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Comprehensive dry eye therapy: overcoming
ocular surface barrier and combating
inflammation, oxidation, and mitochondrial
damage
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Abstract

Background Dry Eye Disease (DED) is a prevalent multifactorial ocular disease characterized by a vicious cycle

of inflammation, oxidative stress, and mitochondrial dysfunction on the ocular surface, all of which lead to DED
deterioration and impair the patients’ quality of life and social functioning. Currently, anti-inflammatory drugs have
shown promising efficacy in treating DED; however, such drugs are associated with side effects. The bioavailability of
ocular drugs is less than 5% owing to factors such as rapid tear turnover and the presence of the corneal barrier. This
calls for investigations to overcome these challenges associated with ocular drug administration.

Results A novel hierarchical action liposome nanosystem (PHP-DPS@INS) was developed in this study. In terms of
delivery, PHP-DPS@INS nanoparticles (NPs) overcame the ocular surface transport barrier by adopting the strategy
of ‘ocular surface electrostatic adhesion-lysosomal site-directed escape”. In terms of therapy, PHP-DPS@INS achieved
mitochondrial targeting and antioxidant effects through SS-31 peptide, and exerted an anti-inflammatory effect

by loading insulin to reduce mitochondrial inflammatory metabolites. Ultimately, the synergistic action of “anti-
inflammation-antioxidation-mitochondrial function restoration” breaks the vicious cycle associated with DED.

The PHP-DPS@INS demonstrated remarkable cellular uptake, lysosomal escape, and mitochondrial targeting in
vitro. Targeted metabolomics analysis revealed that PHP-DPS@INS effectively normalized the elevated level of
mitochondrial proinflammatory metabolite fumarate in an in vitro hypertonic model of DED, thereby reducing the
levels of key inflammatory factors (IL-13, IL-6, and TNF-a). Additionally, PHP-DPS@INS strongly inhibited reactive
oxygen species (ROS) production and facilitated mitochondrial structural repair. In vivo, the PHP-DPS@INS treatment
significantly enhanced the adhesion duration and corneal permeability of the ocular surface in DED mice, thereby
improving insulin bioavailability. It also restored tear secretion, suppressed ocular surface damage, and reduced
inflammation in DED mice. Moreover, it demonstrated favorable safety profiles both in vitro and in vivo.

Conclusion In summary, this study successfully developed a comprehensive DED management nanosystem that
overcame the ocular surface transmission barrier and disrupted the vicious cycle that lead to dry eye pathogenesis.
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Additionally, it pioneered the regulation of mitochondrial metabolites as an anti-inflammatory treatment for ocular
conditions, presenting a safe, efficient, and innovative therapeutic strategy for DED and other inflammatory diseases.

Keywords Ocular adhesive, Anti-inflammation, Anti-oxidation, Mitochondrial metabolites, Dry eye

Introduction

As one of the most prevalent ocular disorders, Dry Eye
Disease (DED) greatly affects individuals’ Quality of Life
(QoL) and social functioning, including activities such
as reading, driving, and computer use. With a substan-
tial prevalence worldwide, some of the DED symptoms
include ocular pain, photophobia, lacrimation, and visual
impairments [1]. The annual medical expenditure for
DED in the United States is approximately $ 3.8 billion,
imposing a huge economic burden on society [2]. The
primary etiological factors contributing to DED include
tear film instability, elevated osmotic pressure, and
inflammation of the ocular surface [3]. The DED treat-
ment approaches that target inflammation have garnered
increasing attention in recent years, as inflammatory
responses are considered a pivotal driver of the condition
[4]. The therapeutic options for DED currently include
Glucocorticoids (GCs) and Cyclosporine. However, pro-
longed GC use poses risks such as glaucoma, cataracts,
and infections, while Cyclosporine can cause a burning
sensation. These limitations impede their widespread use
[5].

As “energy factories,” mitochondria play a crucial role
in cellular metabolism [6]. Electron leakage from the
mitochondrial respiratory chain could lead to the for-
mation of Reactive Oxygen Species (ROS), which are
believed to be the primary cause of Oxidative Stress (OS).
Excessive ROS accumulation could result in mitochon-
drial dysfunction, including the aberrant opening of the
Mitochondrial Permeability Transition Pore (MPTP)
and loss of the mitochondrial membrane potential [7].
Recent studies revealed a strong association between
mitochondrial metabolites and inflammatory reactions.
Fumarate accumulation in the Tricarboxylic Acid (TCA)
cycle within mitochondria triggers a robust inflammatory
response, impairing mitochondrial function [8, 9]. The
resulting mitochondrial dysfunction eventually aggra-
vates the production of ROS and inflammatory factors,
establishing a detrimental cycle in inflammatory diseases,
encompassing OS, inflammatory responses, and mito-
chondrial dysfunction. A similar vicious cycle has been
implicated in the pathogenesis of DED [4, 10, 11].

Insulin, a hormone commonly found in the body, has
been shown to exert anti-inflammatory effects [12—14].
In this regard, topical insulin therapy has been effectively
used to treat challenging ocular diseases such as persis-
tent epithelial defect, chemical corneal epithelial injury,
and refractory corneal ulcers [15-17]. According to pre-
vious research, the Insulin-like Growth Factor Binding

Protein-3 (IGFBP-3) can restore mitochondrial function
in hyperosmotic models of corneal epithelial cells, alle-
viating dry eye symptoms [18, 19]. Furthermore, Ger et
al. designed Ce-sH nanoparticles for the treatment of
alkaline corneal burns, with the goal of enhancing Stat-
ens Seruminstitut Rabbit Cornea (SIRC) cell prolifera-
tion through insulin-like growth factor 1 (IGF-1) [20].
Additionally, Titone et al. discovered that insulin could
promote the accumulation of Insulin Receptors (INSR)
in mitochondria and enhance mitochondrial homeosta-
sis in corneal epithelial cells [21]. Based on these findings
on insulin’s ability to improve mitochondrial dysfunction
and reduce inflammatory responses within the eye, we
speculated that it could be a potential treatment for DED.
However, as a macromolecular peptide, insulin possesses
inherent limitations, such as its large size, poor lipid solu-
bility, and susceptibility to degradation. These limitations
could result in a low intracellular delivery efficiency and
bioavailability. Enhancing the intracellular delivery of
protein and peptide drugs has long been a scientific chal-
lenge in research endeavors. Furthermore, ocular sur-
face drug delivery remains an urgent issue that should
be addressed. Traditional ophthalmic drugs have <5%
bioavailability due to tight corneal connections, rapid
tear circulation, and tear film and blood-eye barriers
[22]. Consequently, frequent administration of high drug
concentrations is often necessary to achieve therapeutic
effects in clinical practice, leading to an increased risk of
drug side effects. The development of nanocarriers offers
a promising strategy for enhancing the bioavailability of
ophthalmic drugs [23]. Previous research has focused on
the creation of innovative nanodrugs to overcome ocu-
lar barriers, aiming to improve drug bioavailability in
the eye while minimizing side effects [24—27]. Therefore,
there is a need to develop novel nanocarriers that can
significantly enhance insulin bioavailability on the ocular
surface.

Elamipretide (SS-31) is a peptide that specifically tar-
gets mitochondria [28]. Previous research showed that
compared to its initial concentration, SS-31 concentra-
tion in the mitochondrial precipitation was significantly
higher by approximately 5000-fold, indicating its excep-
tional ability to effectively target mitochondria [29].
Moreover, unlike conventional drugs targeting mito-
chondria, such as MitoQ, SS-31 uptake does not depend
on the potential across the mitochondrial membrane and
does not cause mitochondrial depolarization. Further-
more, SS-31 promotes mitochondrial cristae and respira-
tory chain integrity while reducing ROS production [30].
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These mitochondrial targeting and antioxidant properties
make SS-31 a promising candidate for the targeted alle-
viation of OS-related disorders and nanomaterial modi-
fication [31, 32].

In light of the favorable performance of nanomaterials
in treating ocular diseases, some researchers have dedi-
cated their efforts to developing nanomaterials that tar-
get the vicious circle mechanism in the pathogenesis of
DED in recent years. Our team previously developed a
novel tetrandrin-loaded liposome NPs(PFOB@LIP-Tet)
for anti-inflammatory treatment of DED, which dem-
onstrated significant efficacy in a rabbit model of DED
[33]. Huang et al. also created mitochondria-targeted
SkQ1 NPs for treating DED with a single antioxidant
[34]. Recognizing that DED is a multifactorial disease,
several studies have adopted a synergistic therapy strat-
egy combining “anti-inflammatory-antioxidant” therapy
and achieved superior efficacy compared to monother-
apy [35-38]. Therefore, this study also adopts a syner-
gistic therapeutic approach to address the vicious cycle
of DED. We have developed a liposome nanoparticle
with an “anti-inflammatory-antioxidant-mitochondrial
repair” function (Scheme 1).The hierarchical liposomes
were initially coated with a polymer shell (PEG2000-
Hyd-PEIL PHP) to induce a surface charge reversal from
negative to positive. This positively charged formula-
tion promoted cellular endocytosis and adhesion to the
negatively charged ocular surface [39]. The liposomes
first entered lysosomes upon internalization via endocy-
tosis. Subsequently, the acidic environment of lysosomes
triggered the pH-sensitive hydride (hyd) bond within
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the liposome shell, leading to its rupture and release of
PEIs (a positively charged polymers with proton sponge
properties), facilitating their escape from lysosomes [40,
41]. The SS-31 peptide located in the middle layer of NPs
further targeted mitochondria following their escape
into the cytoplasm. Compared to conventional NPs, this
delivery strategy involving the “ocular surface adhesion-
lysosomal escape-mitochondrial targeting” pathway
greatly improved cytoplasmic drug delivery and bioavail-
ability. Moreover, co-administration of the antioxidant
SS-31 peptide with anti-inflammatory insulin synergisti-
cally restored mitochondrial function and disrupted the
vicious cycle associated with DED pathogenesis. Further-
more, high-throughput targeted metabolomics analy-
sis revealed an abnormal build-up of proinflammatory
metabolites (fumarate) in hypertonic Human Corneal
Epithelial Cell (HCEC) models, which could be reduced
by insulin or PHP-DPS@INS via GPX4 activation.

In an in vitro DED model, we observed that PHP-
DPS@INS NPs exhibited efficient cellular uptake, escape
from lysosomes, and specific mitochondrial targeting.
These NPs also demonstrated significant capabilities
in reducing ROS production and secretion of inflam-
matory factors (such as IL-1f, IL-6, and TNF-a), and a
mitochondrial membrane repair potential. In vivo, the
corneal epithelium showed significant healing, along with
the inhibition of ocular surface inflammation and resto-
ration of tear secretion, alleviating dry eye. Notably, the
nanosystem designed herein represents the pioneering
attempt to regulate TCA cycle metabolites for DED treat-
ment. This study presents a multifunctional nanosystem
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Scheme 1 (A) PHP-DPS@INS NP synthesis scheme and layer functions. (B) Adhesion Function of PHP-DPS@INS NPs on the Ocular Surface. (C) The posi-
tive charge of PHP-DPS@INS NPs facilitates endocytosis, and the hyd bond undergoes an acid-mediated cleavage upon lysosomal entry, leading to PEI
release and their subsequent rapid escape from the lysosome. Upon cytoplasmic entry, SS31 selectively targets mitochondria and exerts antioxidant
effects and INS exerts anti-inflammatory actions by reducing fumarate levels in the TCA cycle. Together, these two components synergistically restore
mitochondrial function and structure, disrupting the pathological vicious cycle of DED
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capable of overcoming ocular surface barriers and inte-
grating anti-inflammatory and anti-OS properties, as well
as mitochondrial functionality for DED treatment, offer-
ing a novel, safe, and efficient therapeutic avenue.

Results and discussion

Preparation and characterization of the hierarchical
nanosystem (PHP-DPS@INS NPs)

DSPE-PEG2k-SS31 synthesis

The amphiphilic polymer DSPE-PEG2k-SS31 (DPS) with
mitochondria-targeted antioxidant activity was created
by conjugating the SS31 peptide, a mitochondria-targeted
antioxidant peptide, with a phospholipid bimolecular
via PEG (Figure S1). Through 'H NMR analysis, DSPE-
PEG2k-SS31 was confirmed to exhibit characteristic
peaks at 7.4 and 6.3 ppm, as well as at 1.3 ppm (DSPE)
and 3.6 ppm (PEG2k), consistent with those of the SS31
peptide and DSPE-PEG2k (DP), respectively (Fig. 1a).

