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Introduction

Hyaluronic acid (HA) is a biodegradable anionic glycosaminogly-
can and an FDA-approved polymer widely used in ophthal-
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Topical hyaluronic acid (HA) formulations have been extensively employed for managing various ocular
diseases, but their therapeutic efficacy is severely compromised by rapid precorneal clearance due to a
dense, negatively charged sialic acid-rich glycocalyx. To address this, we report a corneal surface engin-
eering strategy that involves the metabolic incorporation of bioorthogonal azide groups onto the corneal
epithelium. This covalent “"docking” layer enables site-specific, Click chemistry-mediated immobilization
of anionic HA, thereby significantly enhancing its ocular surface retention in vitro and in vivo. First, an
alkyne-bearing molecule (DBCO) was labelled with a fluorescent probe (Cy5) to produce DBCO-Cy5.
Sequential incubation of human corneal epithelial cells (HCECs) with an unnatural azide-bearing sugar
(AAM) and DBCO-Cy5 enhanced the Cy5 retention by more than 10-fold. Then, HA was covalently
labelled with DBCO at different conjugation ratios (HA-DBCO), and these conjugates showed negligible
cytotoxicity. HA-DBCO binding to AAM-pretreated cells was time- and concentration-dependent; a
higher degree of substitution substantially improved the reaction efficiency. Meanwhile, the covalent con-
jugation of HA to the cell surface did not affect HCEC proliferation but enhanced cell migration. The
proof-of-concept was also validated in a mouse model of dry eye disease. AAM was ocularly delivered via
a cationic liposome, resulting in the predominant deposition of azide in the corneal epithelium of mice.
Subsequent dosing of HA-DBCO induced the in vivo bioorthogonal reaction that enhanced HA retention
(up to 6 h) by 2.5-fold compared to the control without AAM pretreatment. The prolonged corneal reten-
tion enhanced the therapeutic efficacy at a reduced dosing frequency. This approach offers a clinically
translatable strategy to improve the efficacy of topical HA-based therapies for ocular diseases.

mology to manage conditions, including dry eye disease (DED)."
Due to its ability to retain water through hydrogen bonding, HA
can stabilize the tear film and lubricate the ocular surface.”
Beyond these physical mechanisms, HA exerts multifaceted bio-
logical activities by promoting corneal epithelial wound healing
through enhanced cell migration, proliferation, suppressing
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inflammation, and mitigating free radical-induced damage.*”
HA is often administered as topical eye drops, which are non-
invasive and patient-compliant.® However, its clinical efficacy is
limited by the rapid tear turnover, the blink reflex, and the
dense anionic glycocalyx of the corneal epithelium.” " Together,
these multi-tiered barriers result in a short precorneal residence,
and the clinical utility of conventional HA eye drops is typically
less than 30 minutes, necessitating a high drug concentration,
increased HA molecular weight, and frequent dosing.'* These
approaches often lead to severe adverse effects, including elev-
ated intraocular pressure, epithelial toxicity,"*™** blurred vision
and impeded normal blinking.'>™*®
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Several strategies have been developed to overcome these
limitations. However, each is constrained by inherent short-
comings. Methyl cellulose and hydroxypropyl methylcellulose
are used as HA substitutes, but they also exhibit short ocular
surface persistence and lack HA’s inherent therapeutic
benefits."> Therefore, there remains an unmet need for
enhanced corneal retention of HA. Wang et al. reported an
adhesive nanocoating of tannic acid and poly(2-methypropyl-
ene glycol phosphate choline), enabling the prolonged reten-
tion and sustained release of dexamethasone.”® Lee et al.
developed a polymer-peptide conjugate to enhance the ocular
surface adhesion of an ocular therapeutic macromolecule.*!
These assemblies rely heavily on non-covalent interactions,
which are weakened by shear stress and dilution, limiting
their durability to minutes. Alternatively, cationic nano-
particles have been employed to improve ocular drug reten-
tion, and the mechanism of action involves electrostatic
adhesion to the anionic ocular surface.”> Such a method can
increase drug uptake tenfold, but the long-term administration
of a cationic carrier can lead to dose-dependent irritation and
corneal epithelial sloughing.” Therefore, it is urgent to dis-
cover novel ocular delivery strategies featuring high corneal
affinity and good biocompatibility.

Inspired by the corneal mucin glycocalyx, a structure
densely decorated with negatively charged sialic acid, we
hypothesized that metabolic glycoengineering could transform
this natural repulsive barrier into a programmable anchoring
platform. The bioorthogonal reaction, characterized by its
high specificity and efficiency, has emerged as a biocompatible
tool for biological and medical applications.**”*® By supplying
a tetraacetyl-N-azidoacetylmannosamine (Ac,ManNAz) precur-
sor in eye-drop form, we exploit this intrinsic machinery to
install azide tags onto surface glycans. Following the establish-
ment of this azide modification, dibenzocyclooctyne (DBCO)-
functionalized HA was administered. This approach enables a
copper-free, strain-promoted azide-alkyne cycloaddition
(SPAAC) reaction to covalently conjugate HA to the azide modi-
fied corneal surface. Our in vivo studies confirm that this local
Click reaction significantly enhances ocular surface retention,
achieving a 2.5-fold increase in the HA signal. Moreover, the
HA retention time is prolonged to at least 6 hours with this
strategy. In DED treatment analysis, the Click-enhanced deliv-
ery system improves treatment efficacy compared with tra-
ditional administration routines. Furthermore, this strategy
can reduce dosing frequency without influencing therapeutic
outcomes in the DED mouse model. This innovative approach
provides a novel strategy for developing ocular drug-delivery
systems to prolong corneal residence time of therapeutic
agents.

Results and discussion
HA-DBCO synthesis and characterization

Hyaluronic acid is a widely used ingredient in clinical artificial
tear formulations. However, its hydrophilicity and anionic
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nature limit its retention on the negatively charged ocular
surface, resulting in frequent administration in clinical
application.>*?® To address this limitation, we designed a
metabolic glycoengineering strategy to enhance HA retention
properties on the corneal surface. This approach involves the
introduction of azide groups onto corneal surface sialic acids
via the intrinsic metabolic pathway. Subsequently, dibenzo-
cyclooctyne-decorated HA (denoted HA-DBCO) can specifically
react with these azide groups through the Click reaction. This
process can conjugate HA with the corneal surface, thereby
improving HA retention. Crucially, to avoid affecting HA bio-
functions, including water retention via hydrogen bonding
through its hydroxyl groups and cell signalling via receptor
interactions, we selectively conjugated the DBCO moiety to the
carboxyl groups within the HA backbone.*'*? This molecular
design preserved the integrity of HA’s essential hydration and
cell signalling capabilities (Fig. 1a).

