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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Long-lasting comfort ocular surface drug delivery by  
in situ formation of an adhesive lubricative 
Janus nanocoating
Chuhan Wang1,2†, Xiaobing Liu3,4†, Wenyan Lv3,4, Xiao Kuang4, Feng Wu4*,  
Xianqun Fan1,2*, Yan Pang1,2,5*

Topical drug delivery on ocular surface always suffers from frequent administration and low bioavailability due 
to short drug residence. Despite advances of different adhesive ophthalmic drugs in extending release, cornea 
and eyelid nonselective adhesion inevitably causes ocular discomfort and even damage. Here, we describe in situ 
formation of an adhesive lubricative Janus nanocoating (ALJN) to enable long-lasting comfort drug delivery. By 
iron complexation, an asymmetric ALJN is formed on ocular surface via facile sequential instillation. The adhesive 
polyphenol inner layer binding with ocular surface enables drug loading and sustained release, while the lubrica-
tive zwitterionic polymer outer layer prevents eyelid adhesion to ensure comfort. Following instillation, ALJN 
retains on ocular surface over 24 hours and reduces blinking frequency to normal level. Moreover, ALJN demon-
strates remarkable therapeutic potential in mouse and rabbit models of corneal contusion and alkali burn. This 
work proposes a comfortable long-lasting topical delivery platform for treating various ocular diseases.

INTRODUCTION
Ocular surface drug delivery is the most common approach to treat 
eye diseases (1). As a noninvasive and easy-to-use treatment, eye 
drops and eye ointment are the main modes of ocular surface topical 
administration (2). However, the presence of innate protective mech-
anisms in the eye—such as the corneal barrier (3), blinking activity, 
and the circulation of tears—severely hinders the permeation of 
dosed drugs (4). These factors inevitably result in short drug resi-
dence duration and the followed increasing dosage frequency. For 
example, more than six times per day of corticosteroids are required 
in the treatment of keratitis (5). Unfortunately, frequent administra-
tion may cause ocular surface toxicity and reduced patient compli-
ance (6–8). To address this challenge, various drug delivery systems 
have been prepared for sustained drug release on ocular surface (9–
12). For instance, a surface roughness–controlled cerium dioxide 
nanocage and a poly-L-histidine surface coating have been fabricated 
to prolong drug release on ocular surface (13). To further extend the 
duration of drug residence on ocular surface, a coating basing on o-
nitrobenzaldehyde group–modified gelatin has been reported by co-
valently binding to corneal surface (14). Despite the adhesive forms 
of ophthalmic drugs hold promise in extending release (15, 16), non-
selective adhesion to both the cornea and the eyelid often obstacles 
eyelid movement and the deposition, splashing, and crusting around 
the eyelids always lead to discomfort and blurred vision (7). In severe 

cases, these issues can induce the occurrence of corneal superficial 
opacification (7). Therefore, there is an imperative need to develop 
noninvasive ocular drug delivery systems having prolonged ocular 
surface residence duration and high comfort for treating eye diseases.

In this study, we report in situ formation of an asymmetric Janus 
nanocoating consisting of an adhesive inner layer and a lubricative 
outer layer on ocular surface by facile sequential instillation (Fig. 1A). 
The inner layer is generated by coordinative complexation between 
tannic acid (TA) and the metal ions of Fe3+, while the outer layer is 
formed via coordinative complexation between the phosphate groups 
of poly(2-methylpropylene glycol phosphate choline) (PMPC) and 
Fe3+ ions. Ascribed to its adhesive nature, the polyphenol inner layer 
is able to bind with ocular surface and provide a reservoir for drug 
loading and extended release. Meanwhile, the zwitterionic outer layer 
can avoid undesirable eyelid adhesion to acquire favorable comfort 
given the antifouling property of the polymer. During in vivo studies, 
we find that the resulting adhesive lubricative Janus nanocoating 
(ALJN) shows largely improved retention on ocular surface following 
sequential instillation, which can be prolonged up to 24 hours. ALJN 
is capable to reduce eye blinking frequency from 12 to 3 times/min, 
verifying its high comfort.