PEG2000-Hyd-PEl synthesis

As a cationic polymer, PEI is commonly employed for
lysosomal escape and has been extensively used as a car-
rier for nucleic acid substances [42], biomarkers, and
vaccine adjuvants [43], as well as for NP modification.
However, its strong positive charge could induce cyto-
toxicity [44]. This issue could be mitigated by introduc-
ing PEG modification to reduce PEI’s cytotoxicity and
prevent macrophage clearance (Figure S2). The PEI-PEG
connection is based on a hydride bond (Hyd), which is
stable under neutral pH environments but cleaves under
acidic conditions within the lysosome [45, 46], releas-
ing PEI for the lysosomal escape of NPs (Figure S3).
Characteristic peaks observed in the 'H NMR spectrum
confirmed that PEG2000-Hyd-PEI displayed signals
corresponding to PEI and PEG2000 at 2.5-3 ppm and
3.6 ppm, respectively. It also exhibited distinctive acyl
hydride bond peaks at 7.5-8 ppm, which were absent in
PEG2000-PEI samples (Fig. 1a).

PHP-DPS@INS NPs characterization

The DLS method was used to determine particle
size, potential, dispersion, and stability. The DPS
NPs and PHP-DPS NPs had average particle sizes of
85.21+0.48 nm and 94.94+1.79 nm, respectively. On
the other hand, DPS@INS NPs had a particle size of
107.00%2.95 nm, with PHP-DPS@INS NPs exhibiting the
largest particle size at 132.23+1.75 nm (Fig. 1b). These
results demonstrate a gradual increase in NP size as a
result of polymer coating and insulin loading, providing
indirect evidence of successful liposome modification and
INS encapsulation within NPs. Notably, all particles dis-
played a PDI below 0.3, with PHP-DPS@INS NPs having
excellent particle regularity (PDI=0.17£0.01). The zeta
potential of DPS NPs was determined to be -15.27+0.06
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mV. Due to the positive charge of INS, the zeta poten-
tial of DPS@INS NPs increased to -5.27£0.26 mV upon
INS loading. However, this absolute value is relatively
small and renders the particles unstable. To address this
issue, PEG2000-Hyd-PEI coating was applied, reversing
the potential of PHP-DPS NPs and PHP-DPS@INS NPs,
with PHP-DPS@INS NPs exhibiting a maximum poten-
tial of +18.23+0.84 mV (Fig. 1c). The increase in abso-
lute NP potential enhances particle stability, while the
charge reversal from negative to positive promotes adhe-
sion on the ocular surface and cellular uptake. Through
UHPLC analysis, we established the standard curve for
insulin (Figure S4) and determined that the EE of insu-
lin in PHP-DPS@INS NPs was 48.91+£0.36%, while the
DL capacity was 9.78+0.07% (Figure S5, Table S1). The
TEM images reveal that DPS NPs exhibit the small-
est diameter, and the liposome morphology is rendered
unstable by the absence of PHP coating. Conversely, the
diameter of PHP-DPS NPs increases further, resulting
in a more stable liposome structure with a darker shell
layer color, likely attributed to the presence of PHP coat-
ing. Meanwhile, PHP-DPS @INS NPs display the largest
diameter (approximately 150 nm) among the three types,
possibly due to INS loading. Furthermore, it is evident
from the figure that PHP-DPS @INS NPs demonstrate
uniform size and distribution (Fig. 1d).Furthermore, we
also assessed the stability of PHP-DPS@INS NPs stored
at RT over 15 days (Fig. 1f). Remarkably, during continu-
ous monitoring, minimal fluctuations were observed in
both particle size and zeta potential for DPS@INS NPs,
indicating excellent stability at RT without any signs of
leakage.

The PH responsivity of PHP-DPS@INS NPs

Initially, we investigated the difference in pH between the
normal and DED groups using both in vivo and in vitro
models, which was critical to assess whether PHP-DPS@
INS NPs is leaking outside the lysosome. Intracellular
pH(pHi) was measured using BCECF-AM.Based on the
CLSM images (Figure S6.a) and flow cytometry results
(Figure S6.b, c), no significant difference in intracellular
pH was observed between normal HCECs and hyper-
osmolar stress (HOS,450 mOsm/l) cultured HCECs.
Additionally, the pH values of the ocular surface in nor-
mal mice and DED mice were assessed using pH paper,
revealing a range of 7.0-7.5 with no statistically sig-
nificant difference observed (Figure S7.a, b).Herein, we
established pH gradients of 4.8, 5.8, and 7.4, given the pH
discrepancy between lysosomes (4.5-5.0) and the intra-
cellular environment (7.35-7.45). After 12 h, PHP-DPS@
INS exhibited an increase in sediment, a decrease in par-
ticle size, and an increase in potential (Fig. 1e). This phe-
nomenon could be attributed to the cleavage of hydride
bonds (Hyd) in the NP shell (PEG2000-Hyd-PEI) under
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Fig. 1 PHP-DPS@INS NP characterization. (a) THNMR spectra of DSPE-PEG2000-S531 and PEG2000-Hyd-PEl. (b) Particle size, distribution, PDI, and appear-
ance of DPS NPs, DPS@INS NPs, PHP-DPS NPs, and PHP-DPS@INS NPs. (c) Zeta potential of DPS NPs, DPS@INS NPs, PHP-DPS NPs, and PHP-DPS@INS NPs.
(d) TEM image of DPS NPs, PHP-DPS NPs, and PHP-DPS@INS NPs (scale bar: 200 nm; 50 nm). (e) Variations in particle size, zeta potential, and appearance
of PHP-DPS@INS NPs after 12 h at pH 7.4, 5.8, and 4.8. (f) DLS-measured changes in particle size and zeta potential of PHP-DPS@INS NPs over 15 days. (g)
In vitro INS release from PHP-DPS@INS NPs under pH 7.4, 5.8,and 48 at 37 'C for 12 h
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acidic conditions, decreasing the NP size and releas-
ing PEI with a stronger positive charge. Furthermore,
we conducted insulin release experiments in different
pH environments and discovered that it increased with
decreasing pH. We observed the fastest release rate at
pH 4.8 (the lysosomal pH), indicating the pH responsive-
ness of PHP-DPS@INS NPs. We observed no significant
burst release phenomenon in the three curves. After
12 h, the cumulative INS release from PHP-DPS@INS
NPs was 51.75%%1.19, 64.91%%3.34, and 71.64%+1.18 at
pH 7.4, 5.8 and 4.8, respectively (Fig. 1g, Table S2). Both
DLS detection and drug release assays under various pH
conditions confirmed the excellent pH responsiveness of
PHP-DPS@INS NPs.

Cytotoxicity and optimization of treatment conditions in
vitro

According to the CCK8 assay results, the highest activity
of HCECs was observed after 24 h of incubation in a nor-
mal medium at a concentration of 20 pg/ml INS (Figure
S8.a) and 200 pg/ml PHP-DPS@INS NPs (Figure S8.b).
Similarly, the optimal cell activity was achieved at a con-
centration of 200 pg/ml PHP-DPS@INS NPs in HOS (450
mOsm/l)-cultured HCECs, with a significantly higher cell
activity observed at 12 h compared to 6 and 24 h (Figure
S8.¢). The live-dead staining results were consistent with
those of the CCK-8 assay. As evidenced by fewer red-
stained cells (indicative of dead cells) and increased num-
bers of green-stained live cells (Figure S8.d), HOS (450
mOsm/l)-cultured HCECs exhibited enhanced cell via-
bility after 12 h of treatment with PHP-DPS@INS NPs.
Consequently, we selected the 12-hour treatment with
PHP-DPS@INS NPs (200 pg/ml) on HOS (450 mOsm/1)-
cultured HCECs as the standard experimental condition
for subsequent tests.

Cellular uptake of PHP-DPS@INS NPs

Flow cytometry and CLSM were used to compare the
cellular uptake capabilities of DP@INS NPs and PHP-
DPS@INS NPs, with both NPs labeled with Dil fluores-
cent dye (red). We first used normal HCECs to compare
the uptake ability of DP@INS NPs and PHP-DPS@INS
NPs. The fluorescence intensity of PHP-DPS@INS NPs
was stronger than that of DP@INS NPs at different time
points (Figure S9.a), which was further confirmed by
flow cytometry (Figure S9.b, c). In addition, we also used
HOS-cultured HCECs to compare the uptake ability of
DP@INS NPs and PHP-DPS@INS NPs.According to the
CLSM results, the fluorescence intensity for PHP-DPS@
INS NPs was more significantly enhanced than that of
DP@INS NPs within 3 h (Fig. 2a, b). On the other hand,
the flow cytometry analysis results showed that the fluo-
rescence intensity of PHP-DPS@INS NPs was almost
twice as high as that of DP@INS NPs at both 2 and 3 h
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(p<0.001) (Fig. 2c). These findings demonstrate that
PHP-DPS@INS NPs exhibit enhanced cellular uptake
compared to DP@INS NPs in both HCECs and a hyper-
tonic model of HCECs.This implies a successful charge
reversal of NPs following PEG2000-Hyd-PEI modifica-
tion, where positively charged NPs (PHP-DPS@INS NPs)
displayed enhanced favorability for cellular endocytosis
relative to their negatively charged counterparts (DP@
INS NPs).

Lysosomal escape of PHP-DPS@INS NPs

Due to their biomembrane-like structure, liposomes offer
significant advantages in enhancing cellular uptake and
biocompatibility, making them widely utilized for drug
delivery [47]. However, while liposomes can enhance
cellular uptake, they do not necessarily improve drug
bioavailability proportionally. This is because liposome
nanoparticles enter cells through various endocytosis
mechanisms and are transported to lysosomes, where a
large number of drugs and their carriers are degraded. To
enhance drug bioavailability, it is crucial for the nanopar-
ticles to escape from lysosomes and be transferred to
the cytoplasm - a process known as lysosomal escape
[48]. The proton sponge effect is a commonly employed
method for achieving lysosomal escape. Specifically,
high-buffering drugs can activate proton pumps, leading
to an increase in intralysosomal membrane potential. In
order to achieve membrane equilibrium, chloride ions
flow into lysosomes, further increasing intralysosomal
osmotic pressure which results in lysosomal expansion
and eventual rupture - facilitating drug release. Poly-
ethyleneimine (PEI) serves as a typical representative of
the proton sponge effect due to its high density of pri-
mary, secondary and tertiary amines [49, 50]. The PHP-
DPS@INS NPs we designed feature an acid-responsive
shell (PEG2000-Hyd-PEI), wherein the Hyd-bond can
be cleaved in an acidic environment releasing PEI. PEI
induces an increase in osmotic pressure within lyso-
somes due to its proton sponge effect causing influx of
water into lysosomes ultimately resulting in swelling and
rupture of the organelle. The inner component of the
nanoparticles - DPS@INS NPs - then escapes from lyso-
somes transferring into the cytoplasm where it exerts
therapeutic effects.

