinking toward the center to form a scar (Fig. S20).
In this study, 6-week-old female C57BL/6 mice were
randomly divided into six groups (n= 6) for the experi-
ments, and administered with PBS, PEG-CeNPs (3 mg/
mL), ICPP-CeNPs (3 mg/mL), cCPP-CeNPs (3 mg/mL),
and pirenoxine sodium eye drops, respectively. On the
seventh day after exposure to UV radiations (3.6 kj/m?),
the cCPP-CeNPs group showed a significant reduction
in the subcapsular opacity area (Figs. 7B and S21). These
results highlighted the remarkable efficacy of cCPP-
CeNPs in resisting UVB-induced damage. In contrast,
pirenoxine eye drops, a commercially available anticata-
ract drug, demonstrated no significant therapeutic effi-
cacy in the UV-induced mouse cataract model (Fig. 7B
and S21). We utilized inductively coupled plasma mass
spectrometry (ICP-MS) to measure the cerium con-
centration in the aqueous humor of the mice in each
groups. As illustrated in Fig. S22, the cCPP-CeNPs treat-
ment group exhibited the highest cerium content in the
aqueous humor, which may stem from the effect of the
cell-penetrating peptide on corneal permeability. Subse-
quently, Hematoxylin and Eosin (H&E) staining revealed
that UVB stimulation significantly decreased the number
of LECs in the capsule, whereas cCPP-CeNPs treatment
significantly inhibited this detrimental effect (Fig. S23).
The promising outcomes observed in animal models
motivated us to investigate the antioxidation mechanism
of nanomaterials in mouse lenses. We examined ferrop-
tosis in LECs of UVB-stimulated mice eyes. Initially, we

(See figure on next page.)
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used immunofluorescence staining to assess the expres-
sion changes of ferroptosis markers. The results showed
that topical delivery with PEG-CeNPs, 1CPP-CeNPs,
and cCPP-CeNPs significantly inhibited UVB-induced
LECs ferroptosis, with cCPP-CeNPs showing the most
pronounced protective effect (Fig. 7C and D). Further-
more, we conducted the immunofluorescence assays of
mouse eyes on two other critical ferroptosis markers,
4-HNE and FTH (Fig. S24). Consistent with the expres-
sion patterns of the other three ferroptosis indicators,
we observed that the ferroptosis inhibition effect of the
cCPP-CeNPs group remained the most pronounced.
Finally, Lillie’s staining was used to visualize ferrous ions
in the anterior lens capsule. The cCPP-CeNPs treatment
group exhibited a substantial reduction in the ferrous ion
content in mouse LECs (Fig. $25). These findings aligned
with our cell experiments, further supporting that cCPP-
CeNPs mitigated the detrimental effects of ultraviolet
radiation on LECs by inhibiting ferroptosis. In summary,
these results corroborate that cCPP-CeNPs penetrate the
corneal barrier effectively, scavenge cellular ROS, allevi-
ate lipid peroxidation, maintain mitochondrial function,
and inhibit LEC ferroptosis both in vitro and in vivo.

CeNPs do not promote toxicity to ocular and systemic
tissues

Finally, we addressed concerns regarding the poten-
tial toxicity of CeNPs to other ocular tissues and major
organs. After administering various eye drops (PBS,
PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs) for more
than ten consecutive days, no noticeable signs of inflam-
mation or physiological abnormalities were observed in
the cornea, retina, or other major organs through histo-
logical examinations (Fig. $26—S29). These findings indi-
cate the biocompatibility and safety of the administered
CeNPs.

Discussion

In the present study, we have successfully developed a
rationally designed advanced nano formulation, which
exhibits exceptional water solubility and potent antioxi-
dant activity mimicking multienzymes. Thanks to their

Fig. 6 Anti-ferroptosis effect of CeNPs in UVB-stimulated HLEB3 cells. A Representative images and statistics (B) of living/dead cell assay of HLEB3
cells treated with UVB and different CeNPs. Living and dead HLEB3 cells were stained with calcein acetoxymethyl ester (calcein-AM, green)

and propidium iodide (PI, red), respectively (scale bars: 100 um). C Cell viability of HLEB3 cells was evaluated using the CCK-8 assay following 60
mJ/cm? UVB exposure and pre-treatment with PEG-CeNPs, ICPP-CeNPs, and cCPP-CeNPs (equal ceria concentration, 500 uM). In the histogram,
data is presented as the mean +SD (n= 4). Western blot (D) and statistics (E) of the expression of ferroptosis-related proteins; Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) served as the internal control. F Ferrorange staining and statistics (G) was utilized to determine the total
iron level in HLEB3 cells treated with UVB and CeNPs (scale bars: 100 um). H Representative fluorescence microscopy images and statistics (I)