HA-DBCO molecules were synthesized via a two-step
process.*® First, the carboxyl group of HA was activated
by using ethyldimethylaminopropyl carbodiimide/
N-hydroxysuccinimide (EDC/NHS). Subsequently, amine-DBCO
was introduced at predetermined ratios to produce HA deriva-
tives with different degrees of substitution (DS). The products
were characterized by "H nuclear magnetic resonance (‘H
NMR). The results indicated that HA-DBCO showed a signal in
the aromatic region (7.0-8.0 ppm) post modification, confirm-
ing the successful conjugation of DBCO to the HA backbone
(Fig. S1). The degree of substitution of HA-DBCO was deter-
mined to be 1.9%, 4.0% and 12.5%, respectively. Since the
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Fig. 1 Characterization of DBCO decorated hyaluronic acid. (a)
Scheme of the corneal surface bioorthogonal reaction enhanced HA
retention; (b) (-potential of HA with different DBCO conjugation
degrees (1 mg mL™, n = 3); (c) contact angle illustration of HA with
different DBCO conjugation degrees (1 mg mL™%, n = 3); and (d) viscosity
of HA with different degrees of DBCO decoration (1 mg mL™, n = 3).
The statistical analysis was made with reference to the DBCO conju-
gation degree 0% group unless otherwise stated (*p < 0.05, **p < 0.01,
NS, no significant difference; HA-DBCO, DBCO decorated HA; AAM,
AcsManNAz).
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conjugation occurs at the anionic carboxylate group, we inves-
tigated its effect on the polymer’s charge. The zeta-potential
() measurements indicated that while the net negative
charge of HA-DBCO slightly decreased with increasing DS, all
derivatives maintained a strongly negative potential of approxi-
mately —20 mV (Fig. 1b). Furthermore, we assessed the poten-
tial impact of HA hydrophilicity after DBCO modification.
Contact angle measurements confirmed a dose-dependent
decrease in hydrophilicity with increasing DS (Fig. 1c and S2).
In contrast, the viscosity of the HA-DBCO solutions at clinically
relevant concentrations remained unaffected after modifi-
cation (Fig. 1d). Collectively, these results demonstrate that
DBCO functionalization subtly alters surface wettability and
has a minimal impact on HA solution viscosity and surface
charge.

Human corneal epithelial cell (HCEC) metabolic labelling
analysis

The corneal epithelium expresses mucins that form the
primary defensive barrier on the ocular surface. These mucins
comprise heterogeneous glycoproteins, with glycocalyx struc-
tures being densely decorated with sialic acid residues.**?*
The negatively charged mucin prevents the invasion of
pathogens and manages the surface tension of the tear
layer.>®*” However, mucins also constitute the first barrier that
the drug needs to overcome during ocular topical adminis-
tration.*® Building on the physiological evidence of high sialic
acid expression on the corneal mucin glycocalyx, we
hypothesized that metabolic glycoengineering could be used
to introduce azide groups on the surface of corneal epithelial
cells.

We first evaluated the efficiency of azide labelling on
human corneal epithelial cells (HCECs) by supplementing the
culture medium with Ac,ManNAz (AAM). The expression levels
of azide-modified sialic acid were analysed via western blot
and flow cytometry after different treatment durations
(Fig. 2a). Our results demonstrated that HCECs could be effec-
tively labelled with azide within 1 day of AAM treatment, and
prolonging the treatment time did not significantly enhance
labelling efficiency (Fig. 2b and c). Western blot analysis
further confirmed that the azide tags were primarily incorpor-
ated into high molecular weight biomacromolecules and label-
ling achieved saturation after two days of treatment (Fig. 2d, e
and S3). We then optimized the metabolic labelling conditions
and found that corneal epithelial cells are susceptible to AAM.
HCECs can achieve azide labelling saturation within 1 day,
even at a low concentration of 3.12 pM (Fig. S4). Subsequent
cytotoxicity assays demonstrated that AAM has appropriate bio-
compatibility for HCECs at the concentrations required for
azide labelling (Fig. S5). Given that drug retention in topical
ocular instillation is inherently limited, the high sensitivity of
HCECs to AAM suggests that the corneal surface represents an
ideal platform for efficient in vivo azide decoration.

For the cell surface Click reaction to proceed efficiently, the
metabolically incorporated azide groups must be accessible on
the cell membrane to facilitate contact with DBCO-functiona-
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Fig. 2 HCEC cell surface azide labelling and Click reaction analysis. (a)
Scheme of in vitro HCEC azide labelling efficiency analysis; (b) flow
cytometry analysis of azide glycol labelling in the HCEC cell line for
different AAM (50 pM) treatment days; (c) statistical analysis of flow cyto-
metry results (n = 3); (d) western blot analysis of HCEC labelled with
AAM (50 uM) for different treatment days; (e) statistical analysis of
western blot results (n = 3); (f) scheme of in vitro HCEC azide retention
analysis after treatment with AAM (50 pM) for two days; (g) flow cytome-
try analysis of azide retention on HCEC after AAM labelling; (h) statistical
analysis of HCEC azide retention (n = 3); and (i) CLSM imaging of azide
cellular distribution. Scale bar: 20 pm. The statistical analysis was per-
formed with reference to the blank group unless otherwise stated (***p
< 0.001; MFI, mean fluorescence intensity).
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lized molecules. To investigate the kinetics and subcellular
localization of the bioorthogonal reaction, we treated azide
labelled HCECs with a DBCO-conjugated Cy5 probe
(DBCO-Cy5). HCECs were incubated with AAM for 2 days
before proceeding with the DBCO-Cy5 treatment. Flow cytome-
try analysis revealed that the cell surface Click reaction was
time-dependent, occurring within 1 minute after incubation
with DBCO-Cy5. The azide modification of HCECs enhanced
the attachment efficiency of DBCO-Cy5 by more than 10-fold
compared with untreated control cells (Fig. S6). We next evalu-
ated the retention time of the azide tags on the cell surface.
HCECs pretreated with AAM were incubated in a standard
culture medium for different days before assessing their reac-
tivity with DBCO-Cy5 (Fig. 2f). The flow cytometry results
demonstrated a gradual decrease in labelling intensity over
time (Fig. 2g). Quantitative analysis of the mean fluorescence
intensity (MFI) indicated that approximately 33% of the initial
azide group on the cell surface remained after 3 days.
Furthermore, HCECs still illustrated sufficient reactivity for
enhanced DBCO-Cy5 attachment after 7 days of culture
(Fig. 2h). Finally, confocal laser scanning microscopy (CLSM)
was employed to visualize the subcellular location of the reac-
tion. In contrast to untreated controls, AAM-pretreated cells
exhibited robust DBCO-Cy5 fluorescence that colocalized with
the cell membrane, confirming that bioorthogonal reaction
occurs predominantly on the cell surface (Fig. 2i).
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In vitro HA cell surface Click reaction analysis and
biocompatibility analysis