In order to test the lysosomal escape ability of PHP-
DPS@INS NPs, we labeled both DP@INS NPs and PHP-
DPS@INS NPs with the DIO fluorescent dye (green) and
stained the nucleus (blue) and lysosomes (red) of HCECs.
Through CLSM, we found that the yellow fluorescence
of DP@INS NPs in HCECs, where NPs co-localized
with lysosomes, was initially minimal at 1 h (30.84%) but
gradually increased over time, becoming prominent in
the cytoplasm at 3 h (59.62%). This observation suggests
that DP@INS NPs are sequestered within lysosomes
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 The effects of different nanoparticles on cell uptake, lysosomal escape, mitochondrial targeting and anti-ROS in HOS(450mOsM L™ N-cultured
HCECs. (@) Fluorescence images of HOS-cultured HCECs incubated with DP@INS NPs and (b) PHP-DPS@INS NPs at different treatment times (Blue: DAPI;
Red: Dil-labeled nanoparticles; scale bars: 50 um). (c) Flow cytometric curves and quantitative results of uptake of Dil-DP@INS NPs and Dil-PHP-DPS@INS
NPs at 1, 2,and 3 h in HOS-cultured HCECs. (d) Lysosomal escape of DiO-DP@INS NPs and DiO-PHP-DPS@INS NPs at 1, 2, and 3 h in HOS-cultured HCECs
by CLSM (Blue: DAPI; Green: DiO-labeled nanoparticles; Red: lysosomes labeled with Lysotracker Red; scale bars:10 um). The white arrow represents the
co-localization of nanoparticles and lysosomes. The figure in the lower right corner illustrates the representative image derived from the white square. (e)
Quantitative results of fluorescence image about lysosome colocalization (n=3 per group). (f) Mitochondrial targeting of DiIO-DP@INS NPs and DiO-PHP-
DPS@INS NPs at 1,2, and 3 h in HOS-cultured HCECs by CLSM (Blue: DAPI; Green: DiO-labeled nanoparticles; Red: mitochondria labeled with Mitotracker
Red; scale bars:10 um). The white arrow represents the co-localization of nanoparticles and mitochondria. The figure in the lower right corner displays the
representative image selected by the white square. (g) Quantitative results of fluorescence image about Mitochondrial colocalization (n=3 per group).
(h) The bright-field image of ROS fluorescence in HOS-cultured HCECs after different treatments by DCFH-DA staining (scale bar:50 um). (i) Flow cytom-
eter diagram of DCFH-DA staining in different treatments. (j) Quantitative results of the average fluorescent intensity of ROS by flow cytometry. Data are
presented as the mean +SD, *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001 compared with control (normal) group; p <0.05, #p <0.01, *p <0.001,

and ##p <0.0001 compared with HOS group

upon internalization and progressively accumulate over
time. On the other hand, PHP-DPS@INS NPs exhibited
higher levels of yellow fluorescence in the cytoplasm at
1 h (50.52%), which subsequently decreased at 2 and 3 h
(15.15%, 7.98%), while the green fluorescence progres-
sively increased. We observed that PHP-DPS@INS NPs
entered the lysosome after 1 h, whereas a significant
proportion of NPs successfully escaped the lysosomal
compartment by the end of 2 h and localized within the
cytoplasm of HCECs (Fig. 2d, e). These findings demon-
strate the successful escape of PHP-DPS@INS NPs from
lysosomes in HOS (450 mOsm/I)-cultured HCECs.

Mitochondrial targeting of PHP-DPS@INS NPs

Several experiments have demonstrated the mitochon-
drial inner membrane targeting and antioxidant effects
of the SS-31 peptide [28-32]. Furthermore, the SS-31
peptide has shown cell membrane penetration capa-
bilities, ensuring efficient cytoplasmic delivery of insu-
lin [29]. Consequently, we conjugated the SS31 peptide
to a phospholipid bilayer via PEGylation and employed
it as the interlayer of the liposome nanosystem. The co-
localization of DP@INS NPs and PHP-DPS@INS NPs
labeled with DIO (green fluorescence) and mitochondria
(red fluorescence) was observed using CLSM. In the pre-
sented figure, the yellow fluorescence signal from DP@
INS NPs, indicating their co-localization with mitochon-
dria, consistently exhibited weak intensity across all peri-
ods (2.86%, 3.14%, 5.31%). This finding suggests a highly
limited entry of DP@INS NPs into the mitochondria.
Conversely, for PHP-DPS@INS NPs, the proportion of
yellow fluorescence was only 14.22% at 1 h but gradually
increased over time, reaching 74.27% at 3 h (Fig. 2f, g).
These results demonstrate the progressive accumulation
of PHP-DPS@INS NPs within the mitochondria, high-
lighting their efficient targeting capability.

The timing of mitochondrial targeting is crucial, cor-
responding to lysosomal escape. At 1 h, PHP-DPS@
INS NPs undergo endocytosis, predominantly localizing
within lysosomes, with only a minor fraction reaching
the mitochondria. By 2 h, the majority of PHP-DPS@INS

NPs have successfully evaded the lysosomes, initiating
specific targeting towards the mitochondria. At 3 h, most
PHP-DPS@INS NPs have already translocated from lyso-
somes to the mitochondria, while unmodified DP@INS
NPs show no instances of lysosomal escape or mitochon-
drial targeting.

The ROS scavenging ability of PHP-DPS@INS NPs in vitro

Oxidative stress plays a pivotal role in the pathogenesis of
DED [51]. Intracellular ROS serve as crucial biomarkers
for evaluating levels of oxidative stress, predominantly
originating from mitochondria. Hence, precise targeting
of mitochondria to eradicate ROS presents a promising
therapeutic strategy [52]. The hyperosmolar stress (HOS)
model, induced by exposing HCECs to a 450mOsM
hyperosmolar medium, effectively mimics dry eye by
promoting ROS production and inflammatory responses
[53, 54]. Intracellular ROS levels (green fluorescence)
were assessed using the DCFH-DA method. As shown in
Fig. 2h, following hypertonic stimulation, a robust green
fluorescence signal was observed in the HOS group,
exhibiting significantly higher intensity compared to the
Control group. In both DPS NPs and INS groups, there
was a slight reduction in fluorescence intensity, while the
PHP-DPS NPs and PHP-DPS@INS NPs treatment groups
displayed a substantial attenuation of green fluorescence.
Quantitative results obtained by flow cytometry further
confirmed the aforementioned conclusions, indicating
significant scavenging effects on ROS in all groups. The
INS group demonstrated the lowest ROS reduction abil-
ity, only 18.66% lower than that of the HOS group. More-
over, DPS NPS, PHP-DPS NPs, and PHP-DPS@INS NPs
displayed a remarkable decrease in ROS fluorescence
compared to the HOS group with reductions of 38.83%,
50.59%, and 76.01%, respectively (Fig. 2i, j). Thus, PHP-
DPS@INS NPs exhibit the most potent ability in reducing
ROS levels. Nanoparticles loaded with the SS-31 peptide
(DPS NPs, PHP-DPS NPs, and PHP-DPS@INS NPs)
exhibit robust antioxidant capacity. Our findings reveal
that PHP modification and INS co-incorporation syn-
ergistically amplify the antioxidant power of DPS NPs,
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culminating in unparalleled ROS removal capability. This
translates to significantly enhanced potential for thera-
peutic applications where oxidative stress and inflamma-
tion are key players, such as in inflammatory diseases.

The anti-inflammatory effects and potential therapeutic
mechanisms in vitro

The early identification of insulin-like growth factor 1
receptor (IGF-1R) and INSR in the cornea underscores
the essential association between insulin and corneal
tissue [55, 56]. Importantly, unlike most bodily tissues,
insulin is not required for glucose uptake in the cor-
neal epithelium [57, 58]. Therefore, our primary focus is
on exploring other impacts of insulin on corneal tissue.
In recent years, increasing attention has been directed
towards the anti-inflammatory effect of insulin [12-14]
and its promising therapeutic potential for corneal
inflammatory diseases [15-17], although further inves-
tigation is necessary to elucidate its underlying mecha-
nism. Given the close association between insulin and
mitochondrial dysfunction in metabolism, we initially
employed high-throughput targeted metabolomics to
assess alterations in metabolites within HCECs stimu-
lated by HOS (450mOsm/L for 12 h, HOS group) and
conventionally cultured HCECs (Normal group). The
thermogram clearly illustrates significant disparities
in metabolites between the normal group and the HOS
group (Fig. 3a, Table S3). Through a comprehensive anal-
ysis of pathways associated with differential metabolites,
including enrichment and topology analyses, our findings
revealed a significant enrichment of metabolic pathways
involving alanine, aspartate, and glutamate (Fig. 3b, Table
S4, Figure S10). We further treated the HOS group with
20 pg/ml INS (12 h) for therapeutic purposes. As shown
in the thermogram, the previously elevated metabo-
lites in the HOS group exhibited a significant reduction
upon the addition of INS (Fig. 3d, Table S5). The OPLS-
DA score plot demonstrated a substantial distinction
between the two sample groups, all falling within the 95%
confidence interval (Figure S11,12). The KEGG pathway
diagram of alanine, aspartate, and glutamate metabolism
illustrates that a-ketoglutarate serves as the entry point
for glutamate into the TCA cycle, providing essential sub-
strates [59]. Consequently, an increase in glutamate levels
promotes the subsequent elevation of TCA metabolites
such as succinate, fumarate, and malate. Notably, fuma-
rate can undergo recycling within the TCA cycle through
the aspartic-arginine succinate shunt, leading to a fur-
ther escalation in its content (Fig. 3c, Figure S13). Recent
literature has highlighted that an aberrant increase in
mitochondrial fumarate levels can elicit a robust inflam-
matory response, accompanied by the inhibition of fuma-
rate hydratase (FH) [8, 9], thus establishing a detrimental
feedback loop to further enhance fumarate accumulation.
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The metabonomics results suggest that INS significantly
inhibits the elevation of glutamate and metabolites in the
TCA cycle in the HOS model of HCECs. Therefore, we
~hypothesized that INS may attenuate glutamate lev-
els, subsequently reducing TCA metabolite levels, par-
ticularly the inflammatory metabolite - fumarate, and
alleviating FH enzyme inhibition, ultimately resulting in
anti-inflammatory effects. To validate the hypothesis, we
employed glutamate, fumarate, and inflammatory factor
kits for detection (Fig. 3e-i). The findings demonstrated
a significant elevation in glutamate, and fumarate, as well
as inflammatory factors IL-1f, IL-6, and TNF-a levels
within the HOS group compared to the normal group
(P<0.0001). After the treatments, no significant changes
were observed in glutamate and fumarate levels between
the DPS NPs and PHP-DPS NPs treatment groups when
compared to the HOS group; however, a slight reduc-
tion was observed in the inflammatory factors IL-1(,
IL-6, and TNEF-a, attributable to the antioxidant effect of
the SS-31 peptide. Moreover, both glutamate and fuma-
rate levels were significantly lower in the INS group
and PHP-DPS@INS NPs treatment group compared to
those in the HOS group. WB results indicated a signifi-
cant decrease in FH expression in the HOS group com-
pared to the normal group (Fig. 3k, m). Treatment with
DPS NPs and PHP-DPS NPs did not lead to significant
changes in FH expression. However, treatment with INS
and PHP-DPS@INS NPs resulted in a significant increase
in FH expression, with the most pronounced increase
observed in the PHP-DPS@INS NPs group. These find-
ings align with the metabolomics results, supporting our
hypothesis that INS’s anti-inflammatory effect on the
HCEC hypertonic model is associated with reduced lev-
els of glutamate and fumarate, as well as activation of the
FH enzyme.

