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Topical application of insulin encapsulated by
chitosan-modified PLGA nanoparticles to alleviate
alkali burn-induced corneal neovascularizationt
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Corneal neovascularization (CRNV) severely impairs corneal transparency and is one of the leading causes
of vision loss worldwide. Drug therapy is the main approach to inhibit CRNV. Insulin (INS) has been
reported to facilitate the healing of corneal injuries and suppress inflammation. However, but due to the
unique physiological barriers of the eye, its bioavailability is low, limiting its therapeutic effect. In this
study, we developed a chitosan-poly(lactic-co-glycolic acid)-INS nanoparticles (CPI NPs) system for INS
delivery. The characterization of CPI NPs was satisfactory. Experimental results demonstrated that CPI NPs
effectively inhibited the migration of vascular endothelial cells and the formation of tubular structures.
Furthermore, CPI NPs markedly suppressed the neovascularization in a CRNV model without any obser-
vable side effects. Quantitative proteomics analysis indicated that INS treatment led to a reduction in FTO
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levels within the neovascularized cornea. Both in vitro and in vivo experiments substantiated the impact of
CPI NPs on FTO protein expression and the N6-methyladenosine modification. In conclusion, this study
successfully developed an effective ocular drug delivery system for the treatment of CRNV induced by
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1. Introduction

Corneal neovascularization (CRNV) is a pathological angio-
genesis that severely impinges on corneal transparency and
represents one of the primary contributors to vision loss glob-
ally." In healthy corneas, an equilibrium between pro-angio-
genic and anti-angiogenic factors is essential for sustaining
the avascular condition of the corneal tissue.” In pathological
conditions such as chemical injury, oxidative stress, infection,
and immune disorders, the balance is disrupted, causing
blood vessels from the limbal capillaries to invade the cornea’s
clear area, resulting in CRNV.> Chemical injury, particularly
corneal alkali burn, is one of the main causes of CRNV and
severely affects ocular structure and visual function.
Conservative treatments often prove ineffective, resulting in
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alkali burns, thereby offering a novel therapeutic option for this condition.

vision impairment or blindness.* Following alkali burns, there
is an activation of inflammatory cells, mesenchymal cells, acti-
vated keratinocytes, macrophages, and neovascular factors.” In
addition, injuries to the conjunctival and corneal epithelium
resulting from alkali burns can lead to a deficiency of limbal
stem cells, which may subsequently contribute to corneal opa-
cification and neovascularization.® Current clinical interven-
tions for CRNV encompass a range of strategies, including
topical corticosteroids, anti-vascular endothelial growth factor
(VEGF) drugs, photodynamic therapy, laser photocoagulation,
corneal transplantation, and amniotic membrane transplan-
tation.” However, these treatments have limited clinical
efficacy and several drawbacks. Long-term use of corticoster-
oids may lead to corneal perforation, increased intraocular
pressure, and even glaucoma.’ The clinical efficacy of anti-
VEGF drugs is limited because they regulate only one pathway
that controls angiogenesis, their inability to attenuate the
inflammatory response, and the necessity for repeated admin-
istrations to sustain therapeutic benefits.*® Consequently,
there is a pressing necessity to identify more effective and
safer treatment methods.

Insulin (INS) is a biologically active polypeptide that plays a
vital role in the regulation and maintenance of cell growth,
proliferation, and metabolism." In the eye, INS is present in
the tear film, and its receptors are localized in the ocular
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surface tissues, with particularly high concentrations observed
in the corneal epithelium.'>'* Although INS is primarily
recognized as a therapeutic agent for the management of dia-
betes, it has also been implicated in a diverse array of other
research domains. In a seminal study conducted in 1945,
researchers explored the potential of this hormone to
promote the healing of corneal ulcers, thereby establishing a
foundation for subsequent research into its applications
within the field of ophthalmology."®> Over the past two
decades, there has been a significant increase in the topical
application of INS for the treatment of corneal ulcers.'* Yang
et al. found that INS enhanced corneal epithelial healing and
nerve repair in diabetic mice.'® Balal et al. reported that INS
eye drops are safe and effective treatment for persistent
corneal epithelial defects caused by chemical injury.'®
Furthermore, a recent clinical study has demonstrated that
topical INS can safely facilitate the healing of persistent epi-
thelial defects that are unresponsive to conventional treat-
ments, exhibiting superior efficacy compared to autologous
serum.'® Song et al. discovered that INS protected diabetic
rats from oxidative stress and significantly reduced H,O,-
induced cell apoptosis and reactive oxygen species, poten-
tially  treating  diabetes-related  cognitive  decline.'”
Nevertheless, there is a paucity of literature regarding the
application of INS in the treatment of alkali burn-induced
CRNV. Additionally, it is worth noting that only 5% of the
administered drop dosage affects the corneal surface. A large
portion of the medication drains through the tear ducts,
leading to low corneal absorption. Subsequent studies have
demonstrated that topical INS drops do not influence blood
glucose levels and show a high degree of safety.'*'®
Consequently, we propose the hypothesis that enhanced INS
bioavailability may enable topical INS to effectively and safely
treat alkali burn-induced CRNV.

Topical administration is widely regarded as the preferred
approach for treating corneal diseases due to its ease of appli-
cation and noninvasive characteristics.'® Nevertheless, ocular
drugs have low bioavailability when administered as eye drops.
This limited absorption is attributed to several ocular barriers,
such as tear turnover, nasolacrimal drainage, and the protec-
tive layers of the conjunctiva and cornea.’® Enhancing drug
retention and penetration on the ocular surface is crucial for
overcoming barriers to eye drop administration and improving
bioavailability.”! Nanodrugs, nanoparticles (NPs) with encap-
sulated drugs, can solve this issue. The polymeric material
poly(lactic-co-glycolic acid) (PLGA), recognized for its biocom-
patibility and biodegradability, has been approved by the FDA
for application in ocular drug delivery systems and represents
the most extensively employed nanocarrier system.>”> PLGA is
composed of monomers derived from lactic and glycolic acids,
which can be readily metabolized by the body. The use of
PLGA-based NPs for ophthalmic drug delivery offers numerous
advantages, including protecting encapsulated pharmaceuti-
cals from rapid inactivation, providing sustained drug release
through polymer degradation, and facilitating targeted delivery
to specific regions or cells through surface modifications.
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Additionally, PLGA NPs exhibit high encapsulation efficiency
for both hydrophilic and hydrophobic drugs, including macro-
molecules, proteins, peptides, and nucleic acids.>®> Numerous
studies have focused on PLGA-based drug delivery systems for
treating various diseases. A curcumin delivery system using
PLGA has shown promise for Alzheimer’s treatment due to its
safety, efficacy, and affordability.>* PLGA nanospheres with
paclitaxel offered a slow, continuous release, enhancing anti-
tumor effects and minimizing side effects compared to tra-
ditional methods.>® Additionally, mannose-modified PLGA
NPs carrying hepatitis B antigens effectively targeted epider-
mal antigen-presenting cells, improved antigen uptake, and
triggered a robust immune response.”® The findings from
these studies collectively suggest that PLGA nanoparticle
systems possess considerable advantages and promise for
diverse drug delivery applications. To date, extensive modifi-
cations of PLGA have been undertaken to improve its efficacy
as a drug delivery system, encompassing strategies such as
surface modification, coating, blending, functionalization, and
crosslinking.?” For instance, the application of polyethylene
glycol as a coating significantly extended the circulation time
of PLGA NPs in vivo while simultaneously mitigating immune
responses. Additionally, the use of chitosan or alginates as
coatings enhanced the mucosal adhesion properties of PLGA,
thereby facilitating targeted delivery to mucosal surfaces.”®
The surfaces of both PLGA NPs and the cornea, as well as the
conjunctiva, possess a negative charge. Consequently, nano-
particle preparations using PLGA carriers can be quickly
washed away by tears.>® Therefore, to achieve stronger bond
formation and extended retention time, modifying the
surface properties of PLGA NPs is important, and positively
charged formulations must be used. Cationic polymer
coating is an effective method to modify the surface charge of
PLGA NPs. Chitosan (CS), a material derived from chitin, has
natural positive charges on its surface.?® In addition, CS exhi-
bits excellent antibacterial, anti-inflammatory, and biological
adhesion properties, along with effective hemostatic
capabilities.**