After confirming the feasibility of the bioorthogonal reaction
on HCEC surfaces using a small molecule probe, we next eval-
uated how DBCO functionalization influences the biological
properties of HA. Given that HA biological functions and self-
assembling secondary structure are regulated by interchain
hydrogen bonding, we first assessed whether DBCO conju-
gation influences its biocompatibility.>®* The cytotoxicity assay
revealed that DBCO decoration did not significantly affect
HCEC viability until the DS reached 12.5% (Fig. S7). We then
investigated the kinetics of the cell surface bioorthogonal reac-
tion. Flow cytometry showed that HA-DBCO binding to azide-
labelled cells was time-dependent, and higher DS substantially
improved reaction efficiency (Fig. 3a). Quantitative analysis of
the MFI indicated that HA-DBCO;, 50, exhibited the most rapid
binding, achieving the highest signal enhancement within
5 minutes. However, consistent with the biocompatibility
results, its efficiency declined after 15 minutes, possibly due to
the onset of cytotoxicity. In contrast, HA-DBCO,, demon-
strated an optimal balance, combining appropriate biocompat-
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the HCEC surface reaction of HA with different DBCO decoration
degrees, HCEC pre-treated with AAM (50 puM) for two days; (b) statistical
analysis of in vitro Click enhanced HA attachment (n = 3). The statistical
analysis was performed with reference to the DBCO conjugation degree
0% group; (c) concentration-dependent cell surface Click reaction kine-
tics of HA-DBCO,44-Cy5; (d) statistical analysis of flow cytometry results
of (c) (n = 3); (e) cell migration analysis of HCEC with or without AAM
(50 pM) after two days of labelling and treatment with HA-DBCOgy, or
HA-DBCOQ,y. Scale bar: 200 pm; (f) cell migration rate analysis (n = 4);
(g) CLSM imaging of cellular distribution of HA-DBCO,44-Cy5 after the
Click reaction. Scale bar: 20 um; and (h) cell proliferation analysis of
HCEC labelled with AAM (50 pM) for two days and treated with
HA-DBCOgy or HA-DBCOy,y. Scale bar: 100 pm. The statistical analysis
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ibility with steadily increasing attachment, and achieving the
highest reaction efficiency after 15 minutes of incubation
(Fig. 3b). As a control, the absorption of unmodified HA
(HA-DBCOyy,) was also time- and concentration-dependent.
However, it was not enhanced by AAM labelling (Fig. S8). On
the basis of these cell surface Click reaction kinetics analysis
results, HA-DBCO,q, was identified as the optimal conjugate
and selected for all subsequent experiments.

Given that topically administered drugs are rapidly diluted
by tear fluid, it is critical to evaluate the concentration-depen-
dent kinetics of the bioorthogonal reaction.”® We therefore
incubated AAM-pretreated and untreated HCECs with a series
of HA-DBCO,, solutions at different concentrations. Flow cyto-
metric analysis revealed that the bioorthogonal reaction was
concentration-dependent, significantly enhancing cellular
association even at 0.3 mg mL™", resulting in a 6-fold increase
compared to untreated cells (Fig. 3c and d). Notably, at the
clinically relevant concentration of 1.2 mg mL ™, the bioortho-
gonal reaction mediated by HA-DBCO, achieved a pro-
nounced 12-fold enhancement in HA attachment compared to
the control without Click chemistry (Fig. $9).*' This result
illustrates the significant advantage of our strategy under clini-
cal application conditions. The slight decrease in efficiency
observed at even higher concentrations may be attributed to
DBCO-mediated hydrophobicity and potential intermolecular
side reactions.*>** Beyond its role as a drug carrier, HA is a
native extracellular matrix component that regulates epithelial
cell migration and proliferation. We thus investigated whether
DBCO modification and subsequent cell surface conjugation
alter these biological functions. The cell scratch assays indi-
cated that covalent conjugation of HA to the cell surface sig-
nificantly facilitated HCEC cell migration (Fig. 3e and f). The
live/dead staining confirmed that HA conjugated to the cell
surface did not significantly impair HCEC proliferation
(Fig. 3h), demonstrating the biocompatibility of this system for
in vivo applications. Finally, we visualized the subcellular dis-
tribution of HA after the Click reaction by using confocal
microscopy. CLSM imaging demonstrated that the bioorthogo-
nal reaction facilitated even spreading of HA across the cell
membrane. In contrast, without azide labelling, HA-DBCO,4,
tended to form irregular clusters on the cell surface (Fig. 3g).
Since HA is known to stabilize the tear film and modulate
corneal surface tension in dry eye treatment, the uniform
coating achieved via Click chemistry presents a potential
mechanism for forming a stable, protective HA layer on the
corneal surface.***®

In vivo metabolic glycol labelling formulation screening

To establish a bioorthogonal reaction platform on the cornea,
the metabolic precursor AAM must be efficiently delivered to
corneal epithelial cells. To our knowledge, the ocular AAM
delivery vehicle and the corneal surface glycoengineering
method remain absent. Inspired by the physiological structure
of the corneal mucin and prior work on topical solid lipid
nanoparticles for small molecule delivery, we hypothesized
that cationic liposomes could serve as an efficient vehicle for

This journal is © The Royal Society of Chemistry 2026
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AAM delivery to the corneal surface. To assess this hypothesis,
we formulated AAM using three distinct carrier models: DOPC
liposomes (neutral-charged nanoparticle model), a 10%
DMSO/Tween 80 solution (organic solvent model), and DOTAP
liposomes (cationic liposome model). The DOPC and DOTAP
liposomes were prepared according to the established proto-
col. The drug loading efficiency (DLE) analysis confirmed that
DOPC and DOTAP-AAM liposomes had a DLE of 33.2% and
29.2%, respectively. The cationic DOTAP liposomes demon-
strated excellent stability, with no significant changes in par-
ticle size and -potential over 20 days (Fig. S10a and b). Cryo-
electron microscopy (Cryo-EM) further confirmed that the
DOTAP liposomes had spherical morphology, with an average
diameter of approximately 200 nm (Fig. S10c). Subsequent
analysis of AAM release kinetics revealed that both formu-
lations released the majority of their AAM payload within two
hours (Fig. S10d). To evaluate AAM delivery efficiency in vivo,
each formulation (10 mg mL™", AAM) was topically adminis-
tered to the mouse eyes three times daily for three consecutive
days. Corneal lysates were then analysed by western blot using
a previously reported method.*® The results demonstrated that
the cationic DOTAP liposomes achieved the highest azide lab-
elling intensity, resulting in a 1.8-fold increase over the DMSO
formulation. In contrast, the DOPC liposomes failed to
produce significant labelling, likely due to poor adhesion to
the negatively charged corneal surface (Fig. 4a, d and S11).
Consequently, the DOTAP liposome formulation was selected
for all subsequent studies.