INS can induce a reduction in glutamate levels through
the activation of glutathione peroxidase 4 (GPX4) pro-
tein, leading to reduced fumarate levels and subsequent
activation of the FH enzyme. The intracellular glutamate
content is closely associated with the GPX4 protein. The
cystine/glutamate reverse transport system Xc- on the
cell membrane facilitates the efflux of intracellular glu-
tamate into the extracellular environment, resulting in a
decrease in intracellular glutamate levels [60]. Simulta-
neously, cystine is imported into the cell for glutathione
synthesis. Glutathione serves as a substrate for GPX4,
and an increase in glutathione levels can enhance GPX4
activity. Consequently, the activation of GPX4 contrib-
utes to decreased intracellular glutamate concentra-
tions. Wu et al. demonstrated that insulin-like growth
factor 1 (IGF-1) activation in human liver cancer cells
upregulates the expression of GPX4 [61]. Our previ-
ous research demonstrated that insulin increased GPX4
expression and attenuated glutamate levels in HCECs
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Fig. 3 Targeted metabolomic analysis of the potential mechanism of PHP-DPS@INS NPs in the treatment of HOS(450mOsM L — 1)-cultured HCECs and
the validation tests. (a) Hierarchical clustering analysis of metabolites between Normal group and HOS group(ordinate: the cluster of differential metabo-
lites; red color: relatively high expression of the metabolites; blue color: relatively low expression of the metabolites). (b) Pathway analysis between Normal
group and HOS group (square size: the influence factor size of this pathway in the topological analysis, the bigger the square, the greater the influence
factor; square color: the degree of the enrichment analysis, the darker the color, the more significant the enrichment degree). (c) Metabolic changes in
aspartate-argininosuccinate shunt and TCA cycle detected by targeted metabolomic analysis. (d) Hierarchical clustering analysis of metabolites between
HOS +INS group(INS:20 pg/ml) and HOS group (ordinate: the cluster of differential metabolites; red color: relatively high expression of the metabolites;
blue color: relatively low expression of the metabolites). (€) Glutamate and (f) Fumarate concentration of normal HCECs and HOS(450mOsM L~ ')-cultured
HCECs following different treatments (n=3). Using ELISA to detect (g) IL-13, (h) IL-6 and (i) TNF-a concentration of normal HCECs and HOS (450mOsM
L~ N-cultured HCECs after different treatments. (j) Glutathione concentration of normal HCECs and HOS(450mOsM L™ N-cultured HCECs after different
treatments (n=3). (k) Representative Western Blotting images of GPX4 AND FH in normal HCECs and HOS(450mOsM L™")-cultured HCECs after different
treatments. Quantitative analysis of WB bands about relative expression of GPX4 (I) and FH (m). Data are presented as the mean +SD, *P <0.05, **P < 0.01,
*%P <0001, and ****P<0.0001 compared with control(normal) group; *P < 0.05, *P < 0.01, #P < 0.001, and *#P < 0.0001 compared with HOS group. Nor-
mal/Control group: normal cultured HCECs; HOS: HCECs cultured in 450mOsM for 12 h; HOS +INS: HCECs cultured in 450mOsM for 12 h and then added
with 20 pg/ml INS for another 12 h; VS: versus; In P-value: the negative logarithm of the P value; GPX4: glutathione peroxidase; FH: fumarate hydratase

under H,0O,-induced inflammatory conditions [62].In an
HOS model of dry eye, insulin may also mitigate intra-
cellular glutamate levels by activating the GPX4 protein.
We evaluated intracellular GPX4 levels (Fig. 3k, 1) and
intracellular glutathione content (Fig. 3j). The results
demonstrated a significant inhibition of GPX4 protein
expression and a notable decrease in intracellular gluta-
thione content within the HOS model group. Treatment
with INS or PHP-DPS@INS NPs significantly upregu-
lated GPX4 and increased glutathione levels compared to
control, unlike DPS and PHP-DPS NPs alone. This sug-
gests that INS plays a key role in activating antioxidant
pathways, further enhanced by the presence of PHP in
the combined group.

In summary, INS can reduce intracellular glutamate
levels by enhancing GPX4 activity in HOS(450mOsM/1)-
cultured HCECs. This reduction in glutamate con-
centration leads to a depletion of tricarboxylic acid
cycle substrates, resulting in decreased inflammatory
metabolite fumarate. Our findings reveal a promising
anti-inflammatory strategy: targeting the vicious cycle
of fumarate accumulation. Decreasing fumarate levels
via this approach triggers a cascade of positive effects,
including reduced inflammatory mediators like IL-1,
IL-6, and TNF-a. Furthermore, utilizing nanoparti-
cles (PHP-DPS@INS NPs) to deliver INS significantly
increases its effectiveness, opening doors for potential
therapeutic applications.

The reparative efficacy of PHP-DPS@INS NPs for
mitochondrial dysfunction in vitro

PHP-DPS@INS NPs restore mitochondrial membrane
polarization

The preservation of normal mitochondrial function
relies on maintaining a well-preserved mitochondrial
membrane potential, with deviations from this potential
closely associated with mitochondrial diseases [63]. Thus,
assessing membrane potential serves as a crucial parame-
ter for evaluating mitochondrial function. The evaluation
of mitochondrial membrane potential was conducted

using JC-1, which exists as a polymer in normally polar-
ized mitochondria, exhibiting red fluorescence. In
contrast, depolarized mitochondria display green fluo-
rescence due to the presence of JC-1 monomers. As illus-
trated in the figure, the HOS group showed a significant
depolarization of mitochondrial membrane potential,
indicated by intense green fluorescence. The use of DPS
NPs, PHP-DPS NPs, and INS led to an improvement
in membrane potential, although the red fluorescence
remained faint. Remarkably, PHP-DPS@INS NPs dem-
onstrated a significant improvement in membrane poten-
tial depolarization, evident through red fluorescence
(Fig. 4a). The quantitative results obtained through flow
cytometry were consistent with those from CLSM. As
the JC-1 polymer serves as an indicator of normal mito-
chondrial function, we conducted a quantitative analy-
sis to assess the JC-1 polymer channel’s proportion. The
JC-1 polymer percentage in the HOS group (28.30%) was
markedly lower compared to the control group (89.3%).
Conversely, there was a slight increase in JC-1 polymer
percentages in the DPS NPs treatment group (46.20%),
INS treatment group (52.5%), PHP-DPS NPs treatment
group (66.50%), and a notably higher increase in the
PHP-DPS@INS NPs treatment group (79.30%), as shown
in Fig. 4b, c. These findings suggest that while DPS NPs,
INS, and PHP-DPS NPs treatments exhibit some repara-
tive effects on mitochondrial membrane potential, their
efficacy is limited. Notably, PHP-DPS@INS NPs treat-
ment demonstrates a pronounced restorative effect on
mitochondrial membrane potential.

PHP-DPS@INS NPs contribute to the repair of the
mitochondrial permeability transition pore (mPTP)

mPTP is a histone complex located between the inner
and outer mitochondrial membranes. Excessive open-
ing of mPTP can result in depolarization, swelling, and
dysfunction of mitochondria. The openness of mPTP was
assessed using Calcein AM/CoCl,. Upon mPTP closure,
only green fluorescence localized within the mitochon-
dria was observed; conversely, upon mPTP opening, all
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cytoplasmic green fluorescence disappeared. The CLSM
figure illustrates that the green fluorescence in the HOS
group was nearly completely quenched, showing a
95.25% reduction in fluorescence intensity compared to
the normal group. This observation indicates that HOS
induces abnormal mPTP opening in HCEC. However,
treatment with DPS NPs, INS, and PHP-DPS NPs led to
a partial recovery of green fluorescence, while the PHP-
DPS@INS NPs treatment group exhibited substantial
recovery. Notably, the PHP-DPS@INS NPs group dem-
onstrated only a marginal decrease of 4.72% compared to
the normal group, signifying a substantial restoration of
mPTP (Fig. 4d, e).

Effects of PHP-DPS@INS NPs on mitochondrial structure

The effect of PHP-DPS@INS NPs on the mitochon-
drial structure of HCEC was observed using TEM. As
illustrated in Fig. 4s (red arrows indicating aberrant
mitochondrial regions), mitochondria within the HOS
model exhibited swelling, spherical morphology, partial
vacuolation, and a contraction of internal cristae struc-
ture towards the periphery or even rupture of the mito-
chondrial membrane. The DPS NPs treatment group
displayed reduced mitochondrial swelling, decreased
internal vacuolation, and partial restoration of internal
cristae structure. Furthermore, both PHP-DPS NPs and
INS treatment groups demonstrated a further reduction
in mitochondrial swelling; however, disordered cristae
structure persisted, with only the PHP-DPS@INS NPs
group displaying elongated and healthy morphology.

In summary, the PHP-DPS@INS NPs treatment group
demonstrates a more pronounced efficacy in inhibiting
excessive opening of the mPTP, reducing mitochondrial
membrane depolarization, and ultimately restoring mito-
chondrial function compared to other treatment groups.
These findings reveal a remarkable synergy: combining
anti-inflammatory and antioxidant treatments signifi-
cantly outperforms individual applications in repairing
mitochondrial function. This cumulative effect offers a
promising therapeutic avenue for breaking the destruc-
tive loop of “inflammation-oxidative stress-mitochon-
drial dysfunction” in inflammatory diseases.

PHP-DPS@INS NPs enhance ocular surface retention and
corneal penetration in vivo

Optical coherence tomography (OCT) assessment of the
ocular surface distribution

OCT, a noninvasive and noncontact imaging tech-
nique with high resolution [64], facilitates the diagno-
sis of various ocular diseases. Due to the small size of
babl/c mouse corneas, normal New Zealand white rab-
bits were chosen for OCT detection to visualize ocular
surface adhesion in each treatment group. After 3 min
of administration, OCT images revealed significant

Page 12 of 28

agglomeration (indicated by red arrows) and slight cor-
neal deformation due to compression in the DPS NPs
suspension. While DPS@INS nanoparticles clumped
on the cornea (red arrows), PHP-DPS and PHP-DPS@
INS suspensions showed improved distribution. Nota-
bly, only PHP-DPS@INS displayed a uniform spread
across the cornea (Fig. 5a). This suggests PHP-DPS@
INS are better at achieving a homogeneous distribution
on the eye surface, likely due to their increased charge
that promotes nanoparticle dispersion. In vivo, fluores-
cence for ocular surface retention time of PHP-DPS@
INS NPs: Dil-labeled DP@INS NPs and PHP-DPS@INS
NPs were applied to the eyes of DED mice and observed
using a small animal fluorescence imaging system (Viber
lourmat, France). The fluorescence of both nanoparticles
exhibited distinct degrees of attenuation over time fol-
lowing administration. After 5—10 min, the fluorescence
intensity of DP@INS NPs significantly decreased by
37.06%, further attenuation by 47.22% at the 30-minute
mark. PHP-DPS@INS NPs exhibited a markedly slower
attenuation rate compared to DP@INS NPs (p<0.05).
Notably, at the 30-minute time point, PHP-DPS@INS
NPs demonstrated only a 13.27% decrease in activity,
highlighting their enhanced stability and sustained ther-
apeutic potential. At the 40-minute time point, the fluo-
rescence of PHP-DPS@INS NPs on the cornea of mice
began to weaken significantly, and by the 50th minute,
the fluorescence had mainly accumulated in the inner
canthus (nasolacrimal duct drainage). At the same time,
at the 40th minute, the fluorescence of DP@INS NPs
on the cornea of mice was almost undetectable (Fig. 5b,
¢). The ocular surface retention duration of PHP-DPS@
INS NPs was significantly prolonged compared to that
of DP@INS NPs, potentially attributed to the positive
charge attribute of PHP-DPS@INS NPs enhancing adhe-
sion with the negatively charged ocular surface. In con-
trast, the restricted adherence of DP@INS NPs to the
ocular surface led to their rapid removal through blinking
and tear circulation.

Frozen sections to observe corneal epithelial permeability

Dil-labeled DP@INS NPs and PHP-DPS@INS NPs were
applied to the eyes of DED mice, and the corneal epithe-
lial permeability of the nanoparticles was observed using
corneal frozen sections. At 2 min, DP@INS NPs were
predominantly localized on the corneal surface, whereas
PHP-DPS@INS NPs had successfully penetrated the
superficial corneal epithelium. By 10 min, DP@INS NPs
remained confined to the corneal surface with a signifi-
cant washout effect (fluorescence decreased by 82.09%).
Compared to other formulations, PHP-DPS@INS NPs
exhibited superior adhesion and deeper penetration into
the corneal epithelium (Fig. 5d, e). This suggests their
unique properties, likely linked to the presence of PHP
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Fig. 4 PHP-DPS@INS NPs alleviate mitochondrial dysfunction of HOS(450mOsM L~ N-cultured HCECs. (a) Fluorescence images of mitochondria mem-
brane potential changes of normal HECEs and HOS(450mOsM L= ")-cultured HCECs after different treatments (scale bar: 50 pm). (b) Quantitative analysis
of JC-1 aggregates examined by flow cytometer. (c) JC-1 fluorescence detected by flow cytometer in normal HECEs and HOS (450mOsM L™")-cultured
HCECs after different treatments. (d) Fluorescence images (scale bar:25 um) and (e) quantitative analysis of restoration of mPTPs in the normal HECEs and
HOS(450mOsM L~ ")-cultured HCECs after different treatments by Calcein AM/CoCl, staining. (f) TEM images of the mitochondrial ultrastructure of normal
HCECs, HOS(450mOsM L™)-cultured HCECs, and HOS(450mOsM L™")-cultured HCECs treated with different treatments (scale: 1000 nm).The next row
(scale bar:600 nm) is an enlarged illustration of the black boxes of the respective images in the previous row (Red arrow: damaged mitochondria). Data
are presented as mean +SD, *P<0.05, **P<0.01, **P< 0,001, and ***P<0.0001 compared with control (normal) group; *p < 0.05, ¥p < 0.01, *p<0.001,
and ##p < 0.0001 compared with HOS group. Normal/Control: normal cultured HCECs; HOS: HCECs cultured in 450mOsM for 12 h; mPTPs: mitochondrial
permeability transition pores
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and INS, facilitate efficient drug permeation through
the ocular barrier, ultimately enhancing drug availability
within the eye.