In this study, we prepared CS-PLGA-INS NPs (CPI NPs)
using the double-emulsion method. We believe that CPI NPs
possess anti-inflammatory properties and can inhibit neovas-
cularization. Since proteins serve as primary drug targets in
various disease conditions,** we employed proteomics to inves-
tigate the potential mechanisms through which CPI NPs may
treat alkali burn-induced CRNV.

2. Experimental section

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA) (50:50, MW: 15 000) was
purchased from Jinan Daigang Biomaterial Co., Ltd
(Shandong, CN). Chitosan (deacetylation degree >95%) was
purchased from Macklin (Shanghai, CN). Dichloromethane
(DCM), poly(vinyl alcohol) (PVA), and isopropyl alcohol were
purchased from Chuandong Chemical (Chongqing, CN).

This journal is © The Royal Society of Chemistry 2025
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Human recombinant INS was obtained from Sigma-Aldrich
(St Louis, MO, USA). 1,1-Dioctadecyl-3,3,3’,3"-tetramethyl-
indocarbocyanine perchlorate (Dil) and 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) were purchased
from Beyotime (Shanghai, CN). 1.1’-Dioctadecyl-3,3,3',3'-tetra-
methylindotricarbocyanine iodide (DiR) was purchased from
Meilun Biotechnology Co., Ltd (Dalian, CN). All other reagents
were at least of analytical grade.

2.2. Preparation of CPI NPs

PLGA NPs were produced using a double-emulsion technique
with a water/oil/water system. Initially, 50 mg of PLGA was
completely dissolved in 2 mL of DCM, and Dil or DiR dyes
were incorporated as needed. Next, 1 mL of INS solution
(5 mg mL™") was added, and the mixture was sonicated with
a probe at 40 W (5 s on, 5 s off) for 3 min to generate the
primary emulsion. The primary emulsion was further mixed
with 4 mL of PVA solution via ultrasonication to produce
multiple emulsions. Finally, 8 mL of 2% isopropanol
aqueous solution was added to the multiple emulsions. The
mixture was stirred magnetically for 3 h to evaporate the
DCM. The resulting NPs were collected by centrifugation
(12000 rpm, 4 °C, 20 min), freeze-dried and weighed to
obtain PLGA-INS NPs (PI NPs). PLGA NPs were synthesized
without INS.

Afterward, the PI NPs were stirred and incubated (1: 1, v/v)
with 1 mg mL™" CS solution (containing 1% glacial acetic acid)
for 1 h. The CPI NPs were then washed twice with sterile water.
Similarly, CS-PLGA NPs (CP NPs) were prepared as described
above, but without INS. After lyophilization, the prepared NPs
were sealed and stored at —20 °C for further use.

2.3. Characterization of CPI NPs

The size distribution, polydispersity index (PDI) and zeta
potential of the PLGA NPs, PI NPs, and CPI NPs were analyzed
using dynamic light scattering (DLS, Malvern, Zetasizer nano
Z590). The structure and morphology of the NPs were charac-
terized by transmission electron microscopy (TEM) (FEI Tecnai
G2 spirit, USA). The dried samples were subjected to Fourier
transform infrared (FTIR) spectroscopy (Nicolet IS 10, USA),
with spectral range of 500-4000 cm™" and resolution better
than 0.4 cm ™",

The encapsulation efficiency (EE) and drug loading capacity
(DLC) of INS in NPs were determined using an indirect
method. The CPI NPs suspensions were centrifuged at 12 000
rpm for 20 min at 4 °C, and the clear supernatant was col-
lected. The content of free INS in the clear supernatant was
measured using high-performance liquid chromatography
(HPLC) (Agilent 1260, USA), and the column was Hypersil ODS
C18 (200 x 4.6 mm, 5 pm). The mobile phase consisted of a
blend of water, acetonitrile, and trifluoroacetic acid at a ratio
of 82:18:0.3. The flow rate was set at 1.0 mL min~"', with
detection performed at a wavelength of 210 nm. A 20 pL of the
clear supernatant was injected into the HPLC system. The
peak area corresponding to INS was measured, and the INS
concentration was determined using a standard curve. The EE
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and DLC of the INS were calculated according to the following
equations:

EE (%) =
(total drug — free drug)/totalamount of drug x 100%

DLC (%) = (total drug — free drug)/NPs weight x 100%

To determine the release of INS from the NPs, the CPI NPs
were placed in dialysis membranes (MWCO 10 000), immersed
in 50 mL of phosphate buffer saline (pH 7.4), and then incu-
bated on a shaker at 37 °C (100 rpm). At predetermined times,
samples were collected. The INS concentration in the samples
was analyzed using HPLC, and the total INS released from the
NPs was calculated. The cumulative percentage of INS released
over time was then plotted.

2.4. Cell culture and cytotoxicity detection

Human umbilical vein endothelial cells (HUVECs) were cul-
tured in DMEM (Gibco, USA), supplemented with 10% FBS
(Gibco, USA) containing 1% penicillin and 1% streptomycin,
and incubated at 37 °C in a humidified incubator with 5%
CO,. HUVECs were seeded at a density of 1 x 10* cells per well
in 96-well culture plates and incubated overnight, followed by
incubation with different formulations (INS, CP NPs, CPI NPs)
at various concentrations. After 24 h of incubation, 100 pL of
CCK-8 (APE x BIO, USA) solution (10% in medium) was added
to each well, and the mixture was cultured for 3 h. Finally, cell
viability was determined by measuring the absorbance at
450 nm using a microplate reader (HR801, CN). Triton X-100
(0.5%) served as the positive control. For lipopolysaccharide
(LPS) treatment, the cells were stimulated with 500 ng mL™"
LPS for 6 h.

2.5. Cellular uptake of CPI NPs

The intracellular uptake of CPI NPs was observed using a laser
confocal scanning microscope. HUVECs in the logarithmic
growth phase were seeded at a density of 1 x 10° cells per con-
focal dishes and randomly assigned to the PI NPs group or the
CPI NPs group (all the NPs were stained with DIl [Aexcitation/
Aemission = 550 nm/567 nm)). After 3 h of culture, the medium
was replaced with medium containing either PI NPs or CPI
NPs. After a specified duration, the cells were rinsed with PBS
and then fixed immediately with 4% paraformaldehyde for
10 min. Nuclei were stained with DAPI (Aexcitation/Aemission =
364 nm/454 nm), and the process of cellular uptake was exam-
ined using a confocal laser scanning microscope (CLSM)
(Olympus).

2.6. Retention of CPI NPs on ocular anterior segments

Fluorescence imaging was conducted in vitro using the
Berthold Night OWL LB 983 system (Germany) to capture
ocular fluorescence at various time intervals. Sprague-Dawley
(SD) rats were divided into two groups, with three rats in each
group. After sedation with pentobarbital sodium, 5 pL of DiR-
labeled PI NPs or CPI NPs was instilled into the right eye, and
imaging was conducted at 0 h, 0.5 h, 1 h, 2 h, and 3 h.