We next optimized the labelling protocol by treating mouse
eyes with AAM-loaded DOTAP liposomes for varying durations.
Mouse eyes were treated with AAM DOTAP liposomes three
times daily for different days, then samples were collected for
western blot analysis. Western blot analysis of corneal lysates
confirmed that azide labelling was detectable after just one
day of treatment and intensified with prolonged adminis-
tration (Fig. 4b, e and S12). Given that chronic use of cationic
carriers can cause ocular toxicity.”” We sought to determine
the in vivo retention profile of the azide label, prompted by our
in vitro findings showing that azide tags persisted on HCECs
for up to 7 days. Mice were treated with the AAM liposome
regimen for two days, and corneal samples were collected at
different time points after treatment. The analysis revealed
that the azide signal persisted for up to 7 days, compared with
blank controls (Fig. 4c, f and S13). This extended retention,
consistent with our in vitro findings, suggests the potential for
multiple drug administrations following a single labelling pro-
cedure. Finally, confocal microscopy was employed to deter-
mine the spatial localization of the azide tags. Imaging of
ocular cryosections revealed that the azide label was predomi-
nantly localized to the corneal epithelium, corroborating our
hypothesis that epithelial cell-surface sialic acids are effectively
tagged via this metabolic pathway (Fig. 4g). Collectively, these
findings establish an efficient and durable method for corneal
surface bioorthogonal functionalization, significantly expand-
ing the clinical potential of Click-chemistry-based ocular drug-
delivery systems.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 In vivo ocular surface azide labelling method and its retention
time analysis. (a) Western blot analysis of mouse eyes treated with
different AAM (10 mg mL™) formulations; (b) western blot analysis of
mouse eyes treated with AAM DOTAP liposome formulation (10 mg
mL™Y) for different days; (c) western blot analysis of azide retention
status for different days after AAM (10 mg mL™) topical administration
for two days; (d) statistical analysis of western blot results of mouse eyes
treated with different AAM formulations (n = 6); (e) statistical analysis of
western blot results of mouse eyes treated with DOTAP formulation for
different days (n = 6); (f) statistical analysis of western blot results of
azide retention time for different days after AAM topical administration
(n = 6); and (g) azide distribution in the ocular structure after DOTAP
AAM liposome (10 mg mL™) labelling for two days, analysed by CLSM.
Scale bar: 50 pm. The statistical analysis was performed with reference
to the blank group unless otherwise stated (*p < 0.05, **p < 0.01, ***p <
0.001, NS, no significant difference, LP, liposome).

In vivo ocular surface Click-enhanced HA retention

Building on our findings that the cell surface Click reaction
enhances HA retention in vitro and AAM-loaded DOTAP lipo-
somes enable efficient corneal azide labelling, we hypoth-
esized that this strategy could also significantly improve
HA-DBCO attachment to the corneal surface in vivo. To test
this, we topically applied HA-DBCO,o, or HA-DBCO,q, to mice
with or without AAM liposome pretreatment (Fig. 5a). After
1 h, the mouse eyeballs were carefully collected for cryosection
and fluorescence staining analysis. The mouse eyeball slides
were analysed using a CLSM. While eyes treated with unmodi-
fied HA showed only weak fluorescence, those in the Click
reaction group (AAM-pretreated + HA-DBCO,q,) exhibited a
strong fluorescent signal, forming a continuous HA layer on
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Fig. 5 In vivo ocular surface bioorthogonal reaction-based HA reten-
tion and its retention time analysis. (a) Scheme of in vivo corneal surface
Click enhanced HA retention analysis; (b) semiquantitative analysis of
Cy5 retained on the cornea in (c) obtained using ImageJ software (n =
6). The statistical analysis was made with reference to the HA-DBCO -
Cy5 + Blank group; (c) CLSM image of HA-DBCOgy-Cy5 and
HA-DBCO,5-Cy5 on the cornea with or without AAM (10 mg mL™) pre-
treatment for two days; (d) scheme of in vivo corneal surface azide func-
tionality retention analysis and (e) CLSM image of HA-DBCO44-Cy5
retained on cornea at different days after treatment with AAM liposome
(10 mg mL™) for two days; (f) corneal surface Click function preser-
vation status statistical analysis (n = 6). The statistical analysis was per-
formed with reference to the Day 0 group; (g) scheme of in vivo corneal
surface Click enhanced HA retention time analysis and (h) CLSM image
of HA-DBCOQO,44-Cy5 retention time on cornea treated with AAM lipo-
some (10 mg mL™?) for two days; and (i) HA preservation status statistical
analysis (n = 6). The statistical analysis was made with reference to the
0 h group. Scale bar: 50 um (***p < 0.001, NS, no significant difference,
h, hours).