Pharmacokinetics of insulin in aqueous humor

To investigate the penetration of nanoparticle-loaded
drugs into the anterior segment, eye drops containing
INS(35 pg/ml) and PHP-DPS@INS NPs(with INS:35 pg/
ml) were administered to DED mice, and the concentra-
tion of INS in aqueous humor was quantified using an
ELISA kit at different time points. The concentration of
INS in aqueous humor peaked at 30 min (15.89+0.71
pIU/ml) and returned to near baseline levels by 120 min
(2.06+0.14 pIU/ml). The concentration of PHP-DPS@
INS NPs in aqueous humor was significantly higher
than that of pure INS at all time points (P<0.05). At
60 min, INS reached its peak level in the aqueous humor
(30.11+1.24 pIlU/ml), and by the end of the experiment,
it maintained a consistent concentration in the aqueous
humor (16.11+0.84 puIU/ml) (Fig. 5f). These results dem-
onstrate that PHP-DPS@INS NPs not only enhance the
concentration of INS entering the anterior segment but
also prolong the release duration of INS compared to INS
alone.

a DPS NPs DPS@INS NPs

o)

Smin 10min 20min

Omin 1min
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The above experiments have illustrated that PHP-
DPS@INS NPs exhibit excellent capability in penetrat-
ing the ocular surface barrier. In comparison with other
treatment groups, PHP-DPS@INS NPs display a more
uniform distribution on the corneal surface, along with
enhanced ocular surface adhesion time and corneal pen-
etration capacity. These findings significantly contributed
to the improvement of drug bioavailability in the cornea.

Clinical evaluation of PHP-DPS@INS NPs in DED mice

In clinical practice, fluorescein staining, tear Break Up
Time (tBUT), and tear secretion experiments are com-
monly employed as diagnostic tests and tools for evalu-
ating the efficacy of DED treatment [65]. Therefore, we
utilized the aforementioned tests to assess the effective-
ness of PHP-DPS@INS NPs in DED mice.

Repair effect of PHP-DPS@INS NPs on corneal epithelium and
conjunctival goblet cell

DED induces varying degrees of corneal epithelial dam-
age, leading to the appearance of green fluorescence
staining on the corneal epithelial defects. To quantify the
efficacy of ocular surface repair, we utilized a 16-point
scoring system for fluorescence staining [66].On the third
day, all groups, including Saline, DPS NPs, PHP-DPS
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Fig. 5 Retention, uptake and corneal permeabilitys of different nanoparticles on ocular surface. (a) Optical coherence tomography images of different
nanoparticles on ocular surface of New Zealand white rabbits (red arrow: uneven distribution of nanoparticles on cornea and corneal compression).
(b) Fluorescence images and (c) Quantitative analysis of DP@INS NPs and PHP-DPS@INS NPs on eyes of BAK-induced DED model mice at different time
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NPs, and INS, exhibited epithelial staining scores greater
than 5 (scores were 10.33+0.58, 7.33+£0.58, 5.67+0.58
and 5.33+0.58, respectively), suggesting the persistence
of relatively severe epithelial injury at this time point.
However, on the third day, PHP-DPS@INS NPs exhibited
the lowest score (score: 4.331+0.58) among all groups,
indicating its superior efficacy in promoting epithelial
repair compared to other treatments. Nevertheless, com-
plete healing of the epithelium had not yet been achieved.
By the 12th day, the staining score of the Saline group
remained >6, and significant epithelial damage persisted.
The DPS NPs group, PHP-DPS NPs group, and INS group
had scores of 4.33+0.58, 3.67%0.58, and 2.33%0.58,
respectively, with a small amount of fluorescence still
observed in the corneal epithelium. These findings indi-
cate that the treatments mentioned had a discernable
effect on DED treatment, although with limited efficacy.
Notably, only the PHP-DPS@INS NPs group displayed
minimal fluorescence staining in the corneal epithelium
after 12 days of treatment (Fig. 6a, €). Rose Bengal stain-
ing is used to detect abnormal corneal epithelial and
conjunctival epithelial cells in DED.The results revealed
a significant increase in the staining of abnormal corneal
and conjunctival epithelial cells in DED among saline-
treated mice throughout the treatment cycle. However,
there was a slight improvement in the DPS and PHP-DPS
NPs treatment groups, with further decrease after INS
treatment. Notably, the PHP-DPS@INS NPs treatment
group exhibited a significant decrease in staining at day 6,
which became almost invisible by day 12 (Fig. 6b, f).The
treatment of conjunctival goblet cells further confirmed
the aforementioned conclusions. PAS staining revealed a
significant decrease in the number of conjunctival goblet
cells in the DED group compared to the normal group,
while there was a gradual increase in the number of con-
junctival goblet cells in the DPS treatment group, PHP-
DPS NPs treatment group, and INS treatment group. The
number of conjunctival goblet cells in the PHP-DPS NPs
treatment group had returned to nearly normal levels
(Fig. 6d, j).This clear observation underscores the signifi-
cant reparative effects of PHP-DPS@INS NPs on corneal
epithelial and conjunctival goblet cell damage associated
with DED.

Repair effect of PHP-DPS@INS NPs on tear secretion

The phenol-carmine cotton thread test is employed to
assess tear secretion. Tear secretion was stimulated in the
DPS NPs group (6.70£0.11 mm), PHP-DPS NPs group
(6.87+£0.21 mm), and INS group (6.97£0.21 mm) at 12
days, albeit with limited efficacy; however, the phenol-
phthalein cotton line discoloration length of the PHP-
DPS@INS NPs group (8.53+£0.35 mm) was significantly
longer than that of the Saline group (5.07£0.15 mm)
(P<0.01) (Fig. 6g). Among all treatment groups,

Page 15 of 28

PHP-DPS@INS NPs exhibited superior effectiveness in
restoring tear secretion.

Repair effect of PHP-DPS@INS NPs on tear film stability

The instability of the tear film is a critical characteristic of
DED, and assessing tear film stability is effectively done
by measuring tear tBUT [67]. After 12 days of various
treatments, the tBUT of the Saline group did not exhibit
significant improvement (0.93+0.15s). However, partial
restoration of tear film stability was observed in the DPS
NPs group, PHP-DPS NPs group, and INS group (tBUT:
4.83+0.06s, 4.951+0.02s, and 5.16+0.15s respectively).
The tBUT of the PHP-DPS@INS NPs group showed a
significant increase (5.73+0.15s), differing statistically
from that of the Saline group (P<0.01) (Fig. 6h). These
findings highlight that PHP-DPS@INS NPs can signifi-
cantly enhance tear film stability.

Effect of PHP-DPS@INS NPs on intraocular pressure (IOP)
Glucocorticoids are commonly used as anti-inflamma-
tory agents for DED; however, a common adverse effect
is the elevation of IOP. Therefore, we investigated the
effect of each treatment group on intraocular pressure.
During the 12-day treatment period, IOP in each treat-
ment group exhibited fluctuations, potentially attributed
to inflammatory stimulation and strain during manipula-
tion; however, they consistently remained within the nor-
mal range (Fig. 6i).

Following a 12-day treatment period, PHP-DPS@
INS NPs effectively repaired corneal epithelial defects,
increased conjunctival goblet cells, enhanced tear film
stability, and restored tear secretion in a mouse model
of DED. Importantly, these therapeutic effects were
achieved without elevating intraocular pressure, demon-
strating remarkable efficacy.

The underlying mechanism of the therapeutic effect of
PHP-DPS@INS NPs in vivo

In our cellular experiment, we observed that the thera-
peutic efficacy of PHP-DPS@INS NPs might be attrib-
uted to GPX4 protein activation, resulting in reduced
glutamate and fumarate levels. Subsequently, our goal
was to further elucidate the therapeutic mechanism of
PHP-DPS@INS NPs in an in vivo setting.

Histomorphological study

In the Normal group, the corneal epithelium appeared
intact and well-organized, comprising 5-6 layers of epi-
thelial cells. In the DED group, similar to variations in the
clinical DED, the superficial corneal epithelium exhibited
exfoliation and unevenness, coupled with disordered and
significantly thinner epithelial cells (53.85% of the nor-
mal group). Following treatment with DPS NPs, although
the corneal epithelium remained thin (64.15% of the
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normal group), there was still significant disarrangement
of epithelial cells. Treatment with PHP-DPS NPs or INS
enhanced the recovery as evidence by the increased num-
ber of corneal epithelial layers (73.07% and 77.27% of the
normal group, respectively), yet an irregular arrangement
persisted. The corneal epithelium satisfactorily returned
to normal thickness (96.70% of the normal group) within
12 days only in the PHP-DPS@INS NPs group. This was
accompanied by complete restoration of a well-ordered
arrangement of epithelial cells (Fig. 7a, b).

Anti-inflammatory effect of PHP-DPS@INS NPs in corneal
tissue

For corneal immunohistochemical staining, we chose
IL-1B due to its status as one of the most prominent
inflammatory signals in the body [68], as well as being a
therapeutic target for various inflammatory diseases. The
results showed that IL-1f staining intensity was higher in
the DED group relative to that of the normal group. The
expression level of IL-1P in the cornea was reduced by all
treatments, with INS and PHP-DPS@INS NPs exhibit-
ing the most significant inhibitory effect on the levels of
inflammatory factor IL-1f, causing a decrease of 57.75%
and 62.48%, respectively, compared to the DED group
(Fig. 7c, d).

Anti-ROS effect of PHP-DPS@INS NPs in corneal tissue

The corneal tissue was subjected to ROS immunofluo-
rescence staining (red fluorescence). A significantly
increased red fluorescence was observed in the DED
group compared to the normal group. Following 12 days
of various treatments, there was a reduction of 69.60%,
79.32%, and 60.43% in red fluorescence intensity in the
DPS NPs group, PHP-DPS NPs group, and INS group,
respectively, compared to the DED group (Fig. 7e, f). Flu-
orescence staining of DED corneas revealed a significant
decrease in ROS production after a 12-day treatment
with PHP-DPS@INS nanoparticles.

Effects of PHP-DPS@INS NPs on apoptosis of corneal tissue

The TUNEL staining assay was performed to detect
apoptosis in the corneal epithelium. Compared to the
normal group, the number of apoptotic cells (green
fluorescence) was higher in the DED group. After 12
days of treatment, the number of TUNEL-positive cells
in the DPS NPs group, PHP-DPS NPs group, and INS
group decreased by 27.36%, 53.97%, and 62.42% respec-
tively, compared to the DED group; however, significant
corneal green fluorescence could still be detected. The
PHP-DPS@INS NPs group exhibited the lowest number
of TUNEL-positive cells in the corneal tissue, with an
77.43% decrease compared to the DED group (Fig. 7g,
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h), indicating the superior anti-apoptotic ability of PHP-
DPS@INS NPs in DED corneal tissue compared to other
treatment groups.

PHP-DPS@INS NPs can alleviate DED symptoms by inhibiting
fumarate levels in vivo

The corresponding assay kits were employed to deter-
mine the levels of glutamate, glutathione, and fumarate in
corneal tissue. Results indicated that the levels of gluta-
mate and fumarate were increased, while that of glutathi-
one were reduced in the corneal tissue. Conversely, both
the INS group and PHP-DPS@INS NPs group exhibited
a substantial reduction in glutamate and fumarate levels,
along with an augmented presence of glutathione within
DED corneal tissue (Fig. 7j-1). The level of inflamma-
tory factors in the corneal tissue was evaluated through
the ELISA. Notably, IL-1B, IL-6, and TNF-a levels were
increased in the DED group. In the treated groups,
inflammatory factors were decreased, with PHP-DPS@
INS NPs exhibiting the most potent anti-inflammatory
effect, followed by INS, PHP-DPS NPs, and DPS NPs
(Fig. 7m-0). Consistent with our in vitro findings, for-
mulations that incorporated INS exhibited superior anti-
inflammatory activity compared to those lacking INS.
WB results demonstrated significant inhibition of GPX4
and FH expressions in the DED group. Administration
of PHP-DPS NPs and DPS NPs did not yield a signifi-
cant improvement in the expressions of GPX4 and FH.
Conversely, treatment involving INS and PHP-DPS@INS
NPs led to an upregulation in the expressions of GPX4
and FH within the corneal tissue, with the PHP-DPS@
INS NPs group demonstrating a more pronounced effect
(Fig. 7p-1).