Nanoscale, 2025,17,12323-12339 | 12325
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2.7. Migration, and tube formation assays

Wound healing assay. HUVECs (5 x 10° cells per well) were
seeded into a 6-well plate and cultured overnight until the con-
fluence reached approximately 90%. The cell monolayer
wound was created in each well, and the plates were gently
washed three times with 1x PBS. Then, the cells were treated
with LPS and different formulations (PBS, INS, CP NPs, CPI
NPs). The cells were incubated at 37 °C, and imaging was per-
formed using an inverted microscope at 0 and 24 h.

m (%) = (1 —n/r) x 100%,

where n represented the width of the scratch at 24 h, m rep-
resented the migration of HUVECs, and r represented the
initial scratch width.

Transwell assays. LPS-treated HUVECs were seeded into the
upper chamber of a transwell (pore size 8 pm) at a density of
2 x 10* cells, and incubated at 37 °C for 24 h in the aforemen-
tioned different formulation media. The migrated cells were
then fixed with 4% paraformaldehyde and subsequently
stained with crystal violet. Following three washes with PBS,
the stained samples were examined under a microscope.

Tube formation assay. Prior to the experiment, 24-well plates
were precooled, and Matrigel was added to the bottom of each
well, followed by incubation at 37 °C for 1 h to allow for solidi-
fication. LPS-treated HUVECs (8 x 10" cells per well) were
mixed with the different formulations described above and
seeded into the wells of the 24-well plate, followed by incu-
bation for 4 h. Tube formation was observed using an inverted
microscope, and the number of junctions and nodes was cal-
culated using Image J.

2.8. ELISA

HUVECs (1 x 10° cells per well) were seeded into 48-well plates
and cultured overnight. The cells were then stimulated with
LPS for 6 h. After 6 h of LPS stimulation, the medium was dis-
carded, and the HUVECs were cocultured with different media
(PBS, INS, CP NPs, CPI NPs) for 24 h. The supernatant from
each well was then collected, and the levels of TNF-a and IL-6
in the supernatant were detected using commercial ELISA Kkits
according to the procedures provided by the manufacturers.
Each experiment was conducted in triplicate.

On day 14, the corneas from each group were quickly frozen
in liquid nitrogen and homogenized with 500 pL of PBS. A
low-temperature centrifuge was used to centrifuge the mixture
at 10000g for 10 min at 4 °C, and the supernatant was col-
lected. The levels of TNF-a and IL-6 in the supernatant were
subsequently measured using commercial ELISA kits accord-
ing to the manufacturer’s instructions.

2.9. Induction of CRNV

Male SD rats (7-8 weeks old) were obtained and housed at the
Animal Experiment Center of Chongqing Medical University
(Chongging, China). The experiments were performed follow-
ing the guidelines provided in the Guide for the Care and Use
of Laboratory Animals. All experiments were approved by the
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Ethics Committee (Approval No: IACUC-CQMU-2024-0037) of
the Second Affiliated Hospital of Chongqing Medical
University.

We employed the alkali burn method to induce a rat model
of CRNV. The rats were anesthetized with intraperitoneal injec-
tion of pentobarbital (30-50 mg kg™'). A 3 mm diameter filter
paper saturated with 1 N NaOH was placed on the central
cornea of the right eye for 30 s, followed by an immediate
thorough rinse with a large quantity of sterile saline for 1 min,
the left eye received no treatment. Levofloxacin eye drops were
administered following surgery to prevent infection. The rats
were randomly divided into five groups (PBS, dexamethasone
sodium phosphate (Dexp), INS, CP NPs and CPI NPs). Each
group received treatment three times daily for 14 consecutive
days according to the specified formulation after the alkali
burn.

2.10. Clinical evaluations of CRNV

The corneal opacity, corneal epithelial defect, and CRNV area
in the treatment and control groups were continuously
observed, assessed, and documented with photographs. The
intraocular pressure (IOP) was measured using a handheld
tonometer (iLab tonometer; iCare).

Corneal opacity was scored on a scale of 0-4.** 0 = comple-
tely clear; 1 = slightly hazy, iris and pupil easily visible; 2 =
slightly opaque, iris and pupil still detectable; 3 = opaque,
pupils hardly detectable; and 4 = completely opaque with no
view of the pupil.

For corneal epithelial defect, alkali-burned corneas were
examined before and after fluorescein staining using a porta-
ble slit lamp and documented with photographs. The intact
corneal epithelium remained unstained, whereas the damaged
areas appeared green in patchy or dot-like patterns.

The corneal epithelial defect rate was calculated according
to the following formula:

S = S¢/So x 100%,

where S, is the stained area observed and S, is the baseline-
stained area.

For the CRNV area, the area of CRNV (S) was quantified via
the formula S = C/12 x n x [/? (r — 1)?]. In this context,
S denotes the area of CRNV, C indicates the number of circum-
ferential hours of neovascularization affecting the cornea, 1
refers to the length of neovascularization extending from the
limbus into the cornea, and r represents the corneal radius.®*
Both the corneal radius and the length of neovascularization
were assessed using Image J imaging software.

2.11. Histopathology and immunofluorescence assay

Hematoxylin-eosin (HE) staining was performed as previously
described.* In brief, the rats were euthanized on days 7 and
14. The eyeballs were sectioned within 30 min, fixed overnight
in 4% paraformaldehyde, and then embedded in paraffin at a
thickness of 4 pm. The sections were treated with hematoxylin
and eosin and observed under a light microscope.

This journal is © The Royal Society of Chemistry 2025
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An immunostaining assay was conducted to evaluate the
expression of VEGF and CD31. As mentioned above, the rats
were euthanized on days 7 and 14. The eyeball sections were
fixed in 4% formaldehyde, embedded in optimal cutting temp-
erature medium, and sliced into 5 pm thick sections. The
samples were pretreated with 1% Triton, followed by incu-
bation in a 5% goat serum solution. The expression of CD31
and VEGF was detected using CD31 and VEGF-A antibodies,
respectively. After the immunostaining procedure, images were
captured using confocal microscopy (AX, Nikon).

2.12. Western blotting

Proteins from cells and corneal tissue were extracted using
RIPA buffer (Beyotime, CN) supplemented with protease
inhibitors. The protein concentration was measured using a
BCA assay kit (KGB2101, CN). Proteins (20 pg per lane) were
separated on 4-12% SDS-PAGE gels and transferred to PVDF
membranes (Millipore, USA). The PVDF membranes were
blocked with QuickBlock™ Blocking Buffer (Beyotime, CN) for
30 min at room temperature. Then, the samples were incu-
bated at 4 °C overnight with the corresponding primary anti-
bodies. The membrane was washed with TBST and then incu-
bated with HRP-conjugated secondary antibodies (Proteintech,
1:2000, Cat. No. SA00001-2) at room temperature for 2 h.
Blotting images were captured using an enhanced chemilumi-
nescence detection reagent (Beyotime, CN). Finally, the band
intensities were measured using Image J.