the corneal surface (Fig. 5c). Semi-quantitative analysis con-
firmed that the bioorthogonal reaction enhanced HA attach-
ment by approximately 2.5-fold compared to the control
without AAM pretreatment (Fig. 5b). We then optimized the
AAM liposome administration regimen based on Click-
enhanced HA retention efficiency. Histological sections of
mouse corneas and semi-quantitative analysis indicated that
the bioorthogonal Click reaction began to significantly
enhance HA attachment after two days of labelling (Fig. S14).
Consequently, this two-day pretreatment protocol was adopted
for all subsequent in vivo studies. Given our western blot data
indicating azide persistence for at least 7 days, we next evalu-
ated the durability of this enhancement in vivo. We applied
HA-DBCO,y, at various time points after the initial azide label-
ling and assessed HA attachment via CLSM (Fig. 5d). The
results demonstrated that a uniform HA coating could still be
formed on the corneal surface as late as day 3 after labelling
(Fig. 5e). Semi-quantitative analysis revealed that even on day
7, the azide tags retained about 40% of their initial functional-
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ity for enhancing HA attachment (Fig. 5f). This extended func-
tional window significantly reduces the required frequency of
AAM administration, thereby mitigating potential risks associ-
ated with repeated cationic carrier application. With these
results, the corneal surface bioorthogonal reaction system
demonstrated its potential for treating chronic eye disorders.
Finally, we investigated the retention time of a single HA dose
with Click reaction facilitation. After corneal azide labelling, a
single dose of HA-DBCO,, was administered, and eyeballs
were collected at different time points for analysis (Fig. 5g).
CLSM imaging showed that a distinct HA layer was maintained
on the corneal surface for up to 3 hours, with a detectable
signal still present at 6 hours (Fig. 5h and i). Further semi-
quantification indicated that approximately 33% of the initial
HA signal remained at the 3-hour mark. Since our previous
data confirmed that azide tags persist on the cornea for over
24 hours, the observed decline in the HA signal is possibly
attributed to the enzymatic degradation of HA by hyaluroni-
dases present in the tear film, rather than the loss of the azide
anchor.*®*°

In vivo dry eye disease treatment efficacy and biocompatibility
analysis

Based on the promising results demonstrating that the ocular
surface Click reaction significantly enhances HA retention, we
further explored its therapeutic potential in a DED mouse
model. The DED model was established by topical application
of 0.2% benzalkonium chloride (BAC) for four consecutive
days. Mice in the Click-enhanced treatment group were pre-
treated with AAM liposomes (10 mg mL™") for two days, fol-
lowed by topical administration of 0.4% HA-DBCOg, oOr
HA-DBCO,q, according to the schedule outlined in Fig. 6a. To
assess corneal recovery, fluorescein sodium staining was per-
formed and evaluated using a slit lamp. Given that the disease
state may alter corneal metabolism, we first confirmed that
azide labelling remained efficient in the DED model. Western
blot analysis of DED corneal lysates after AAM liposome treat-
ment confirmed successful azide incorporation (Fig. S15 and
S16). With this validation, we proceeded to evaluate the thera-
peutic efficacy. Corneal epithelial defects were quantified
using fluorescein staining scores. The results demonstrated
that the Click-enhanced group (AAM + HA-DBCO,,) demon-
strated advantages in corneal recovery compared to all other
controls (Fig. 6b and c). Specifically, the Click-enhanced group
exhibited a smoother corneal surface by day four, whereas the
fluorescein signal remained visible in the other groups on day
six (Fig. 6b). Furthermore, we challenged the system with a
reduced dosing frequency. Remarkably, with corneal surface
Click chemistry facilitation, administering HA-DBCO,o, once
daily resulted in similar therapeutic outcomes to a twice-daily
regimen (Fig. 6b and d). This indicates that the covalent
anchoring strategy not only enhances treatment efficacy but
also allows for a substantial reduction in dosing frequency.
Subsequent immunofluorescence staining illustrated that the
corneal surface Click reaction-enhanced treatment signifi-
cantly reduced the levels of pro-inflammatory mediators (TNF-
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Fig. 6 Dry eye disease treatment efficacy analysis. (a) Schematic repre-
sentation of the in vivo dry eye disease treatment regimen; (b) represen-
tative fluorescein sodium staining images (green color when photo-
graphed with a cobalt blue filter); the corresponding staining scores for
the fluorescein sodium staining of (c) ocular surface Click reaction
enhanced HA retention for dry eye disease treatment (n = 5). The stat-
istical analysis was made with reference to the PBS group; and (d) treat-
ment efficacy of different HA-DBCO,5 administration frequencies (n =
5), the statistical analysis was performed with reference to the twice
daily group (**p < 0.01, ***p < 0.001, NS, no significant difference, BAC,
benzalkonium chloride).

a, IL-1p) and the matrix-degrading enzyme MMP-9. In contrast,
the treatments without the Click reaction enhancement (i.e.,
HA-DBCO,q, and HA-DBCOy,) significantly diminished thera-
peutic effects (Fig. S17). This dataset illustrates that enhancing
HA retention on the ocular surface can effectively reduce exces-
sive reactive oxygen species (ROS), thereby relieving sub-
sequent cellular damage and localized inflammation, which is
crucial for effective DED therapy.’”®" Consistent with this
mechanism, the experimental group with only AAM-liposome
treatment exhibited no therapeutic enhancement in the DED
model (Fig. S18), illustrating the necessity of the HA-based
retention strategy. Systemic biocompatibility assessments con-
firmed that the treatment did not adversely affect primary
organ histology or body weight throughout the study
(Fig. S19). Collectively, these findings substantiate the poten-
tial of the corneal surface Click chemistry platform as an
effective and efficient strategy for treating dry eye disease.

This study demonstrates that covalent conjugation of HA to
the corneal surface via a bioorthogonal Click reaction success-
fully resolves the challenges of rapid tear clearance and electro-
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static repulsion in ocular drug delivery. Through metabolic gly-
coengineering, the negatively charged sialic acids are deco-
rated with azide functional groups, enabling rapid and site-
specific HA conjugation. This strategy facilitates the formation
of a long-lasting HA coating that acts as a sustained-release
reservoir, in contrast to the conventional eye drops with much
shorter retention time. Despite these promising results,
further investigation into several key aspects is necessary
before clinical translation. First, the long-term biological
effects of corneal azide modification and covalent HA conju-
gation on corneal epithelial cells still need further evaluation.
Second, the potential immunogenicity associated with long-
term polymer attachment to the corneal surface must be sys-
tematically analysed. Additionally, a more efficient and patient
compliant method for introducing azide groups needs to be
developed to facilitate clinical application. Addressing these
inquiries will be essential for processing this ocular delivery
technology toward clinical application.

Conclusion

In this study, we developed a novel metabolic glycoengineering
strategy that repurposes the mucin sialic acid of the cornea. By
employing metabolic glycoengineering, we introduced azide
groups as chemical handles onto the corneal surface. This
modification enabled the subsequent covalent conjugation of
HA-DBCO via a bioorthogonal reaction. This approach resulted
in the formation of a uniform HA layer on the cornea, which
enhanced HA retention by 2.5-fold compared to conventional
methods. Further evaluation in a DED model demonstrated
that the Click-enhanced system resulted in a better corneal
recovery status compared with the non-Click control.
Interestingly, this strategy reduced HA dosing frequency
without affecting final treatment performance. This in situ-
formed HA matrix serves as a sustained-release depot for
therapeutic agents. Furthermore, the uniform HA layer pro-
vides continuous physical protection and lubrication of the
ocular surface. In summary, this study introduces an effective
strategy for ocular drug delivery by utilizing the intrinsic phys-
iological structure of the cornea for exogenous functionali-
zation. This strategy illustrated potential for improving the
efficacy and safety of topical treatments for a range of chronic
ocular disorders.