The histological results affirm the effectiveness of PHP-
DPS@INS NPs in disrupting the detrimental “inflamma-
tion-oxidative stress-mitochondrial dysfunction” cycle in
DED (Fig. 7i). PHP-DPS@INS NPs efficiently restored the
thinning and exfoliation of corneal epithelium induced by
DED, significantly attenuated abnormal accumulation of
inflammatory factors and ROS in the corneal tissue, and
reduced the apoptotic cell population within the cornea.
Consistent with our in vitro findings, the anti-inflamma-
tory potential of PHP-DPS@INS NPs was attributed to
GPX4 activation, leading to a decrease in the inflamma-
tory metabolite—fumarate accumulation and restoration
of FH activity.

In vivo safety assessment

Given the favorable therapeutic effects of PHP-DPS@
INS NPs demonstrated in both in vitro and in vivo dry
eye models, we conducted an in vivo safety evaluation to
explore the potential application value and translational
prospects of this formulation. PHP-DPS@INS NPs were
administered to the eyes twice a day, 5 pl each time, and
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Fig. 7 Histological analysis and the potential mechanism of PHP-DPS@INS NPs in the treatment of BAK-induced DED mice model. All the tests were per-
formed on the 12th day of treatment. (a) Representative H&E images of the corneal epithelial (black arrow: corneal epithelial damage; scale bar:50 um).
(b) Comparison of corneal thickness. (c) The image (scale bar:50 um) and (d) Quantitative analysis of IL-1Rimmunohistochemical staining of corneal
tissues. Representative immunofluorescence staining images of (e) oxidative stress (ROS) and (g) Apoptosis (TUNEL) in corneal tissues (scale bar:50 um).
Quantification of fluorescence intensity of (f) ROS and (h) Apoptotic area. (i) Mechanism diagram of PHP-DPS@INS NPs in the treatment of DED. (j) Gluta-
mate t, (k) Glutathione, and (I) Fumarate concentration in corneal tissues. The concentration of (m) IL-1, (n) IL-6 and (o) TNF-a in corneal tissues. (r) Rep-
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a time, twice daily (8:00am and 8:00 Pm) for 14 days; DPS NPs(262.5 ug/ml), PHP-DPS NPs(315 pg/ml), INS (35 pg/ml), and PHP-DPS@INS NPs(350 pg/ml)
group: BAK-induced DED mice received the corresponding treatments for 12 days ,5ul at a time, twice daily. GPX4: glutathione peroxidase; FH: fumarate

hydratase
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were evaluated on days 1, 5, 10,15, and 30, respectively.
The cornea appeared transparent and smooth under
the white light of the slit lamp, with no neovasculariza-
tion observed under the under the green light. Following
sodium fluorescein staining, there were no indications
of epithelial defects or ulcerations observed under the
cobalt blue light (Fig. 8a). HE staining showed that the
number and arrangement of corneal epithelial cells was
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normal (Fig. 8b). The histological and structural exami-
nation of the retina was conducted using HE staining and
OCT. The results from HE staining indicated that the
number of retinal cells in each layer of mice was within
normal range, with clearly stratified layers and normal
thickness(Fig. 8c). Additionally, OCT results revealed
that compared to normal group, the structure of the optic
disc and peripheral retina in PHP-DPS@INS NPs group
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appeared clear with normal thickness, devoid of hyper-
plasia, defects or lesions(Fig. 8f). Moreover, IOP exhib-
ited normal fluctuations with any abnormal increase
(Fig. 8d). Given the widespread use of INS as a hypo-
glycemic hormone, we also assessed the impact of PHP-
DPS@INS NPs on blood glucose levels in mice over 30
days following ocular administration and observed no
abnormal effects (Fig. 8e).HE staining analysis was con-
ducted on the major organs of the mice (heart, liver,
spleen, lung, and kidney. When compared with normal
mice, no histopathological lesions were found (Fig. 8g).
The mice underwent routine blood tests and assessment
of liver and kidney function, with the obtained blood
measurements falling within the normal range (Fig. 7g-
i, Table S6-7). These results suggest that PHP-DPS@INS
NPs have favorable in vivo safety profile and the potential
to treat DED.

Conclusion

DED is a prevalent ocular surface disease globally, sig-
nificantly impacting patients’ quality of life and imposing
substantial economic burdens on society. The challenges
associated with ocular drug delivery and the intricate
etiology of DED have resulted in a scarcity of effective
treatment methods for this condition. Consequently,
we developed a multifunctional nanosystem. To over-
come the bottleneck of ocular delivery, we successfully
modified the nanoparticles to reverse their charge. Cat-
ionic nanoparticles display improved adherence to the
anionic corneal surface, promoting endocytosis. Upon
internalization of PHP-DPS@INS NPs into lysosomes
in the acidic environment, the pH-sensitive urea bond
within the nanoparticle shell undergoes cleavage at a
specific site, resulting in the release of PEI with a proton
sponge effect. The mechanism ultimately enables efficient
escape of nanoparticles from lysosomes and subsequent
entry into the cytoplasm. Using high-throughput tar-
geted metabolomics, we identified that the anti-inflam-
matory effect of INS in the hypertonic HCEC model
was associated with a reduction in the mitochondrial
inflammatory metabolite-fumarate. When compared to
individual treatments, the anti-inflammatory effect of
INS synergistically combined with the antioxidant effect
of the SS-31 peptide, effectively inhibiting the elevation
of inflammatory factors and ROS levels. Moreover, it
restored mitochondrial membrane potential and other
crucial functions while improving mitochondrial struc-
ture. This synergistic approach disrupts the detrimental
cycle of “inflammation-oxidative stress-mitochondrial
dysfunction” in DED. In vivo experiments revealed that
PHP-DPS@INS NPs more efficiently restored corneal
epithelium integrity, increase the number of conjunc-
tival goblet cells, improved tear film stability, promoted
tear secretion, and had excellent biological safety. In
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conclusion, this study presents a novel, safe, and effica-
cious therapeutic strategy for the management of DED.
Importantly, we show that the PHP-DPS@INS NPs treat-
ment system can inhibit inflammation by modulating
mitochondrial metabolites, suggesting that it is a promis-
ing approach for the treatment of inflammatory disorders
associated with DED.

Experimental section

Materials

Human recombinant Insulin (INS), Benzalkonium
Chloride (BAC), and Sodium Chloride (NaCL) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
The SS-31 peptide was purchased from China Pep-
tide Biotechnology (Shanghai, China). Cholesterol,
1,2-Dipalmitoyl-Snglycero-3-Phosphocholine ~ (DPPC),
and 1,2-stearoyl-sn-glycerol-3-Phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] (DSPE-mPEG2000)
were purchased from AVT Pharmaceutical Technol-
ogy (Shanghai, China). Polyethyleneimine (PEI), DSPE-
PEG2k-NHS, and PEG2000-NH2 were purchased from
Ruixi Biotechnology (Xi ‘an, China). The Cell Count-
ing Kit-8 (CCK-8), the Calcein-AM/PI double stain
kit, the JC-1 assay kit, Mitotracker red, Lysotracker
red, the MPTP Assay Kit, 2,7-Dichlorodihydrofluores-
cein Diacetate (DCFH-DA), 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil), and
4,6-Diamidino-2-Phenylindole (DAPI) were purchased
from Biyuntian (Shanghai, China). The Fumarate Assay
Kit and the Glumatate assay kit (MAKO060) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), and
NOVUS (Littleton, CO, USA), respectively. The Glu-
tathione ELISA kit (E-EL-0026c) was purchased from
Elabscience (Wuhan, China). The IL-1f, IL-6, and TNF-«a
ELISA kits were purchased from BioLegend (California,
USA). The recombinant human insulin ELISA kit was
purchased from Soleibo Biotechnology (Beijing, China).
The GPX4 (52455) and fumarate hydratase (ab233394)
antibodies were purchased from CST (Danvers, MA,
USA) and Abcam (Cambridge, UK), respectively. Chlo-
roform (CHCI;) used herein was synthesized by Chuan-
dong Chemical (Chongqing, China). The phenol red
cotton thread was purchased from Zone-Quick (Tokyo,
Japan). All other reagents were at least of analytical grade.

DSPE-PEG2000-5531 synthesis

First, DSPE-PEG2k-NHS (100 mg) was dissolved in 3 ml
DME. For complete dissolution, the SS-31 peptide (1.1
equivalents) and triethylamine (3.0 equivalents) were
added, and the reaction was conducted at Room Temper-
ature (RT) for 12 h. Subsequently, the reaction solution
was transferred to a dialysis bag (MW: 2000 Da) and dia-
lyzed in pure water for 24 h. The dialysate was then col-
lected and freeze-dried to obtain DSPE-PEG2000-SS31.
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Finally, the molecular structure of DSPE-PEG2000-
SS31 was identified using '"H-NMR (400 MHz, Bruker,
Germany).

PEG2000-PEI synthesis

PEG2000-NHS (0.5 g) was dissolved in 10 ml of chlo-
roform, followed by the addition of PEI1.8k (1.0 eq.) to
achieve complete dissolution. After a 0.5 h reaction at
room temperature, the solvent was removed by vacuum
evaporation, and the resulting product was dissolved in
5 ml of methanol. Subsequently, the product was placed
in a dialysis bag with a molecular weight cutoff of 2000
and dialyzed in pure water for 24 h. The dialysate was
collected and freeze-dried to obtain the PEG2000-PEI
product.

PEG2000-Hyd-PEIl synthesis

First, 1 g PEG2000-NH, was dissolved in 10 mL chlo-
roform to obtain PEG2000-Hyd-OH. Subsequently,
HO-Hyd-COOH (1.1 eq.), EDC (2.0 eq.), and DMAP
(0.1 eq.) were added, and the reaction was performed
at RT for 8 h. The reaction solution was concentrated
through vacuum rotary evaporation, precipitated in a
large amount of glacial ether, filtered, collected, and then
subjected to vacuum drying. The resulting PEG2000-
Hyd-OH (1 g) was dissolved in 10 mL ultra-dry aceto-
nitrile supplemented with di(p-nitrophenyl) carbonate
(1.0 eq.) and triethylamine (5.0 eq.), and then reacted at
50 °C for 5 h. Following that, a PEI (1.0 eq.) solution dis-
solved in 5 mL chloroform was added and the mixture
was reacted at RT for 0.5 h. After removing the solvent
through vacuum rotary evaporation, 5 mL methanol was
added to dissolve the product, which was then placed
in a dialysis bag (MW: 2000) and dialyzed in pure water
for 24 h. The dialysate was collected and freeze-dried to
obtain PEG2000-Hyd-PEI1.8 K. The molecular structure
of PEG2000-Hyd-PEI was determined using 'H-NMR
(400 MHz, Bruker, Germany).

PHP-DPS@INS NPs synthesis

The reverse evaporation method was used to produce
PHP-DPS@INS NPs. First, 20 mg of DPPC, cholesterol,
and DSPE-PEG2000-SS31 (mass ratio=3:1:1) were dis-
solved in 10 ml chloroform, and then a 2 ml INS solu-
tion (4 mg/ml) was added. The W/O colostrum was
formed through ultrasonic shock treatment for 5 min.
Subsequently, the round bottom flask was placed on
a rotary evaporator, and CHCIl; was removed through
vacuum evaporation (50 rpm, 30 °C, 1 h) until the lipo-
some gel formed. Next, the liposome gel was detached
by adding normal saline. It was then re-fixed in a rotary
evaporator (50 rpm, 30 °C, 30 min) to obtain the DPS@
INS NP suspension. Subsequently, the suspension was
slowly shaken and incubated for 1 h after adding 4 mg
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PEG2000-Hyd-PEL It was then sonicated for 5 min in an
ice water bath (35 W, on and off intervals of 5 s each, for
5 min) using an ultrasonicator (Sonics & Materials Inc.,
USA). Subsequently, PHP-DPS@INS NPs were obtained
by extruding through a polycarbonate membrane using a
220 nm aperture. On the other hand, PHP-DPS NPs were
prepared using the same protocol as PHP-DPS@INS NPs
but without INS loading. Additionally, DPS NPs were
obtained following the same scheme as DPS@INS NPs
but without loading INS. Through the same scheme as
DPS@INS NPs, DP@INS NPs were obtained by replacing
DSPE-PEG2000-SS31 with DSPE-PEG2000.