of BDP*815%7 staining, indicating lipid peroxidation in HLEB3 cells (non-oxidized and oxidized cells stained red and green, respectively (scale bars:
200 pm)). In all other histograms, data is presented as the mean +SD (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance
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nanoscale size and cyclic cell-penetrating peptides, the
nanoparticles demonstrate an excellent ability to pen-
etrate the corneal barrier, thereby enabling them to effec-
tively exert antioxidant activity within the lens capsules.
Our findings indicate that efficient intracellular delivery
of cCPP-CeNPs effectively inhibits UVB-induced ferrop-
tosis in LECs, reducing intracellular lipid peroxidation
and suppressing ACSL4 and TfR1 expression. Impor-
tantly, these effects were also observed in the UVB mouse
cataract model, resulting in a notable decrease in cataract
incidence. As a result, this system overcomes the chal-
lenges of noninvasive drug delivery to the anterior cham-
ber of the eye, highlighting the pivotal role of ferroptosis
in UV-induced cell and animal injury models and offering
a novel perspective for further research into cataract pre-
vention and treatment strategies. In addition, the mito-
chondrial protective effects exhibited by nanoparticles
provide potential treatments for other eye diseases asso-
ciated with mitochondrial dysfunction.

First of all, it is well-established that GPX4 is a seleno-
protein with glutathione-dependent peroxidase activity,
primarily responsible for preventing lipid oxidation in
cellular membranes [71, 72]. Our experiments demon-
strated a significant reduction in intracellular lipid perox-
ide levels in cells treated with CeNPs, particularly in the
cCPP-CeNPs group. Concurrently, western blot analysis
revealed an increase in GPX4 expression in cells of the
cCPP-CeNPs group, surpassing even the control group.
These results indicate that nanoparticles, functioning as
exogenous antioxidants, not only decrease intracellular
ROS levels but also reduce the consumption of endoge-
nous antioxidants, thereby inhibiting the accumulation of
intracellular lipid peroxidation, mitigating the detrimen-
tal effects of UVB irradiation on cells.

Meanwhile, GPX4 is an important target for inhibit-
ing ferroptosis, considering that the inhibition or insta-
bility of GPX4 can sensitize or even trigger ferroptosis
[73]. GPX4 plays a crucial role in regulating ferroptosis
through its unique ability to reduce complex hydrop-
eroxides, including phospholipid hydroperoxides and
cholesterol hydroperoxides, effectively disrupting the
lipid peroxidation chain reaction [58, 59]. Using immu-
nofluorescence techniques and other methods, our inves-
tigation into the expression trends of ferroptosis-related

(See figure on next page.)
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markers such as ASCL4 and GPX4 suggests that the
effective intracellular delivery of nanomaterials may play
a pivotal role in maintaining the stability of System xc-/
Glutathione (GSH)/GPX4 axis, which in turn helps coun-
teract the damage induced by UV radiation and preserves
cell viability.

Mitochondria play a primary role in regulating cell
death (RCD), including ferroptosis. Mitochondria release
or recruit specific cell death-promoting factors, which
are associated with alterations in the mitochondrial outer
membrane potential, changes in permeability, and the
opening of the mitochondrial permeability transition
pore (MPTP) [74]. In addition to their role in cell death
regulation, mitochondria are essential for cellular energy
metabolism and serve as the primary organelles for
intracellular iron regulation. The transport of cytoplas-
mic free iron, specifically ferrous ions, into mitochon-
dria, is primarily mediated by mitochondrial ferritin 1/2,
endosomes, or other mediators involved in the synthe-
sis of heme and iron-sulfur (Fe—S) clusters [75]. Several
studies have reported an increase in mitochondrial Fe**
levels during ferroptosis induced by compounds like dox-
orubicin, elastin, and Sulfasalazine (SAS) [76, 77]. Iron
overload is a prominent characteristic of ferroptosis, as
excessive ferrous ions lead to lipid peroxidation through
the Fenton reaction within mitochondria, thereby trig-
gering ferroptosis [78, 79]. In this study, a significant
reduction in lipid peroxidation levels and ferrous ion
content was observed in LECs treated with cCPP-CeNPs.
In addition, these cells exhibited minimal mitochon-
drial membrane potential depolarization and the lowest
accumulation of ferrous ions within the mitochondria.
Additionally, we employed histochemistry to stain mouse
lenses for ferrous ions, revealing that the efficient intra-
cellular delivery of nanomaterials reduced the accu-
mulation of intracellular ferrous ions. Thanks to the
enrichment of nanoparticles around mitochondria, oxi-
dative stress within mitochondria is effectively reduced,
and the stability of the respiratory chain is maintained.
Meanwhile, the protective impact of our nanoparticles
on cell mitochondria might play a key role in sustaining
the absorption and transport of excess ferrous ions by
cells. By preserving mitochondrial function, our nano-
particles maintain intracellular iron homeostasis, thereby