Corneal injury is one of the leading blindness causes, with ap-
proximately 6.17 million cases of visual impairment or blindness 
worldwide (17, 18). Corneal injury is usually accompanied by struc-
tural damage, which triggers a series of events related to wound 
healing (19). Particularly, the induction of corneal inflammatory 
responses can cause notable reductions in corneal transparency and 
neovascularization as well as a variety of complications, which se-
verely affect corneal healing and even lead to blindness (20). Now, 
clinical treatments of corneal injury mainly rely on topical ocular 
administration. As proof of concept, dexamethasone (DEX), an 
anti-inflammatory ophthalmic drug, is selected as a model drug and 
loaded into the inner layer of ALJN for corneal injury treatment. By 
virtue of the natural anti-inflammatory effect of TA and the sus-
tained DEX release during the period of ocular surface retention, 
ALJN demonstrates its appealing therapeutic value toward corneal 
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injury in two models of corneal contusion and corneal alkali burn 
injury. Under a single-dose per day setting, ALJN exhibits superior 
anti-inflammatory treatment efficacies, as reflected by marked 
decrements in corneal haze, injury area, and neovascularization 
area. We anticipate that in situ formation of a Janus nanocoating can 
provide a versatile platform to develop topical drug delivery systems 
for eye disease treatment.

RESULTS
Design of ALJN
Janus structures have gained notable attention in recent years due to 
their ability to exhibit opposite properties on their two sides (21). 
Specifically, one side can firmly adhere to damaged tissue surfaces, 
while the other side that is lubricative and effectively prevents inter-
tissue adhesion has gained widespread attention in recent years for 
tissue repair (22–25). Therefore, constructing an ocular surface 
coating with a Janus structure is expected to achieve long-lasting 

adhesion to ocular surface yet appealing lubricity to exclude eyelid 
adhesion after topical administration, thereby simultaneously pro-
longing drug residence duration and improving patient comfort. 
However, to the best of our knowledge, the use of Janus structures 
for ocular surface drug delivery has not been reported yet. This 
might be ascribed to that the eye is susceptible to external environ-
ments and the implementation of a Janus structure needs to be easy-
to-use and highly compatible.

Polyphenols are a class of compounds with multiple tissue sur-
face adhesion properties due to their surface-rich catechol or pyro-
gallol structures (26,  27). TA, a commonly used polyphenol, can 
facilely form biocompatible TA-Fe3+ coatings by the multiple coor-
dination complexations between the pyrogallol groups of TA and 
Fe3+ ions, as well as the amino and thiol groups on different tissue 
surfaces (28, 29). Zwitterionic polymers have been widely applied in 
drug carriers and implant materials by virtue of their biocompatibil-
ity and antifouling feature (30). As a typical zwitterionic polymer, 
PMPC containing multiple phosphorylcholine pendent groups has 

Fig. 1. Schematic illustration of the design and preparation of ALJN for long-lasting comfort ocular surface drug delivery. (A) Design and preparation route of 
ALJN. (B) ALJN eye drop–enabled prolonged precorneal retention, sustained drug release, and improved ocular comfort after ocular administration. (C) TA-/DEX-mediated 
dual anti-inflammatory effects of ALJN eye drops for enhanced healing of corneal injury.
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prominent interfacial lubricating effects because its hydrophilic qua-
ternary ammonium head of phosphorylcholine can combine with 
surrounding water molecules to form a stable hydration layer (31). 
Note that phosphorylcholine groups are able to complex with Fe3+ 
ions (32), enabling on-demand formation of a PMPC-based lubri-
cating layer on the exterior of TA-Fe3+ adhesive coating. Given these 
facts, we designed an eye drop composition that can form an asym-
metric Janus nanocoating consisting of a TA-Fe3+ inner layer and a 
PMPC outer layer in situ on ocular surface via sequential instillation 
(Fig. 1, A to C). It is noteworthy that this nanocoating has a simple 
preparative procedure, and the resulting TA-Fe3+ inner layer not 
only generates a reservoir for drug encapsulation and release but 
also carries a natural polyphenol-based anti-inflammatory function.