DiO or dii labeled nanoparticles synthesis

20 mg of DPPC, cholesterol, and DSPE-PEG2000 (mass
ratio=3:1:1) were dissolved in 10 ml of chloroform. Sub-
sequently, 2 ml of INS solution (4 mg/ml) was added.
After undergoing ultrasound impact treatment for 5 min,
W/O colostrum was formed. Then, 0.5 mg of Dil or
DiR was introduced into the mixture before placing the
round-bottomed flask on a rotary evaporator to remove
chloroform by vacuum evaporation (50 rpm, 30 C, 1 h),
resulting in the formation of liposome gel and obtaining
DiO or Dil labeled DP@INS NPs;20 mg DPPC, choles-
terol, and DSPE-PEG2000-SS31 (mass ratio=3:1:1) was
dissolved in 10 ml chloroform, followed by the addition
of 2 ml INS solution (4 mg/ml). After 5 min of ultrasound
treatment, a W/O emulsion was formed. Subsequently,
0.5 mg Dil or DiR was added, and the round-bottom flask
was subjected to vacuum evaporation on a rotary evapo-
rator (50 rpm, 30 C, 1 h) to remove chloroform and form
liposome gel. Then, 4 mg PEG2000-Hyd-PEI was added
and the suspension was gently agitated and incubated for
another hour to obtain DiO or Dil labeled PHP-DPS@
INS NPs. The entire process was conducted under light-
free conditions.

Physicochemical characterization

Particle size, Polydispersity Index (PDI), and zeta poten-
tial of PHP-DPS@INS NPs were measured using a
Dynamic Light Scattering (DLS) analyzer (Malvern,
ZEN3600, UK). The morphology of PHP-DPS@INS NPs
was visualized through Transmission Electron Micros-
copy (TEM, JEM-2100, Japan) with negative staining.
Insulin concentration in the solution was determined
through Ultra-High Performance Liquid Chromatog-
raphy (UHPLC, Shimadzu 20, Japan) along with a UV
variable wavelength detector and an Ultimate XB-C18
column. We performed UHPLC analysis using a mobile
phase comprising water, acetonitrile, and trifluoroacetic
acid at a 68.5:31.5:0.1 ratio (flow rate: 1 ml/min, detection
wavelength: 220 nm). Encapsulation Efficiency (EE) and
Drug Loading (DL) were calculated using the following
formulas:
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EE (%)=Mass of the encapsulated drug / Total mass of
the drug x 100%.

DL (%)=Mass of the encapsulated drug /Mass of total
liposomes x 100%.

In vitro stability

The PHP-DPS@INS NPs were stored at 37 °C. The par-
ticle size and Zeta potential of PHP-DPS@INS NPs were
measured using DLS over 15 days.

Measurement of intracellular pH (pHi)

The intracellular pH (pHi) was assessed using 20,70-bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECE).
HCECs (1x10* cells) were seeded in a laser confocal cell
dish and cultured overnight as the control group. For
the HOS group, the original medium was replaced with
450 mOsM medium, and the cells were incubated for
12 h. After discarding the medium, 1 ml of pre-prepared
BCECEF probe solution was added for 30 min. The super-
natant was removed, and the cells were washed with
PBS three times. The BCECF fluorescence in HCECs
was observed by CLSM. Following trypsin digestion and
resuspension with PBS, BCECF levels were measured by
flow cytometry at an excitation wavelength of 488 nm
and emission wavelengths of 640 nm and 525 nm.

Ocular surface pH measurement

The ocular surface pH was measured using precision pH
paper. Male Balb/c mice (weighing 18—20 g) were admin-
istered daily eye drops containing 0.2% BCA, 5 ul each
time, twice a day (8:00 am and 8:00 pm), for 14 days to
establish the DED group. Male Balb/c mice (weighing
18-20 g) without any treatment were used as the normal
group. After calming the mice, a precision pH test paper
was gently touched to the corneal surface, and the pH
value was read after 30 s based on the color of the test
paper and color card.

PH responsiveness

The PHP-DPS@INS NPs were mixed with pure water
with different pH values (pH 4.8, 5.8, and 7.4), and the
corresponding particle size and zeta potential were eval-
uated using DLS after 12 h.

Drug release in vitro

The PHP-DPS@INS NPs were placed in a dialysis bag
(MWCO=3.5 kDa), immersed in 50 mL PBS solutions
with different pH values (pH 4.8, 5.8, and 7.4), and con-
tinuously stirred at 37 °C. Samples (200 pL) were taken
and replaced with an equal volume of fresh medium at
each predetermined time. The INS content was mea-
sured and analyzed using the above-mentioned UHPLC
approach.
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Cell culture and establishment of the hyperosmotic stress
(HOS) model

Herein, Human Corneal Epithelial Cells (HCECs)
were obtained from the BeNa Culture Collection
(BNCC337876, Beijing, China). The cells were cultured in
a DMEM medium (Gibco, USA) supplemented with 10%
Fetal Bovine Serum (FBS; Gibco, USA) and 1% penicillin-
streptomycin. The HOS model of HCECs was induced by
adding 69 mM NaCl to the DMEM medium to raise the
medium’s osmotic pressure to 450 mOsM. The cells were
cultured at 37 °C, 5% CO? and 90% Relative Humidity
(RH).

In vitro toxicity and treatment conditions

The CCK-8 assay: Normally cultured HCECs were incu-
bated with different concentrations of INS (2.5, 5, 10,
20, 40, 80, 160, and 320 pg/ml) and PHP-DPS@INS NPs
(25, 50, 100, 200, 400, 800, 1600, and 3200 pg/ml) in a
serum-free medium for 24 h. Additionally, the same con-
centrations of PHP-DPS@INS NPs were added to HOS-
cultured HCECs. A newly prepared CCK-8 solution was
added to each well after 6, 12, and 24 h of incubation.
The absorbance of the reaction product at 450 nm was
measured using a microplate reader (LabServ ¢, Thermo
Fisher Scientific) to determine the in vitro Cell Survival
Rate (CSR). The optimal therapeutic concentration was
selected based on the CCK-8 assay results.Calcein-AM/
PI staining: HOS-cultured HCECs were incubated with
PHP-DPS@INS NPs (200 pg/ml), and the negative con-
trol (normal) and positive control (HOS) groups were
set up. The medium was discarded at 6, 12, and 24 h,
and the cells were washed twice with PBS. The cells were
then incubated with the pre-configured Calcein-AM/PI
staining reagent at 37 ° C for 30 min. The samples were
observed under a Confocal Laser Scanning Microscope
(CLSM; Nikon, Tokyo, Japan).

PHP-DPS@INS NP uptake in HOS-cultured HCECs

Herein, HCECs (1x10* cells) were seeded overnight in a
laser confocal cell culture dish. After discarding the waste
medium, the cells were incubated with a 450 mOsM
medium for 12 h. They were then incubated with Dil-
DP@INS NPs and Dil-PHP-DPS@INS NPs (200 pg/ml).
Subsequently, the cells were washed with PBS and fixed
with 4% paraformaldehyde at predetermined time points
(1, 2, and 3 h). The nuclei were then stained with DAPI.
Intracellular fluorescence was observed using CLSM and
the cellular uptake behavior was determined through
flow cytometry.

Lysosomal escape and mitochondrial targeting in HOS-
cultured HCECs

First, HCECs (1x10* cells) were seeded in a laser con-
focal cell culture dish and cultured overnight. The cells
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were then incubated with the 450 mOsM medium for
12 h after discarding the waste medium. Next, the cells
were incubated with DiO-DP@INS NPs and DiO-PHP-
DPS@INS NPs (200 ug/ml), with three samples in each
group. The medium was discarded, and the cells were
washed with PBS three times at predetermined time
points (1, 2, and 3 h). In each dish, a lysosomal red fluo-
rescent probe (500 pL) or mitochondrial red fluorescent
probe (400 puL) was added and the mixture was incubated
in a cell thermostatic incubator for 35 min. Subsequently,
the supernatant was discarded, and the cells were rinsed
with PBS three times. Each well was incubated with 1 ml
DAPI for 15 min, and rinsed with PBS three times. After
rinsing, the cells were fixed in a 500 pul paraformaldehyde
solution. Lysosomal localization and mitochondrial local-
ization of NPs in HCECs were observed using CLSM.

ROS measurement

The intensity of DCF fluorescence can reflect ROS levels
in cells. Herein, HCECs (1x10* cells) were seeded over-
night in a laser confocal cell culture dish. After removing
the waste medium, the 450 mOsM medium was added
and the mixture was incubated for 12 h. Thereafter, DPS
NPs (150 pg/ml), PHP-DPS NPs (180 pg/ml), INS (20 pg/
ml), and PHP-DPS@INS NPs (INS: 20 pg/ml, PHP-DPS:
180 pg/ml) were added to each group and incubated for
12 h. Subsequently, 1 ml DCFH-DA solution was added
to each dish and incubated for 20 min. The supernatant
was discarded, and the cells were rinsed with PBS three
times. The ROS fluorescence in HCECs was observed
through CLSM. The DCF fluorescence of each sample
was measured through flow cytometry at 488 and 525 nm
excitation and emission wavelengths, respectively.

High-throughput target metabolomics detection and
analysis

First, HCECs were placed in a 100 mm petri dish over-
night and then incubated with the 450 mOsM medium
for 12 h (the HOS group). Simultaneously, another sam-
ple was treated with 20 pg/ml insulin for 12 h (the INS
group). On the other hand, normally cultured HCECs
were set as the normal group. Each group had four
samples. The metabolites in the appeal samples were
detected and analyzed through high-throughput tar-
get metabolomics. Briefly, the LC-MS/MS method was
used to accurately analyze 600 metabolites in the appeal
samples qualitatively and quantitatively. The 600 metab-
olites include metabolites of amino acid metabolism, as
well as the TCA, glycolysis, and pentose phosphate path-
ways, among other pathways. Chromatographic condi-
tions: An ACQUITY UPLC H-Class (Waters) UPLC
system equipped with a Waters Atlantis Premier BEH
ZHILIC column (2.1 mm * 150 mm, 1.7 pm) was used.
Phase A comprised ultrapure water and acetonitrile (8:2)
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supplemented with 10 mmol/L acetic acid, whereas phase
B comprised ultrapure water and acetonitrile (1:9) also
supplemented with 10 mmol/L acetic acid. The pH of the
A and B mobile phases was adjusted to 9 using ammonia
water before performing gradient elution. The column
temperature was maintained at 40 °C throughout the
analysis, and each sample received 1 pL injection volume.
The Ion Drive Turbo V source operating in a positive ion
mode (ESI+) and Multiple Reaction Monitoring (MRM)
were employed for Mass Spectrometry (MS) analysis.
The source temperature was maintained at 500 °C, and
the source voltage was set to +5000 V/-4500 V. A Curtain
Gas pressure of 35 PSI (4.67 KPa) was also applied. All
MS data acquisitions and quantitative analyses of target
compounds were performed using SCIEX Analyst Work
Station Software (v1.7.2) and Data-Driven Flow software
(v-1.0.1).

PHP-DPS@INS NPs inhibited the inflammatory response of
HOS-cultured HCECs

The waste medium of HOS-cultured HCECs was
replaced by the serum-free medium of DPS NPs (150 pg/
ml), PHP-DPS NPs (180 pg/ml), INS (20 pg/ml), and
PHP-DPS@INS NPs (INS: 20 pg/ml, PHP-DPS: 180 pg/
ml) and incubated for 12 h. After incubation, the Gluta-
mate (GLU), Glutathione (GSH), and Fumarate levels in
cells were quantified using commercially available kits
per the manufacturers’ instructions. The cell supernatant
was examined per the IL-1p, IL-6, and TNF-a ELISA kit
protocols, and the absorbance of each hole was measured
using a microplate reader (BioTek Instruments Inc.). The
cells were lysed with a RIPA lysis buffer (Sigma-Aldrich,
St. Louis, MO, USA) and incubated on ice for 15 min.
The supernatant containing the target proteins was then
collected and centrifuged at 14,000 rpm for 15 min. The
protein levels were quantified through the Bradford assay.
The lysate samples were loaded onto channels and sepa-
rated by Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE). The resulting protein bands
were transferred to Polyvinylidene Fluoride (PVDF)
membranes (Millipore, USA) for nonspecific binding
with 5% BSA. The membranes were first incubated with
GPX4 (1:1,000, ab125066, Abcam) and FH/Fumarase
(1:1,000,ab233394, Abcam) antibodies, and then with a
Horseradish Peroxidase (HRP)-labeled goat anti-rabbit
IgG (ab6721, Abcam) or goat anti-mouse IgG (ab205719,
Abcam) antibody at a 1: 3000 ratio. The results were ana-
lyzed using ImageLab 4.1 software (BioRad).