2.13. RNA extraction, reverse transcription, and qRT-PCR

Total RNA was isolated from cells and corneal tissues using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s guidelines. After RNA extraction,
DNase I was utilized to eliminate any residual DNA. The
quality of the RNA was evaluated by measuring the A260/A280
ratio with a NanoDrop® ND-1000. The total RNA was sub-
sequently reverse-transcribed into cDNA using the
PrimeScript™ RT Master Mix (RR036A, Takara Biotechnology
Co., Ltd, Dalian, CN) according to the manufacturer’s instruc-
tions. qRT-PCR was conducted with TB Green® Premix Ex
Taq™ II (RR820A, Takara Biotechnology Co., Ltd, Dalian, CN)
and LightCycler 480 system (LightCycler 480 software 1.5,
Roche, Basel, Switzerland). The conditions of the gRT-PCR
cycle included a predenaturation step at 95 °C for 30 s followed
by 40 cycles of 95 °C for 5 s and 60 °C for 20 s.

2.14. N6-Methyladenosine (m6A) quantification

The global changes in m6A levels across total mRNA were
measured using the EpiQuik m6A RNA Methylation
Quantification Kit (Colorimetric) (Epigentek, Farmingdale, NY,
USA) according to the manufacturer’s instructions. A 200 ng
sample of RNA was analyzed, and m6A signals were detected at
450 nm.

2.15. LC-MS/MS analysis

The tryptic peptides were dissolved in solvent A and sub-
sequently loaded onto a home-made reversed-phase analytical

This journal is © The Royal Society of Chemistry 2025
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column (25cm in length, 100 pm i.d.). The mobile phase was
composed of solvent A (0.1% formic acid, 2% acetonitrile in
water) and solvent B (0.1% formic acid, 90% acetonitrile in
water). Peptides were separated with the following gradient:
0-22.5 min, 6%-22% B, 22.5-26.5 min, 22%-34% B, 26.5-
28.5 min, 34%-80% B, 28.5-30 min, 80% B, with a constant
flow rate of 700 nl min™" on an EASY-nLC 1200 UPLC system
(Thermo Fisher Scientific). The separated peptides were ana-
lyzed using an Orbitrap Exploris 480 mass spectrometer
equipped with a nanoelectrospray ionization source. The elec-
trospray voltage applied was 2300, and the FAIMS compen-
sation voltage was set as —45 V. Both precursors and fragments
were analyzed using the Orbitrap detector. The full MS scan
resolution was set to 60 000 for a scan range of 350-1400 m/z.
The MS/MS scan was fixed first mass as 120.0 m/z at a resolu-
tion of 15 000. HCD fragmentation was performed at a normal-
ized collision energy (NCE) of 27%. The automatic gain
control target was set at 1E6, with a maximum injection time
of 22 ms. All the LC-MS/MS data were analysed using the
DIA-NN search engine (v.1.8).

2.16. Biocompatibility

To conduct a comprehensive assessment of drug safety, the
rats were randomly divided into six groups: normal, PBS, Dexp,
INS, CP NPs and CPI NPs. One drop of the formulation
(approximately 10 uL) was applied to each eye three times daily
for a continuous duration of 14 days. On day 14, the corneas of
the rats in each group were examined using a slit lamp micro-
scope, and fluorescein sodium staining was performed to
assess the integrity of the corneal epithelium. The rats were
subsequently sacrificed, and their right eyes were dissected for
corneal HE staining.

Blood samples were collected to evaluate the levels of white
blood cells, red blood cells, platelets, aspartate aminotransfer-
ase, blood urea nitrogen, and creatinine. Furthermore, five
visceral organs, including the heart, liver, spleen, lungs, and
kidneys, were excised for HE staining.

2.17. Degradation behavior for CPI NPs

The degradation behavior of NPs was evaluated by the
reduction of nanoparticle mass over time following in vitro
culture in PBS (pH 7.4). The CPI NPs sample (3ml), encapsu-
lated in a dialysis membranes (MWCO 10 000), was incubated
in 30ml PBS at 37 °C with gentle agitation in a water bath. The
nanoparticle samples were removed from the incubation
medium at predetermined intervals (1, 7, 14 and 21 days) and
freeze-dried. The residual weight percentage of the sample
within 0-21 days of degradation is calculated as follows:
residual weight (%) = (W, x 100)/W,, where W, is the dry weight
of the sample after degradation, and W, is the initial weight.
For in vivo circulation, Dil-CPI NPs were administered via
rat tail vein at a total dose of 500 pg. At various time intervals
(24, 48, 72, and 96 h), the tails of the rats were punctured, and
20 pL of whole blood was collected and placed in anticoagula-
tion tubes. The fluorescence intensity of the remaining NPs in
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the blood was subsequently measured using a fluorescence
microplate reader.

2.18. Statistical analysis

All experiments were bioreplicated at least 3 times. The data
were expressed as mean + standard deviation. Statistical ana-
lysis was performed using GraphPad 9.5 software (GraphPad
software, San Diego, USA). One-way analysis of variance and
Tukey’s multiple comparison test were used for multigroup
comparison. p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Characterization of CPI NPs

Initially, INS was encapsulated within PLGA using a double
emulsion technique to fabricate PI NPs. Subsequently, CS was
adsorbed onto the surface of the PI NPs via electrostatic inter-
actions, resulting in the formation of CPI NPs (Fig. 1A). The
zeta potentials of the PLGA NPs, PI NPs, and CPI NPs were
measured to be —14.00 + 0.62 mV, —2.01 + 0.05 mV, and
+11.80 + 2.08 mV, respectively (Fig. 1B and Table 1). TEM
images demonstrated that the PLGA NPs, PI NPs, and CPI NPs
possessed a smooth, round morphology and exhibited excel-
lent dispersion. Furthermore, the surface of the CPI NPs was

View Article Online
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Table 1 Mean size, PDI, zeta potential, EE and DLC of NPs (n = 3)

Zeta potential DLC EE
Nanoparticles  Size (nm) PDI (mvV) (%) (%)
PLGA NPs 141.4+8.4 0.117 £0.014 -14.00+£0.62 — —
PI NPs 181.0 £5.5 0.045+0.043 —2.01 £0.05 — —
CPI NPs 213.9+7.5 0.120+0.023 +11.80 £ 2.08 4.42  50.28

characterized by a uniform CS coating, as illustrated in
Fig. 1C. The particle size of the PLGA NPs, PI NPs, and CPI
NPs were measured as 141.4 + 8.4 nm, 181.0 + 5.5 nm, and
213.9 + 7.5 nm, respectively (Fig. 1E). All NPs exhibited polydis-
persity index (PDI) values below 0.2, indicating a uniform par-
ticle size distribution. The INS EE of the CPI NPs was 50.28 +
2.49%, and the INS DLC of the CPI NPs was 4.42 + 0.22%.
PLGA exhibit a negative charge attributable to their terminal
carboxyl groups, facilitating the adsorption of positively
charged CS for surface modification. The electrostatic inter-
action between CS and PLGA leads to charge neutralization,
subsequently reversing the zeta potential to a positive value
and increasing the particle size.*® Particle size and zeta poten-
tial are critical parameters in the assessment of NPs. Particles
exceeding 1 pm in diameter are unable to penetrate the
corneal barrier.’” NPs of excessive size may obstruct light
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Fig. 1 Preparation and characterization of CPI NPs. (A) Schematic representation of the design strategy for CPI NPs (Created by Figdraw). (B) Zeta
potential measurements of PLGA NPs, Pl NPs, and CPI NPs (n = 3 per group). (C) TEM images depicting the morphology of PLGA NPs, Pl NPs, and
CPI NPs. (D) FTIR spectra of INS, PLGA NPs, and CPI NPs. Scale bar: 500 nm. (E) Particle size analysis of PLGA NPs, PI NPs, and CPI NPs (n = 3 per

group). (F) In vitro release profile of INS from CPI NPs (n = 3 per group).
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transmission to the eye, cause significant irritation, compro-
mise comfort, and diminish patient compliance and tolerance.
The corneal surface generally possesses a negative charge,
while the CPI NPs synthesized in our study exhibit a positive
charge. This positive charge facilitates interaction with the
negatively charged corneal surface, potentially enhancing the
rapid distribution and prolonged retention of the drug on the
ocular surface.