Fig. 7 Anticataract effects of CeNPs in the anterior capsule of UVB-stimulated mice via alleviating HLECs ferroptosis. A Representative slit

lamp microscope images of mouse eyes at 7 th day after UV radiation modeling (n= 6). Control (untreated); PBS group; PEG-CeNPs group (3
mg/mL); ICPP-CeNPs group (3 mg/mL); cCPP-CeNPs group (3 mg/mL); pirenoxine sodium eye drops. B The formation of anterior subcapsular
cataract in the lenses after 3.6 kJ/m? illumination of UV exposure and indicated treatments. Immunofluorescence staining (C) and statistics (D)

of ferroptosis-related proteins ACSL4, GPX4 and xCT (scale bar, 20 um). In all histograms, data is presented as the mean +SD (n= 3). *p < 0.05, **p <

0.01, **p < 0.001, ****p < 0.0001; ns, no significance
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mitigating the accumulation of potentially harmful fer-
rous ions and preventing the initiation of ferroptosis.

Finally, corneal epithelial cells communicate through
specialized intercellular junctions known as zonules or
tight junctions. These junctions, located just beneath
the apical surface, are recognized to form a protec-
tive barrier for the passive movement of fluids, electro-
lytes, macromolecules, and cells through paracellular
pathways [80]. Tight junctions consist of various mem-
brane proteins, including claudins and occludin, as well
as membrane-associated proteins, such as ZO-1 [81],
Z0-2, and ZO-3 [82]. In the cornea, ZO-1 is predomi-
nantly located in the superficial layer of the epithelium
[83-85], mainly contributing to the resistance barrier of
the corneal epithelium. The zone of occlusion (ZO) acts
as a bridge between tight junction (T]) proteins, which
are responsible for barrier formation, and the actin-
myosin cytoskeleton [86-88]. Consequently, ZO-1 is
commonly used as a marker for T] in studies investigat-
ing the morphological changes of increased transepithe-
lial paracellular penetration [89-92]. In our preliminary
experiments, we explored the impact of nanoparticles
on corneal epithelial permeability. Given the hydrophilic
characteristic of the material, we hypothesized that nano-
particles would predominantly traverse the corneal bar-
rier via the paracellular pathway [90, 93]. Consequently,
we assessed the integrity of tight junctions within the
corneal epithelium, aiming to identify the factors con-
tributing to variations in the penetration capabilities of
different nanoparticle groups. As mentioned above, our
in vivo and in vitro experiments verified the disruptive
effect of cell-penetrating peptide-modified nanomateri-
als on ZO-1, with cyclized cell-penetrating peptide-mod-
ified nanoparticles showing a more pronounced effect.
These findings strongly suggest that nanoparticles modi-
fied with cell-penetrating peptides possess a destructive
effect on ZO-1, potentially enhancing corneal perme-
ability through the paracellular pathway. This enhance-
ment could contribute to the efficiency of intraocular
drug delivery. Moreover, the detrimental impact of nan-
oparticles on the corneal barrier remains incompletely
understood. Moving forward, we will delve deeper into
elucidating the specific effects of cell-penetrating pep-
tides on corneal permeability.

Conclusions

In summary, we have developed a water-soluble nano-
particle, cCPP-CeNPs, which has a modified surface
with cell-penetrating peptides. This modification not
only preserves the distinctive multi-enzyme simula-
tion activity and automatic regeneration ability of ceria
nanoparticles but also enhances the cellular uptake
efficiency of nanoparticles. Furthermore, it improves
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their tissue penetration ability by influencing intercel-
lular tight junctions, thus enhancing their capability to
traverse the corneal barrier. Our in vivo mouse model
studies of UVB-induced cataract revealed that nano-
materials, applied as local eye drops, can protect mice
lens from oxidative damage caused by ultraviolet light
within a specific dose range, consequently preventing
the development of early cataracts. With further refine-
ment, this drug delivery strategy may represent another
avenue for the preventive and conservative treatment of
lens diseases. Moreover, the potential applications of this
approach could extend to other oxidative stress-related
chronic pathological conditions, such as diabetes-related
fundus disease or glaucoma.
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