Mitochondrial membrane potential

After treatment, 1 ml JC-1 staining solution (1X) was
added to each well before incubating for 20 min. The
supernatant was discarded, and the cells were rinsed
twice with the JC-1 staining buffer (1X). Next, 1 ml DAPI
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was added for nuclear staining, and the cells were incu-
bated for 15 min. Subsequently, the medium was dis-
carded, and the cells were washed with PBS three times.
This was followed by addition of paraformaldehyde
(500 pl) to each well, and the red and green fluorescence
intensities were observed through CLSM. The JC-1 fluo-
rescence was quantified through flow cytometry.

MPTP

After treatment, cells in each treatment group were gen-
tly washed with PBS once. Calcein AM working solu-
tion was then added to the cell suspension and mixed
well before incubating in a cell thermostatic incubator
for 30 min in the dark. Subsequently, CoCl, was added
to each group and mixed well for 15 min. Fluorescence
intensity was observed using CLSM.

Mitochondrial morphology

The samples were sequentially fixed, rinsed, dehydrated,
and embedded. They were then sliced into ultra-thin sec-
tions (with a thickness of 70—90 nm) using an ultra-thin
slicing machine (EM UC7, LEICA, GERMAN). The sec-
tions were stained with the lead citrate staining solution
and the acetic acid hydrogen peroxide staining solution
for 5 min and dried. Mitochondrial morphology was
observed through TEM (Tecnai G2 12, FEI, USA), with
the acceleration voltage set at 100 kV.

DED mice model

Male Balb/c mice (weighing 18-20 g) and New Zealand
white rabbits (weighing 2.0-2.5 kg) were acquired from
the Laboratory Animal Center of Chongqing Medical
University. All experimental procedures were conducted
per the ARVO Statement on the Use of Animals in Oph-
thalmology and Vision Research. The Institutional Ani-
mal Care Committee of Chongqing Medical University
approved the experimental protocol (Ethics number:
IACUC-CQMU-2023-0168). All mice were housed at
constant temperature (2511 °C) and humidity (50+10%)
with a 12 h: 12 h light-dark cycle. The animals received
daily eye drops containing 0.2% BCA, 5 ul each time,
twice a day (8:00 am and 8:00 pm), for 14 days.

PHP-DPS@INS NP distribution and uptake in the anterior
segment of the eye

After preparing the corneal frozen sections, the distribu-
tion and uptake of PHP-DPS@INS NPs in the anterior
segment were observed using an OCT machine (CIR-
RUS HD 5000, ZEISS, Germany), and a small animal
fluorescence imaging system (Viber lourmat, France),
respectively. The distribution of eye drops in the cornea
was observed through OCT. The New Zealand white rab-
bits were treated with different eye drops (the DPS NPs
group: 262.5 pg/ml, the DPS@INS NPs group: 306.25 pg/
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ml, the PHP-DPS NPs group: 315 pg/ml, and the PHP-
DPS@INS NPs group: 350 pg/ml; 30 pl each time). After
3 min, the ocular surface of the anesthetized New Zea-
land white rabbits (intraperitoneally injected with 1%
pentobarbital sodium, at 50 mg/kg) was detected and
recorded through OCT. The retention of each liposome
NP in the cornea of DED mice was observed using the
small animal fluorescence imaging apparatus. The Dil-
DP@INS NPs (350 pug/ml) and Dil-PHP-DPS@INS NPs
(350 pg/ml) were applied to DED mice, 5 pl each time,
and the fluorescence distribution on their cornea was
observed at 0, 1, 5, 10, 20, and 30 min. The frozen sec-
tions were examined to determine the penetration of NPs
in the corneal epithelium of DED mice. The DED mice
were treated with Dil-DP@INS NPs (350 pg/ml) and
Dil-PHP-DPS@INS NPs (350 pg/ml), 5 ul each time. The
eyeballs of each mouse were completely removed after
2 and 10 min, and then embedded and stored at -80 °C.
Subsequently, they were sliced into 7 pum continuous sec-
tions using a frozen sectioning machine. The distribution
of NPs in the cornea was observed and analyzed using an
inverted fluorescence microscope (Eclipse, Ti-S, Nikon,
Japan). The experiments were performed in triplicate for
each group.

Insulin pharmacokinetics in aqueous humor

The DED mice were treated with pre-configured INS
eye drops (35 pg/ml) and PHP-DPS@INS NPs eye drops
(with INS: 35 pg/ml), 5 ul each time, followed by a gen-
tle closure of the eyelids. At 0.05, 0.25, 0.5, 0.75, 1, and
2 h post-treatment, the aqueous humor was promptly
extracted from the corneoscleral edge using a micro-
injector needle upon euthanizing the mice. The tis-
sue drug concentration was determined using a human
recombinant insulin ELISA kit (Solyndra, Beijing) per the
kit instructions.

In vivo efficacy evaluation

Each treatment group’s efficacy was evaluated through
corneal fluorescein staining and scoring, bengal red
staining and scoring, tBUT detection, tear secretion test,
and IOP monitoring. The mice were randomly divided
into five groups for observation (4 mice (8 eyes) in each
group): Saline, DPS NPs treatment (262.5 pg/ml), PHP-
DPS NPs treatment (315 pg/ml), INS treatment (35 pg/
ml) and PHP-DPS@INS NPs treatment (350 pg/ml); 5 pl
administered each time, twice a day (8:00 am and 8:00
pm). The measurements were taken at the end of model-
ing (day 0), day 3, day 6, day 9, and the last day of treat-
ment (day 12). Corneal staining was examined using a
slit microscope after a local pointing of the eye with a
0.1 mL 0.25% fluorescein sodium dye solution and was
observed by manual blinking five times to ensure the flu-
orescein sodium evenly covered the cornea. The cornea
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was divided into four quadrants which were individually
assessed based on the following scoring criteria: 0 (no
staining was seen); 1 (<30 spots, mild micro-spot stain-
ing); 2 (>30 spots, no diffuse staining); 3 (no positive
spots, severe diffuse staining); and 4 (visible fluorescein
plaque staining). The scores were determined separately
in each quadrant and then added to obtain the total score
(Total score range: 0—16 points). The tear film BUT was
determined by dripping 0.1 mL 0.25% sodium fluorescein
into the conjunctiva of the lower eyelid and manually
blinking five times. After the last blink, the time at which
the first black dry spot appeared was recorded. The tear
secretion test was performed by placing the phenol-car-
mine thread in the peripheral conjunctival sac of the lat-
eral canthus of mice for 15 s, measuring the length of the
stained phenol-carmine thread with a millimeter ruler,
and recording the results. Intraocular pressure monitor-
ing was performed using the TonoLab rebound tonom-
eter (Icare, Finland). The probe was vertical and 3—4 mm
away from the central part of the cornea. The above mea-
surements were recorded three times for each eye.

Histopathological evaluation

On the final day of treatment (day 12), mice eyeballs
were collected from each treatment group and com-
pared to the normal control and dry eye model groups.
Formalin-fixed eyeballs were embedded in paraffin and
sectioned into 5 um thick slices for H&E and PAS stain-
ing. Immunohistochemical slices were labeled with a pri-
mary antibody overnight at 4 °C before incubating with a
secondary antibody at 21 °C for 1 h. We performed ROS
corneal tissue fluorescence staining using a ROS probe
added to the samples and incubated at 37 °C for 40 min
without light exposure. After washing and sealing, the
slices were observed under a fluorescence microscope,
and images were captured. Apoptosis was detected
through Terminal Deoxynucleotidyl Transferase-medi-
ated Nick End Labeling (TUNEL) staining, and the nuclei
were restained with DAPI before being observed under a
fluorescence microscope.

Exploration of in vivo therapeutic mechanisms

After removing the contents, the corneal tissue was pre-
served at -80 °C. The corneal tissue was carefully sepa-
rated, homogenized with the RIPA lysate, and centrifuged
at 15,000 rpm for 15 min. Following the manufacturers’
instructions, commercial kits were used to quantify the
GLU, GSH, and fumarate levels. The levels of intracor-
neal inflammatory markers (IL-1B, IL-6, and TNF-a)
were determined using an ELISA kit. Section 2.6.3 details
the WB method used.
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In vivo safety assessment

The ocular safety of PHP-DPS@INS NPs (350 pg/ml)
was assessed by bilateral instillation of 5 pl eye drops
twice daily on days 1, 5, 10, 15, and 30. Under a slit lamp,
the mice corneas were examined using different light
sources: white, green, and cobalt blue (combined with
sodium fluorescein staining) lights for overall corneal
morphology assessment, corneal vessel observation, and
detecting corneal epithelial defects, respectively. These
observations were recorded. Corneal histology was eval-
uated through H&E staining, while retinal structure was
examined by HE staining and OCT. Given the limited
resolution of our OCT machine for detecting the mouse
retina, we opted to conduct retinal OCT examination on
normal New Zealand rabbits.Intraocular pressure was
measured using the Schiotz tonometer (TVO01, Icare,
Finland). Blood samples were collected from each group
of mice to assess blood glucose levels, perform rou-
tine blood analysis, and evaluate liver and kidney func-
tion. Additionally, the in vivo safety of the formula was
confirmed through histological examination, with H&E
staining conducted on the main tissues.

Statistical analysis

Results were presented as Mean (M)+Standard Devia-
tion (SD). Statistical analyses were performed using
the student’s t-test or one-way Analysis of Variance
(ANOVA). Results with p<0.05 were considered statisti-
cally significant.

Abbreviations

BAK Benzalkonium chloride

CCK-8 Cell Counting Kit-8

CHCI3 Chloroform

CLSM Confocal Laser Scanning Microscope

CSR Cell Survival Rate

DED Dry Eye Disease

DPPC 1,2-Dipalmitoyl-Snglycero-3-Phosphocholine

DSPE-mPEG2000  1,2-stearoyl-sn-glycerol-3-Phosphoethanolamine-N-

[methoxy (polyethylene glycol)-2000

DCFH-DA 2,7-Dichlorodihydrofluorescein Diacetate

Dil 1,1"-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate

DAPI 4,6-Diamidino-2-Phenylindole

DLS Dynamic Light Scattering

DL Drug-loading

EE Encapsulation efficiency

FH Fumarate hydratase

GCs Glucocorticoids

GLU Glutamate

GSH Glutathione

GPX4 Glutathione peroxidase

Hyd Hydride

HCEC Human Corneal Epithelial Cell

HOS Hyperosmolar stress

H&E Hematoxylin and Eosin

INS Insulin

IGFBP-3 Insulin-like Growth Factor Binding Protein-3

INSR Insulin Receptors

IGF-1R Insulin-like growth factor 1 receptor

IGF-1 Insulin-like growth factor 1

|IOP Intraocular pressure



Xia et al. Journal of Nanobiotechnology (2024) 22:233

MPTP Mitochondrial Permeability Transition Pore

MRM Multiple Reaction Monitoring

MS Mass Spectrometry

M Mean

NPs Nanoparticles

NaCL Sodium Chloride

oS Oxidative Stress

oCT Optical coherence tomography

OPLS-DA Orthogonal projections to latent structures- discriminant
analysis

PEI Polyethyleneimine

PVDF Polyvinylidene Fluoride

QoL Quiality of Life

ROS Reactive Oxygen Species

SDS-PAGE Sulphate-Polyacrylamide Gel Electrophoresis

SD Standard Deviation

TCA Tricarboxylic Acid

tBUT tear Break Up Time

TUNEL Terminal Deoxynucleotidyl Transferase-mediated Nick
End Labeling

UHPLC Ultra-High Performance Liquid Chromatography
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