FTIR was employed to analyze the molecular structures of
INS, PLGA NPs, and CPI NPs, as depicted in Fig. 1D. In this
figure, the blue curve corresponds to the infrared spectrum of
INS, while the orange curve represents the infrared spectrum
of the PLGA NPs. There were absorption peaks of the amide I
band (caused by C=0 stretching vibration) and amide II band
(caused by N-H bending vibration and C-N stretching
vibration) at 1656 cm™' and 1519 em™", respectively. The two
absorption peaks of the PLGA NPs at 1760 cm ' and
1176 cm™" were attributed to the C—O stretching vibration
and C-O-C stretching vibration, respectively, which was con-
sistent with the results of a previous study.>® The purple curve
represented the infrared spectrum of CPI NPs. The character-
istic band of CS at 3350 cm™" was attributed to the stretching
vibrations of the O-H groups in CS.?° The characteristic peaks
of the PLGA and INS were present, with a slight shift observed
in the characteristic peak of INS. No novel peaks were observed
in the CPI NPs, suggesting that INS was effectively encapsu-
lated within the PLGA NPs, which were in turn successfully
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coated by CS. The Fig. 1F showed the release profile of INS
from CPI NPs in phosphate buffer saline (pH 7.4). The in vitro
release behavior of the CPI NPs showed no significant burst
release effect, with a cumulative release of 3.14% at 0.5 h,
10.71% at 2 h, and 47.71% at 24 h.

3.2. Cellular uptake and ocular anterior segment retention of
CPI NPs

In this study, CLSM was employed to investigate the cellular
uptake of NPs. Following a 3 h incubation with HUVECs, the
Dil-PI NPs exhibited relatively weak orange-red fluorescence,
whereas the Dil-CPI NPs demonstrated significantly enhanced
fluorescence (Fig. 2A). The findings indicated that CPI NPs
exhibited a higher uptake efficiency in HUVECs compared to
PI NPs. The cell membrane is composed of a phospholipid
bilayer with a negatively charged surface. As a result, the
surface charge of NPs can significantly influence their inter-
action with the cell membrane, with positively charged CPI
NPs demonstrating enhanced cellular uptake. For optimal
treatment outcomes, it is crucial for NPs to be efficiently taken
up and stored in target cells.*

Extending the retention time may enhance the ocular bio-
availability of the drug.*’ Improving the retention of ocular
pharmaceuticals in the cornea and conjunctiva to enhance
their bioavailability and therapeutic efficacy in ocular tissues
has become a key focus in drug delivery systems. In our study,
we used a live fluorescence imaging system to assess the reten-
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Fig. 2 Cellular uptake and retention of the CPI NPs. (A) CLSM images of intracellular in different groups at 3 h. Scale bar: 20pm. Representative
fluorescenceimages of rat eyes (B) and quantification (n = 3 per group) of the residual fluorescence signal (C) at different time points after topical
administration of the PI NPs or CPI NPs. Results were presented as the mean + SD.
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tion of the NPs. The fluorescence images captured at various
time intervals, as illustrated in Fig. 2B, revealed a significant
decrease in fluorescence intensity across all groups over time,
with the fluorescence intensity of PI NPs diminishing at a
faster rate than that of CPI NPs. The correlation between the
percentage of residual fluorescence intensity and test duration,
presented in Fig. 2C, further corroborated the findings
depicted in Fig. 2B. After a duration of 2 h, the fluorescence
intensity of DiR-PI NPs decreased by approximately 43% and
continued to decline thereafter. At 3 h, the residual fluo-
rescence intensity of DiR-PI NPs was approximately 52.81%,
while that the fluorescence intensity of DiR-CPI NPs was
approximately 64.20%. These results indicated that DiR-CPI
NPs adhere to the corneal surface longer than DiR-PI NPs.
This extended retention may facilitate deeper penetration of
the INS into the corneal tissue, thereby enhancing therapeutic
efficacy. Cationic NPs can increase the retention duration of
drugs on the negatively charged corneal surface. Additionally,
CS exhibits significant bioadhesive properties, further enhan-
cing the contact time with the cornea.*>*?

3.3. Evaluation of the efficacy of CPI NPs in vitro

To assess the in vitro cytotoxicity of the CPI NPs, we used a
CCK-8 assay to assess the cell viability of the HUVECs. The cell
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viability of HUVECs treated with INS, CP NPs, and CPI NPs for
a duration of 24 h were presented in Fig. 3A. In HUVECs, INS
concentrations below 250 pg mL ™" did not significantly affect
cell viability. However, at concentrations of 500 and 1000 pg
mL™", a reduction in cell viability was observed. Following 24 h
of incubation with CP NPs at varying concentrations, the
group treated with 250 pg mL™" of CP NPs exhibited the
highest cell viability. Among the different concentrations of
CPI NPs, those at or below 500 ug mL™" did not significantly
affect cell viability, whereas treatment with 1000 pug mL ™" of
CPI NPs reduced cell viability to 84.25%. These findings
provide preliminary insights into the safety parameters for
subsequent experimental investigations.

In this study, we developed an in vitro inflammation model
and conducted a preliminary assessment of the anti-inflamma-
tory effects of CPI NPs. LPS was used to stimulate cytokine pro-
duction in HUVECs, TNF-a and IL-6 levels were measured
using ELISA after treatment with various formulations.
Following LPS stimulation, there was a marked elevation in the
concentrations of TNF-a and IL-6, with the highest TNF-a con-
centration observed in the LPS + PBS group and the highest
IL-6 concentration in the LPS + CP NPs group. Administration
of INS and CPI NPs resulted in a reduction of TNF-a and IL-6
levels. There was no statistically significant difference between
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Evaluation of the efficacy of the CPI NPs in vitro. (A) Cell viability of HUVECs after incubation with different concentrations of INS, CP NPs or

CPI NPs 24h later (n = 3). Triton X-100 was used as the positive control samples. (B) TNF- o and IL-6 (C) in each group after treatment (n = 3 per
group). (D) Images from wound healing assay were taken at 0 and 24h after scratching (scale bar: 200 pm). (E) Quantitative analysis of wound
healing assays after different treatments (n = 3 per group). (F) Images of HUVECs in transwell migration assays after 24h (scale bar: 200 um). (G)
Quantitative analysis of the HUVECs migration ability (n = 3 per group). (H) Images of tube formation assay in HUVECs after different treatments
(scale bar: 200 pm). Quantitative analysis of the numbers of junctions (I) and nodes (J) (n = 3 per group). The control group received no LPS treat-
ment and was treated with PBS. Results were presented as the mean + SD. ns indicates no significant difference. *p < 0.05; **p < 0.01; ***p < 0.001.
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LPS + INS group and LPS + CPI NPs group. These findings
indicate that INS and CPI NPs can attenuate the inflammatory
response induced by LPS, with CPI NPs being the most
effective (Fig. 3B and C).