Experimental
Materials and devices

Hyaluronic acid (HA, MW = 3 kDa) was purchased from
OriLeaf Co., Ltd (Shanghai, China). Tetraacetyl-N-azidoacetyl-
mannosamine (AAM) was purchased from Aladdin Co., Ltd
(Shanghai, China). Dibenzocyclooctyne-amine (DBCO-NH,)
and 1-(2-carboxyethyl)-1,2,3,3-tetramethylindotricarbocyanine
(Cy5-NH,) were purchased from Jiangsu Aikang
Biopharmaceutical Co., Ltd (Nanjing, China). 1,2-Dioleoyl-sn-
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glycero-3-phosphocholine  (DOPC),  (2,3-dioleyl-propyl)-tri-
methylamine (DOTAP), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-polyethylene glycol (DSPE-PEG2000) were
purchased from AVT Pharmaceutical Tech Co., Ltd (Shanghai,
China). All mentioned biological assay kits were obtained from
Beyotime Biotechnology Co., Ltd (Shanghai, China). Hoechst
33342, DAPI, and CellMask Orange were obtained from
Thermo Fisher Scientific Co., Ltd (USA). DBCO-Cy5,
DBCO-Biotin, and Streptavidin-Horseradish Peroxidase (HRP)
were obtained from Sigma-Aldrich Co., Ltd (USA). All other
chemical reagents were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). All antibodies were
obtained from Abcam Co., Ltd (Shanghai, China). All reagents
were used as received without further purification or
treatment.

Nuclear magnetic resonance (NMR) spectra were acquired
on a Bruker Avance III 600 spectrometer using deuterated sol-
vents. Zeta potential and particle size were assessed using a
wide-angle dynamic light scattering/zeta potential analyzer
(Brookhaven, USA). Ocular histology slides were prepared
using a Cryostat CM1950 (Leica, Germany). Cellular toxicities
were assessed using a Spectramax Max i5 microplate reader.
Cellular fluorescence was analysed using a CytoFLEX (Becton
Dickinson Caliper) and a confocal laser scanning microscope
(CLSM, Carl Zeiss 980). Protein bands were visualized using a
Bio-Rad ChemiDoc MP imaging system (Hercules, USA). HPLC
analysis was performed by using an LC/MSD system (Agilent,
1260 Infinity II).

Preparation of HA-DBCO and characterization

HA (50 mg, 1 equiv., MW = 3 kDa) was dissolved in water at a
concentration of 50 mg mL™" and stirred overnight until fully
dissolved. To functionalize HA with DBCO, EDC-HCI
(142.5 mg, 0.746 mmol, 6 equiv.) and NHS (88.6 mg,
0.77 mmol, 6.2 equiv.) were dissolved in DMSO and added to
the reaction solution sequentially. Then, various doses of
DBCO-NH, (0.006 mmol, 0.024 mmol, 0.062 mmol) were dis-
solved in DMSO, added to the reaction, and the pH was
adjusted with triethylamine (17.2 pL, 0.12 mmol). For Cy5-
labelled HA-DBCO, Cy5-NH, (0.48 mg, 0.0006 mmol) was
added to the reaction after pH adjustment. The reaction
mixture was stirred at room temperature for 24 h. Afterwards,
the product was dialyzed against DMF (6 x 0.5 L) for 2 days,
followed by dialysis in water (6 x 2 L) for another 2 days, and
then lyophilized. The final product was characterized by 'H
NMR.

Cell culture

Human corneal epithelial cells (HCECs) were obtained from
Procell (Wuhan, China) and incubated in a standard cell
culture medium consisting of DMEM supplemented with 10%
heat-inactivated FBS (fetal bovine serum), penicillin (100 units
per mL), streptomycin (100 pg mL™), and human epidermal
growth factor (10 ng mL™"). The cells were cultured in an incu-
bator under a 5% CO, atmosphere at 37 °C. All cell culture
consumables were obtained from Wisent Inc., Ltd (Canada).
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AAM, HA, and HA-DBCO cytotoxicity analysis

For AAM cytotoxicity, cells were seeded at 5000 cells per well
into 96-well plates and cultured overnight to allow attachment.
The culture media were then removed and replaced with fresh
media containing AAM at various concentrations (200, 100, 50,
25, 12.5, 6.25, 3.12, and 1.56 pM). After 24 hours of incubation,
the cells were washed three times with PBS. Cell viability was
assessed using the methyl thiazolyl tetrazolium (MTT) assay
kit, according to the manufacturer’s instructions.

For HA and HA-DBCO cytotoxicity analysis, cells were pre-
treated with or without AAM, then seeded at 5000 cells per well
into 96-well plates and cultured overnight to allow attachment.
The culture media were then removed and replaced with fresh
media containing various concentrations of HA or HA-DBCO
(10, 5, 2.5, 1.2, 0.6, and 0.3 mg mL™"). After 1 hour of incu-
bation, the cells were washed three times with PBS and further
cultured overnight in standard culture media. Cell viability
was analysed using the MTT assay according to the kit
instructions.

In vitro metabolic glycoengineering and characterization

For concentration-dependent kinetics analysis of azide label-
ling, cells were seeded at 1 x 10° cells per well into 12-well
plates and cultured overnight in standard cell culture medium.
The cells were then washed with PBS, and the culture media
were exchanged for media supplemented with AAM at various
concentrations (100, 50, 25, 12.5, 6.25, and 3.12 pM), followed
by incubation for 1 day. Afterward, the cells were washed three
times with PBS and incubated with a DBCO-Cy5 (50 pM) solu-
tion for 1 h at 37 °C. Fluorescence signals from the cells were
detected by flow cytometry.

For kinetic azide labelling western blot analysis, cells were
seeded at 1 x 10° cells per well into 12-well plates and cultured
overnight in standard cell culture medium. The cells were then
washed with PBS, and the culture media were exchanged for
media supplemented with AAM (50 pM), and the cells were
incubated for different durations. Azide-labelled cells were
analysed by western blot following a previously reported pro-
cedure.*® Briefly, azido-modified biomacromolecules in cell
lysates were biotinylated by incubation with DBCO-biotin.
Streptavidin-HRP and an enhanced chemiluminescence (ECL)
kit were then used to detect the HRP signal on the membrane
with a ChemiDoc Imaging System. For flow cytometry analysis,
cells were washed three times with PBS and incubated with a
DBCO-Cy5 (50 pM) solution for 1 h at 37 °C. Fluorescence
signals from the cells were detected by flow cytometry.