Endothelial cells undergo proliferation, migration, and
aggregation to establish initial vascular networks.
Subsequently, these structures mature and undergo remodel-
ing, a process characterized by the recruitment of smooth
muscle cells, ultimately resulting in the formation of fully
developed blood vessels.***> HUVECs are widely used as endo-
thelial cell models due to their strong representativeness. They
effectively simulate the behavior and responses of vascular
endothelial cells in vivo, particularly in the context of angio-
genesis research. In this study, we conducted wound healing,
transwell and tube formation assays in vitro to evaluate the
impact of CPI NPs on the migration and tube formation of
HUVECSs. At 24 h, the scratch area in the LPS + PBS group was
significantly reduced compared to the control group, and the
reduction in scratch area in the LPS + CPI NPs group was sig-
nificantly smaller than that in the LPS + PBS, LPS + INS and
LPS + CP NPs groups (Fig. 3D). And the wound closure rate in
the LPS + CPI NPs group was significantly lower than that in
the LPS + PBS, LPS + INS, and LPS + CP NPs groups (Fig. 3E).
The cell migration in the LPS + PBS group was significantly
higher than that in the control group. And compared to the
LPS + PBS group, the LPS + CPI NPs group exhibited a signifi-
cantly reduced number of migrating cells (Fig. 3F and G).
These results indicated that CPI NPs showed the best signifi-
cant repression effect on endothelial cell migration.

To evaluate endothelial cell angiogenesis, the tube for-
mation assay is commonly used as it mimics numerous steps
in the angiogenesis process.*® In this study, the ability of CPI
NPs to inhibit angiogenesis was evaluated using a tube for-
mation assay. Representative images of the tube formation
assay were presented in Fig. 3H, while the quantification of
junctions and nodes was illustrated in Fig. 3I and ]J. The
results showed that LPS significantly enhanced the tubular for-
mation ability of HUVEC cells compared to the control group.
Many tube-like structural networks were observed in the LPS +
PBS and LPS + CP NPs groups, but no significant difference
was found in the number of junctions and nodes between the
two groups. Compared with the LPS + PBS group, the number
of junctions and nodes in the LPS + INS and LPS + CPI NPs
groups was significantly reduced, with the fewest in the LPS +
CPI NPs group. These results were generally consistent with
the findings from the wound healing and transwell assays. The
results of tube formation assay showed that CPI NPs had the
strongest capability to inhibit tube formation of HUVECs.

3.4. Invivo efficacy evaluation of CPI NPs

To investigate the impact of CPI NPs on CRNV in vivo, male SD
rats were randomly assigned to one of the following groups:
PBS group (thrice daily), Dexp group (250 pug mL™", thrice
daily), INS group (250 pg mL™", thrice daily), CP NPs group
(250 pg mL ™, thrice daily), and CPI NPs group (500 pug mL ™,
thrice daily). The determination of dosage was informed by

This journal is © The Royal Society of Chemistry 2025
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preliminary experimental data and pertinent literature (ESI
Fig. 11)."”*® A corneal alkaline burn model was employed to
induce CRNV, with postoperative observations conducted over
a 14-day period. After the alkali burn, the limbal vascular
network rapidly grows on the cornea. On day 3, the corneal
tissues in all the groups became cloudy and edematous, with a
filled limbal vascular network. On day 7, there was a gradual
reduction in inflammation. Improvements were observed in
corneal opacity and edema, with the exception of the PBS
group and the CP NPs group. Additionally, neovascularization
became more pronounced compared to earlier observations.
Hyphema was observed in both the PBS group and the CP NPs
group. On day 14, there was no significant improvement in
corneal opacity in both the PBS and CP NPs groups, with a
substantial invasion of neovascularization invading the central
corneal region. In contrast, the Dexp and INS groups exhibited
a reduction in corneal edema, with neovascularization primar-
ily affecting the peripheral cornea. Notably, in the CPI NPs
group, edema had nearly completely subsided, and neovascu-
larization was predominantly confined to the corneal limbus
(Fig. 4A and B).

On day 7, the corneal opacity score was highest in the PBS
group (3.67 + 0.58) and lowest in the CPI NPs group (2.00
0.00). On day 14, the corneal opacity score remained highest in
the PBS group (4.00 = 0.00), followed sequentially by the CP
NPs group (3.67 + 0.58) and the INS group (1.33 + 0.58), with
the CPI NPs group exhibiting the lowest score (0.33 + 0.58)
(Fig. 4C). There was no significant difference in baseline IOP
among the different groups of rats. On day 14, the IOP
measurements for the PBS, Dexp, and CP NPs groups were
38.40 + 3.18 mmHg, 42.13 + 3.33 mmHg, and 39.30 =
2.69 mmHg, respectively, all of which exceeded the normal
IOP range. Conversely, the IOP values for the INS and CPI NPs
groups remained within the normal range (Fig. 4D).

Further quantification of the neovascularization area
revealed that, at 14 days, the neovascularization area relative to
the corneal area in the CPI NPs group was the smallest (20.91
+ 2.53)%, which was significantly lower than that observed in
the PBS group (89.10 + 2.95)%. Additionally, the neovasculari-
zation area in the CPI NPs group was lower than that in both
the INS group (32.76 + 2.00)% and the CP NPs group (87.30 =
1.96)%, with these differences reaching statistical significance.
However, no statistically significant difference was found
between the CPI NPs group and the Dexp group (Fig. 4E).

The lack of significant improvement in corneal opacity
observed in both the PBS group and the CP NPs group may be
attributed to the extensive invasion of neovascularization into
the central cornea, resulting in increased vascular permeability
and heightened exudate accumulation. This process likely
exacerbated corneal opacity and disrupted the normal arrange-
ment of collagen fibers. Alkali burn injury of the cornea can
induce significant infiltration of inflammatory cells, including
neutrophils and macrophages, resulting in pronounced exuda-
tion within the anterior chamber.”® This process may lead to
narrowing of the anterior chamber angle , thereby elevating
IOP. In severe instances, synechiae may form between the iris
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Fig. 4 The suppressive effect of the CPI NPs on CRNV. Slit lamp images of eyeballs viewed from above (A) and from the side (B). (C) Scores of the
corneal opacity in each group at different time points (days 3, 7, and 14) (n = 3 per group). (D) IOP in each group at different time points (days O, 3, 7
and 14) (n = 3 per group). (E) CRNV area ratio (n = 3 per group). Results were presented as mean + SD. ns indicates no significant difference. *p <

0.05; **p < 0.01; ***p < 0.001.

or lens and the cornea may occur, which can potentially lead
to the development of secondary glaucoma.’® On the other
hand, early direct chemical damage can lead to tissue atrophy
and destruction of the trabecular meshwork and outflow path-
ways, and may also result in increased intraocular pressure.>!
In the INS group and the CPI NPs group, IOP remained within
the normal range, potentially attributable to the anti-inflam-
matory properties of INS. This effect may effectively mitigate
tissue damage resulting from corneal alkali burns and sub-
sequently prevent an increase in IOP.

Fluorescein sodium staining was employed to assess the
extent of corneal epithelial damage across the different groups
(Fig. 5A). A comparative analysis of the rate of epithelial
defects between different treatment groups was shown in
Fig. 5B. On day 7, corneal epithelial repair was poor in the
Dexp group. In comparison to prior observations, epithelial
healing in the PBS, Dexp, and CP NPs groups did not improve
as significantly as in the INS and CPI NP groups. Conversely,
the INS and CPI NPs groups demonstrated a reduction in the
area of epithelial defects. Throughout the corneal epithelial
repair process, neither the PBS group nor the CP NPs group
exhibited complete corneal epithelial healing. In the CPI NPs
group, there were no signs of nonhealing during the corneal
epithelial injury repair process. In the early stage of corneal
alkali burn, various factors, including interleukins (IL-1p, IL-6,
and IL-10), TNF-a, matrix metalloproteinases, and platelet-
derived growth factor, become activated. These factors attract

12332 | Nanoscale, 2025,17,12323-12339

inflammatory cells, exacerbate the inflammatory process, and
contribute to the development of CRNV.>> On day 14, the con-
centrations of TNF-a and IL-6 were higher in the PBS group
and CP NPs group. The concentrations of TNF-a and IL-6 in
the CPI NPs group were lower compared to those observed in
the PBS group, Dexp group, INS group, and CP NPs group, and
the differences were statistically significant. These results indi-
cated that CPI NPs exhibit anti-inflammatory properties
(Fig. 5C and D).

To further evaluate the inhibitory effect of CPI NPs on neo-
vascularization, we performed histopathological examination
and immunofluorescence staining. On day 7, the corneal
tissue structure in both the PBS and CP NPs groups exhibited
significant disturbances, characterized by thickening and loos-
ening of the stromal layer, extensive infiltration of inflamma-
tory cells, and the formation of neovascular lumens. These
changes were attributed to the poor structure and function of
the neovascularization, which was characterized by increased
permeability and a propensity for leakage. Moreover, the
advancement of CRNV entails the recruitment of inflammatory
cells, thereby intensifying corneal edema and inflammation,
which may ultimately culminate in fibrosis. In comparison to
PBS and CP NPs, the other groups (Dexp, INS, and CPI NPs)
exhibited a relatively reduced presence of inflammatory cells,
mild edema in the corneal stroma, and neovascular lumen
could be observed. On day 14, the corneal tissue in both the
PBS and CP NPs groups remained relatively loose and edema-

This journal is © The Royal Society of Chemistry 2025
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tous, with a substantial presence of prominent neovascular
lumens observed within the stromal layer. Additionally, the
infiltration of inflammatory cells in the PBS group was
reduced compared to previous observations. In the Dexp
group, a few neovascular lumens were observed, with no sig-
nificant infiltration of inflammatory cells. In the INS group,
the stromal layer exhibited a slightly loose arrangement,
accompanied by the presence of some neovascularization
lumens and minor inflammatory cell infiltration. In contrast,
the corneal structure in the CPI NPs group remained intact,
with no evident inflammatory cell infiltration and no signifi-
cant neovascular lumens observed (Fig. 5E).

The progression of CRNV is governed by a multifaceted
interplay of factors, primarily stemming from an imbalance
between pro-angiogenic and anti-angiogenic factors. The cyto-
kine VEGEF is one of the key factors in CRNV, and it is also a
target of clinical treatment.>® VEGF is acknowledged for its
ability to stimulate endothelial cell mitosis and promote the
joining of adjacent blood vessels into the vascular plexus,
resulting in neovascularization.>* On day 7, the PBS group and
CP NPs group presented abundant red fluorescence in the
corneal stromal layer, indicating high expression of VEGF. The
expression of VEGF in the corneal endothelial layer was higher
in the CP NPs group compared to the PBS group. In both the
Dexp and INS groups, red fluorescence predominantly loca-

This journal is © The Royal Society of Chemistry 2025

lized within the corneal stroma, with minimal red fluorescence
observed in the endothelial layer. In the CPI NPs group, red
fluorescence was predominantly observed in the stroma and
the endothelial layer of the cornea, with a weaker intensity
compared to the PBS group. On day 14, the red fluorescence of
the corneal layers in the PBS, Dexp, INS, and CP NPs groups
exhibited a significant enhancement compared to day 7. In
contrast, the increase in red fluorescence intensity observed in
the CPI NPs group was the least pronounced among all
groups, suggesting that the inhibition of VEGF expression was
more effective in the CPI NPs group (Fig. 6A).

CD31, located at the tight junctions between endothelial
cells, is integral to the process of angiogenesis and serves as a
marker for vascular endothelial cells. And its high expression
suggests active proliferation of endothelial cells.”® Therefore,
we assessed the efficacy of each treatment in inhibiting CRNV
by detecting the expression of CD31. On day 7, A substantial
amount of red fluorescence was detected in the PBS group,
with numerous red lumens identified within the corneal
stroma layer. The CP NPs group exhibited reduced red fluo-
rescence compared to the PBS group, and multiple red lumens
were additionally observed within the stromal layer. A minimal
level of red fluorescence was detected in the Dexp group, INS
group, and CPI NPs group. On day 14, the formed lumen of
the corneal stroma was more pronounced in both the PBS and
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CP NPs groups compared to day 7. In the INS group, two
lumens were faintly discernible, whereas in the Dexp and CPI
NPs groups, no red lumen was detected, only very weak red
fluorescence was observed (Fig. 6B). These findings were
largely in agreement with the results obtained from HE stain-
ing, suggesting that CPI NPs exert a substantial inhibitory
effect on neovascularization.

3.5. Quantitative proteomics

On the 14th day following alkali burn, corneal tissues from the
PBS group and INS group were harvested for proteomic
sequencing (n = 3). The main results of the quantitative proteo-
mics were shown in Fig. 7A-D. Based on the proteomics data,
we identified 141 differentially expressed proteins (DEPs)
(p-value <0.05 and fold change >1.2), of which 63 proteins
were upregulated, and 78 proteins were downregulated (Fig. 7A
and B). On the basis of these DEPs, GO analysis and KEGG
analysis were performed. In the GO secondary classification,
biological process mainly included regulation of biological
process, cellular metabolic process and organic substance
metabolic process. The cellular component -classification
revealed that most DEPs were located in intracellular anatom-
ical structure, organelle, and cytoplasm. And the molecular
function mainly consists of protein binding, ion binding, and
organic cyclic compound binding (Fig. 7C). KEGG pathway
analysis revealed the pathways significantly enriched in
relation to the DEPs. The top five pathways were the
c¢GMP-PKG signaling pathway, aldosterone synthesis and

12334 | Nanoscale, 2025, 17,12323-12339

secretion, pancreatic secretion, dopaminergic synapse, and
mineral absorption (Fig. 7D). It is worth noting that the
¢GMP-PKG signaling pathway plays an important role in regu-
lating cell proliferation and apoptosis.”® Studies have shown
that activation of this pathway promotes endothelial cell
growth and migration by upregulating VEGF, thereby driving
angiogenesis in ischemic diseases.’”*® In addition, activation
of this pathway has been found to promote angiogenesis in
breast cancer by regulating the expression of PYCR1,” and to
promote angiogenesis in nasopharyngeal carcinoma through
the regulation of MYLK expression.®® Therefore, we speculate
that the cGMP-PKG signaling pathway plays an important role
in INS treatment of CRNV therapy, and its specific regulatory
mechanisms still require further research.