For azide cell retention analysis, cells were pretreated with
AAM (50 pM) for 2 days, then seeded at 3 x 10" cells per well
into 12-well plates and cultured overnight in standard cell
culture medium. The cells were then further cultured in stan-
dard cell culture medium for different durations. Finally, the
cells were washed three times with PBS and incubated with a
DBCO-Cy5 solution (50 pM) for 1 h at 37 °C. Fluorescence
signals from the cells were detected by flow cytometry.
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In vitro HA-DBCO and DBCO-Cy5 cell surface Click reaction
analysis

To investigate the cell-surface Click reaction kinetics, HCECs
pretreated with or without AAM were seeded at 1 x 10> cells
per well in 12-well plates and cultured overnight. The cells
were then washed three times with PBS and incubated with
HA-DBCO-Cy5 or HA-Cy5 solutions at different concentrations
(5, 2.5, 1.2, 0.6, and 0.3 mg mL™") for 30 min. Finally, the cells
were washed three times with PBS, collected, and analysed by
flow cytometry.

To investigate the Click reaction kinetics, a procedure similar
to the concentration-dependent study was followed. Cells were
incubated with HA-DBCO-Cy5 or HA-Cy5 (1 mg mL™") at 37 °C
for different durations (1, 5, 15, 30, and 60 min). After incu-
bation, the cells were collected and analysed by flow cytometry.

For DBCO-Cy5 cell-surface Click reaction kinetics, HCECs
pretreated with or without AAM were seeded at 1 x 10> cells
per well in 12-well plates and cultured overnight. The cells
were then incubated with DBCO-Cy5 (10 pM) at 37 °C for
different durations (1, 5, 15, 30, and 60 min). After incubation,
the cells were collected and analysed by flow cytometry.

Cell scratch and live & dead staining analysis

For the cell scratch assay, HCECs were seeded at 3 x 10° cells
per well in 12-well plates and cultured overnight with or
without AAM pretreatment. The medium of the monolayer was
then replaced with medium containing 1% FBS and incubated
for 4 h. Subsequently, wounds of approximately 500 pm in size
were created by mechanically scratching the monolayer with a
sterile 100 pL pipette tip. Detached cells and debris were
removed by washing with PBS. The scratched monolayer was
then incubated with 0.1% HA or HA-DBCO,., for 1 h under
standard cell culture conditions. Afterward, cells were washed
with PBS and incubated with serum-free cell culture medium
for different time intervals (0, 12, 24, and 48 h). Wound
closure was monitored using an inverted phase contrast micro-
scope (Zeiss, Germany).

For the cell proliferation assay, HCECs were seeded at 3 x
10* cells per well in 12-well plates and cultured overnight with
or without AAM pretreatment. The cells were then incubated
with HA or HA-DBCO,, for 1 h under standard cell culture
conditions; this treatment was repeated every 24 hours. After
each PBS wash, the cells were cultured in standard cell culture
medium for different time intervals (0, 24, 48, and 72 h). Cell
proliferation status was analysed using live/dead staining and
imaged with a fluorescence microscope.

HA-DBCO and cell membrane targeting and azide subcellular
distribution analysis

For HA-DBCO cell membrane targeting analysis, HCECs with
or without AAM pre-treatment were seeded at 5 x 10* cells per
dish in confocal dishes. After overnight incubation, the cells
were washed three times with PBS and subsequently treated
with HA-DBCO-Cy5 (1 mg mL™") for 1 h at 37 °C. The cells
were then stained with CellMask Orange (1 pg mL™") for
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15 min at room temperature to label the cell membrane and
with Hoechst (2 pg mL™") for 10 min at 37 °C to label nuclei.
All images were acquired using a confocal laser scanning
microscope (CLSM).

For azide subcellular distribution analysis, HCECs with or
without AAM pre-treatment were seeded at 5 x 10" cells per
dish in confocal dishes. After overnight incubation, the cells
were washed three times with PBS and subsequently treated
with DBCO-Cy5 (50 pM) for 1 h at 37 °C. The cells were then
stained with CellMask Orange (1 pg mL™") for 15 min at room
temperature to label the cell membrane and with Hoechst
(2 pg mL ™) for 10 min at 37 °C to label nuclei. All images were
acquired using a CLSM.

AAM liposome and DMSO formulation preparation

The DOPC anionic AAM liposome was prepared following a
previously described protocol.>* The DOTAP cationic AAM lipo-
some was prepared based on the DOPC formulation, using a
lipid composition of DOPC/DOTAP/Cholesterol/DSPE-PEG2000
at a molar ratio of 10/40/50/2. The lipid components were dis-
solved in dichloromethane (DCM), and AAM was dissolved in
DCM and mixed with the lipid solution. The mixture was then
rotary evaporated to remove DCM. Subsequently, PBS was
added to the flask to achieve an AAM concentration of 10 mg
mL™", and the mixture was ultrasonicated for 1.5 h on ice. The
final product was filtered through a 0.22 pm filter to generate
uniform AAM liposomes. The DMSO formulation was prepared
by dissolving AAM (25 mg) in a DMSO/Tween 80/PBS (10/15/
75, v/v/v) solution. Specifically, AAM was first dissolved in
DMSO (250 pL), then mixed with Tween 80 (375 pL), and
finally diluted with PBS (1875 pL) to obtain a transparent AAM
solution for topical administration.

The encapsulation efficiency and release behaviour were
analysed following previous research.>® Briefly, following
preparation, the liposomes were purified via size-exclusion
chromatography using a Sephadex G-25 column with PBS as
the eluent to remove unencapsulated small molecules. To
determine the DLE, the liposome solution (5.0 mg mL™") was
diluted 10-fold with an acetonitrile (ACN)-water solution (1:1,
v/v) to disrupt the vesicles. The amount of encapsulated AAM
was then quantified by HPLC against an AAM standard curve.
The release profile was assessed by dispersing the AAM-loaded
liposomes in PBS to a final concentration of 50 pM.
Subsequently, 800 pL of this dispersion was loaded into a
dialysis bag (MWCO: 3.5 kDa), which was immersed in
19.2 mL of PBS as the release medium and incubated at 37 °C
with gentle shaking (50 rpm). At predetermined time intervals
(0,0.1, 0.2, 0.4, 0.6, 1, 2, 4, 8, and 12 h), 0.4 mL of the external
medium was collected. Each sample was reacted with 2 pM
DBCO-Cy5 in ACN for 24 h at 37 °C. The remaining DBCO-Cy5
was quantified by HPLC, and the concentration of released
AAM was calculated using a reverse-titration method.

Mouse maintenance

Mouse experiments were conducted with the approval of the
Animal Care and Use Committee of Westlake University. The
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mice were sourced from GemPharmatech Co., Ltd (Jiangsu,
China) and raised under standard conditions. All animal
experiments were conducted following the guidelines for the
care and use of laboratory animals. The experimental protocols
were reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) at the School of Engineering,
Westlake University (AP#21-051). Female C57/B6 mice
(17-22 g) were used for in vivo metabolic glycoengineering, HA
retention, and dry eye disease treatment research.

In vivo ocular metabolic glycoengineering and characterization

For analysis of AAM delivery formulation screening, AAM
DOPC liposomes, DOTAP liposomes, and the DMSO formu-
lation solution (10 mg mL™") were topically administered to
the right eyes of mice (n = 6, 5 pL per administration) thrice
daily for three consecutive days. Afterwards, the mouse eye-
balls were collected and processed for western blot analysis fol-
lowing the previously described protocol.

For analysis of cationic AAM liposome labelling time
screening, the AAM DOTAP cationic liposome (10 mg mL ™)
was topically administered to the right eyes of mice (n =6, 5 uL
per administration) for different days. Afterwards, the mouse
eyeballs were collected and processed for western blot analysis
following the previously described protocol. For cryosection
analysis, the DOTAP cationic liposome (10 mg mL™') was
topically administered to the right eyes of mice (n = 3, 5 uL per
administration) for three consecutive days. Subsequently, the
mouse eyeballs were collected, embedded in the OCT com-
pound, and sectioned into 10 pm-thick cryosections for fluo-
rescence staining analysis.

For ocular azide labelling retention analysis, the DOTAP cat-
ionic liposome (10 mg mL ") was topically administered to the
right eyes of mice (n = 6, 5 pL per administration) for two con-
secutive days. The mouse eyeballs were then collected at
different time points (0, 1, 2, 7, and 14 days) after the final
AAM liposome administration. The collected eyeballs were pro-
cessed for western blot analysis following the previously
described protocol.

In vivo HA corneal surface Click reaction enhanced
attachment and retention analysis

For analysis of Click reaction-enhanced HA attachment, a
DOTAP cationic liposome (10 mg mL ") was topically adminis-
tered to the right eyes of mice (n = 6, 5 pL per administration)
for 2 days. The left eyes served as the blank control without
AAM treatment. HA-Cy5 and HA-DBCO,q,-Cy5 were dissolved
in PBS at 0.4%. HA-Cy5 or HA-DBCO,.,-Cy5 was then topically
administered to the mouse eyes (5 pL per eye). The mouse eye-
balls were collected 1 hour post-administration, embedded in
OCT medium, and processed for cryosectioning and sub-
sequent fluorescence staining.

For the analysis of HA corneal retention time, a DOTAP cat-
ionic liposome (10 mg mL ") was topically administered to the
right eyes of mice (n = 6 and 5 pL per administration) for 2
days. The left eye served as the blank control without AAM
treatment. HA-DBCO,4,-Cy5 was dissolved in PBS to 0.4% and
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administered topically at 5 pL per eye. One hour after adminis-
tration, the eyes were rinsed with PBS. The mouse eyeballs
were collected at different time points (0, 3, 6, 12, and 24 h)
after HA-DBCO,q, treatment, embedded in OCT medium, and
processed for cryosectioning.

For fluorescence staining, the eyeball sections were equili-
brated to room temperature for 15 min and then rehydrated in
PBS for 15 min. The slides were blocked with 5% BSA in PBS
for 1 h at room temperature. For immunofluorescence stain-
ing, the IL-1p, TNF-a, and MMP-9 antibodies were diluted in a
1:300 (v/v) ratio and incubated with slides at 4 °C overnight.
Then, Alexa 647 secondary antibody (1 : 500, v/v) was incubated
with slides for 1 h at room temperature. Subsequently, the
slides were stained with CellMask Orange (1 pg mL™") for
15 min at room temperature to label cell membranes and with
DAPI (2 pg mL™") for 10 min at room temperature to label
nuclei. Finally, the slides were mounted with an anti-fade
mounting medium and stored at 4 °C before imaging. All
images were acquired using a CLSM system.

In vivo corneal surface azide function retention time analysis

DOTAP cationic liposome (10 mg mL™") was topically adminis-
tered to the right eyes of mice (n = 6), 5 uL per administration,
for 2 days. HA-DBCO,,-Cy5 was dissolved in PBS at 0.4%.
HA-DBCO,.,-Cy5 was then topically administered to the mouse
eyes at different time intervals (0, 1, 2, 7, and 14 days) after
AAM labelling, with 5 pL administered to each eye. The mouse
eyeballs were collected, embedded in OCT medium, and cryo-
sectioned to generate slides for fluorescence staining analysis.
Fluorescence staining was performed according to the pre-
viously described protocol.

In vivo dry eye disease treatment analysis

The DED mouse model was established by topical adminis-
tration of 0.2% benzalkonium chloride (BAC). A volume of 5 pL
was applied to the right eye of each mouse (n = 5 per group)
for four consecutive days. Subsequently, regarding the mice in
the azide-labelled groups, 5 pL of DOTAP AAM liposome was
topically administered to the right eye for two consecutive
days. The remaining control groups received an equivalent
volume of PBS instead. Following this pretreatment, the thera-
peutic agents—PBS (vehicle control), 0.4% HA-DBCOq,, Or
HA-DBCO,,—were applied to the right eye of the mice. Each
agent was administered at a volume of 5 pL per dose, with a
frequency of twice daily or once daily, as specified in the
experimental design. Throughout the entire treatment period,
a 0.2% BAC solution was applied once daily to all mice to
sustain the DED state. To evaluate corneal epithelial recovery,
fluorescein sodium staining was performed. Briefly, a 0.5% flu-
orescein sodium solution was applied, and the resulting fluo-
rescence signal was observed and documented using a slit
lamp equipped with a cobalt blue filter.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
version 10.3.0. To compare the two groups, we utilized the

This journal is © The Royal Society of Chemistry 2026
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unpaired, two-tailed Student’s ¢-test with a 95% confidence
interval. *p < 0.05, **p < 0.01 and ***p < 0.001 were considered
statistically significant.
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