3.6. CPI NPs may treat CRNV by influencing m6A modification

On the basis of a review of the relevant literature and com-
bined with the proteomics results, we primarily focused on
obesity-associated protein FTO among the differentially
expressed proteins. Based on DIA quantitative proteomics, we
found that the expression of the m6A demethylase FTO was
significantly downregulated in INS-treated neovascularized
corneas. The main function of FTO is to reduce m6A levels
through its demethylase activity. m6A is the most common
internal chemical modification of mRNA in eukaryotes and is
involved in various biological processes. It plays an important
role in the regulation of RNA fate and function, including
mRNA splicing, transport, stability, translation, primary

This journal is © The Royal Society of Chemistry 2025
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microRNA maturation, and RNA-protein interactions. m6A
modification is a dynamic and reversible process, that is cata-
lyzed by the METTL3-METTL14-WTAP methyltransferase
complex and removed by demethylases such as FTO and
ALKBH5.°! FTO is the first RNA demethylase discovered in the
cell nucleus, it plays a key role in regulating m6A modification,
and has been found to be involved in the progression of
various diseases.®”® FTO-catalyzed m6A demethylation regulates
the expression of lipid-related genes and is involved in lipid
metabolism and lipid dysregulation diseases.®® Targeting FTO
offers promising therapeutic potential by inhibiting tumor
growth, enhancing the effectiveness of immunotherapy, and
reducing drug resistance.®® A clinical study revealed that vari-
ations in the FTO gene might have contributed to the develop-
ment of cardiovascular diseases in men with glucose metab-
olism abnormalities.®® In addition, a study by Mathiyalagan
et al. was conducted on mouse myocardial infarction con-
firmed that overexpression of FTO could reduce myocardial
fibrosis in ischemic hearts and promote angiogenesis.®® They
also reported that FTO acts on multiple pathways associated
with angiogenesis. A study by Rong et al. investigated the role
of m6A modification in angiogenesis in intrahepatic cholan-
giocarcinoma.®” These results indicate that reduced expression
of FTO affects tumor angiogenesis in intrahepatic cholangio-
carcinoma. A recent study confirmed that FTO overexpression

This journal is © The Royal Society of Chemistry 2025

triggered a series of diabetic retinal pathological phenotypes,
including angiogenesis, vascular leakage, inflammation, and
neurodegeneration. These changes are mediated by directly
affecting endothelial cell characteristics and regulating the
interactions between endothelial cells and pericytes/micro-
¢lia.®® However, the regulatory role of m6A modification in
CRNV induced by alkali burns under INS treatment has not
been studied or reported.

To investigate the effects of m6A modification on CRNV
after CPI NPs treatment, we first analyzed corneal FTO protein
levels before and after treatment with CPI NPs treatment. The
results revealed that,
protein expression of FTO was significantly increased, whereas
CPI NPs treatment reduced the FTO protein level (Fig. 8A and
B). Next, we quantified the m6A modification in the cornea of
the control group, the CRNV group, and the CPI NPs treated
group, as shown in Fig. 8C. CPI NPs treatment resulted in a
significant increase in m6A modification compared to the
levels observed in the CRNV group. After CPI NPs treatment,
FTO mRNA expression was reduced in the neovascularized
corneas (Fig. 8D). We treated HUVECs with LPS to simulate
the pathological conditions of endothelial cells during CRNV.
Compared to the control group cells, the expression of FTO
at both the mRNA and protein levels was significantly
upregulated in LPS-induced HUVECs, and m6A modification

in the neovascularization corneas, the
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*p < 0.05; **p < 0.01; ***p < 0.001.

was significantly decreased. In contrast, CPI NPs treatment
counteracted the upregulation of FTO expression and the
decrease of m6A modification in LPS-induced HUVECs
(Fig. 8E-H).

In conclusion, the decrease of FTO-mediated m6A modifi-
cation may play an important role in alkali burn-induced
CRNV, and the treatment of alkali burn-induced CRNV with
CPI NPs may inhibit FTO expression, promote m6A modifi-
cation, and thereby suppress the formation of CRNV.

3.7. Biocompatibility

The biocompatibility of CPI NPs is crucial for their effective
translation into clinical applications.®® The biocompatibility of
various eye drop formulations was assessed in normal rats over
14 days. The results showed no corneal opacity, defects, neo-
vascularization, inflammation, or congestion. In addition, the
integrity of the corneal epithelium was assessed by sodium flu-
orescein staining, and no significant fluorescent staining was
detected. The above results indicated that CPI NPs has no
obvious toxic and side effects on the anterior segment of the
eye during treatment, and was relatively safe. In addition, HE
staining revealed that the whole layer of the cornea was
arranged completely, and no inflammatory cells or angio-
genesis was found (Fig. 9A and B).

Following a 14-day regimen of various eye drop formu-
lations, HE staining of major organs, including the liver,
heart, lung, kidney, and spleen, indicated no significant patho-
logical abnormalities (Fig. 9C). Furthermore, the findings from
serum biochemistry and complete blood count analyses in rats
demonstrated that hepatic and renal function indicators,
including aspartate aminotransferase (AST), blood urea nitro-

12336 | Nanoscale, 2025, 17,12323-12339

gen (BUN), and creatinine (CREA) levels, did not exhibit sig-
nificant differences. Additionally, the complete blood cell
counts for each group, encompassing white blood cell (WBC),
red blood cell (RBC), and platelet (PLT) counts, remained
within normal physiological ranges (Fig. 9D).

These findings suggested that the CPI NPs were a novel eye
drop formulation with minimal ocular irritation and systemic
toxicity, indicating a strong safety profile and promising clini-
cal potential.

3.8. Degradation evaluation

The residual weight of CPI NPs samples exhibited a significant
downward trend on the first day, the residual weight decreased
to about 92.3%. Subsequently, the samples showed a continu-
ous degradation trend, and the residual weight decreased to
about 76.1% on day 7. On day 21, the residual weight of
samples dropped to about 62.8% (ESI Fig. 21). The findings
indicated that the CPI NPs gradually released drugs through
hydrolysis in vitro. This degradation behavior aligns with the
degradation kinetics observed in most polyester materials,
which is conducive to maintaining a stable drug release rate
and avoiding sudden release effect.

After intravenous injection via the tail vein, the relative fluo-
rescence intensity of the blood collected at a certain interval
was measured by a fluorescence microplate reader to evaluate
the circulation of the nanomedicine in vivo. The results
showed that the residual fluorescence of DiI-CPI NPs in the
blood was approximately 39.1% at 24 h, about 4.1% at 72 h,
and almost no Dil-CPI NPs remained in the blood at 96 h
(0.4%) (ESI Fig. 31). These results suggested that the Dil-CPI

This journal is © The Royal Society of Chemistry 2025
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different treatments. scale bar: 200 um. (D) Blood biochemical analysis of rats after different treatments; n = 3.

NPs were almost entirely degraded and metabolized following
96 h of in vivo circulation.

4. Conclusion

In this study, a CPI NPs drug delivery system was developed by
incorporating INS into CS and PLGA, which exhibited anti-
inflammatory, anti-angiogenic, and m6A-modulating pro-
perties, along with good biosafety. In a rat model of CRNV, CPI
NPs significantly alleviated alkali burn-induced CRNV. The
anti-angiogenic effects of CPI NPs were validated through
endothelial cell migration and tube formation assays. To the
best of our knowledge, this is the first study to use a CS-PLGA
nanosystem to deliver INS as a treatment for CRNV. In
addition, through proteomic analysis, we identified DEPs and
found that the therapeutic mechanism of CPI NPs may be
related to the regulation of m6A modification. Preliminary evi-
dence suggested a reduction in m6A modification levels in
alkali burn-induced CRNV. Furthermore, both in vitro and
in vivo studies have verified that CPI NPs treatment enhanced
m6A modification. This is also the first report to demonstrate
that INS affects m6A modification. This study may provide a
new potential target for drug therapy for CRNV. The CPI nano-
particle delivery system showed potential as an effective,
straightforward, and safe alternative for the treatment of alkali
burn-induced CRNV, potentially providing novel therapeutic
options for a substantial population of CRNV patients. In

This journal is © The Royal Society of Chemistry 2025

future research, we intend to further validate the efficacy
and safety of CPI NPs through additional animal studies, with
the objective of confirming their potential for clinical appli-
cation and investigating their role in other ophthalmic
diseases.
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