Preparation and characterization of ALJN
PMPC was synthesized using a free radical polymerization, and the 
successful synthesis of PMPC was confirmed using proton nuclear 
magnetic resonance (1H NMR) spectroscopy (fig. S1) and Fourier 
transform infrared (FTIR) spectroscopy (fig. S2). Gel permeation 
chromatography (GPC) measurement showed that the weight average 
molecular weight was 12 kDa, and the polydispersity index (PDI) 
was 1.43 (fig. S3). The fabrication of ALJN was accomplished using 
a two-step codeposition method. A transparent TA solution was 
mixed with a light yellow colored Fe3+ solution in a proportional 
ratio. Because of the ligand complexation between the pyrogallol 
groups of TA and Fe3+ ions, a blue-violet liquid was obtained. Fol-
lowing the first-step instillation, an adhesive inner single layer (SL) 
was formed. Owing to the rich phosphorylcholine groups, PMPC 
could engage in the complexation interaction with the Fe3+ ions in SL, 
resulting in a double layer (DL) structure after the second instillation. 
The surface morphologies of SL and DL were observed by transmis-
sion electron microscopy (TEM) (Fig. 2A) and scanning electron mi-
croscopy (SEM) (Fig. 2B), respectively. It was found that the SL surface 
exhibited larger and deeper pores, while the DL surface had relatively 
smaller and shallower pores, leading to a rougher surface of SL and a 
smoother surface of DL. Atomic force microscope (AFM) imaging of 
the corneal surface and the corneal surface after coating revealed that 
the average roughness of the DL surface was similar to that of the bare 
corneal surface but was significantly lower than that of the SL surface 
(Fig. 2, C and D). To measure the thickness of the layers, SL and DL 
were first deposited on silicon wafer surfaces and analyzed by a step 
profiler (fig. S4). The average thicknesses of SL and DL were observed 
to be 90.90 ± 36.28 nm and 151.56 ± 57.54 nm, respectively. To fur-
ther measure the thickness on a more hydrophilic surface, SL and DL 
were formed on the surface of cornea-mimicking agar slices by drop 
casting (Fig. 2E), and the cross sections of the nanocoatings following 
freeze-drying were observed by SEM. It was found that the thickness-
es of SL and DL were 201.95 ± 26.71 nm and 310.50 ± 30.04 nm, 
respectively (Fig. 2F). Similar to the cornea-mimicking agar surface, a 
comparable result was found by using mouse corneal samples (Fig. 2, 
G and H). It is desirable for ophthalmic formulations to maintain a 
thickness less than 1000 nm (33). Therefore, the thickness of this 
nanocoating could be considered moderate and would not cause extra 
issues by excessive thickness. In addition, compared to the ultraviolet 
spectrum of the Fe3+ ion solution, the mixture of Fe3+ ions and PMPC 
exhibited a blue shift of the absorption peak (Fig. 2I), which was 
attributed to the charge transfer after complexation. This result indi-
cated that an interaction between the two components occurred, 
thereby forming a stable double-layered structure.

Next, we examined the drug loading of the nanocoating. DEX, a 
classical corticosteroid drug, was loaded by adding the DEX solution 
during the complexation that formed SL. Mass spectrometry con-
firmed the successful loading of the drug into the nanocoating, as 
reflected by the presence of a molecular peak [M + H]+ at the mass/
charge ratio (m/z) of 393.24 (Fig. 2J). Evidence for the encapsulation 
of DEX in the nanocoating was also verified by the FTIR spectra of 
SL, DEX, and SL + DEX (fig. S5). In the spectrum of drug-loaded 
nanocoating, stretching vibrations assigned to the carbonyl bond 
(−C═O) in DEX were observed at 1665 and 1604 cm−1. Under differ-
ent concentrations and feed ratios of Fe3+ ions and TA, the loading 
efficiency of DEX calculated by high-performance liquid chroma-
tography (HPLC) remained constantly around 50% (Fig. 2, K and L). 
Therefore, we selected Fe3+ ions (0.8 mg/ml) and TA (5 mg/ml) with 
a TA-to-Fe3+ molar ratio of 1:1 as the preparative condition of SL 
layer for subsequent experiments. We then investigated the effect of 
varying the interval between the formation of SL and the addition of 
PMPC solution on the loading efficiency of DEX. As shown in fig. 
S6A, there was a decreasing trend as the interval time increasing 
from 30 to 120 s. Specifically, the loading efficiencies were calculated 
to be 53.58 ± 0.59%, 45.42 ± 2.12%, and 41.40 ± 60.63% for 30, 60, 
and 120 s, respectively. We hence chose the shortest interval time of 
30 s for the addition of PMPC solution for the continuous fabrica-
tion of the nanocoating with the optimal drug-loading efficiency. In 
addition, the effect of varying the amount of DEX added on the 
loading content was studied (Fig. 2M). As expected, the quantity of 
loaded drug significantly increased with the feed amount of DEX 
increasing from 10 to 90 μg (fig. S6B). Note that in this feed range, 
the loading efficiency of DEX could be remained higher than 45%. 
Considering that the drug concentration of commercially available 
DEX eye drops, and the commonly dose used in ocular in vivo stud-
ies is 1 mg/ml (34), we used this as a reference to determine the final 
amount of DEX added into the nanocoating, which was 20 μg of 
DEX in a 20 μl of ALJN for each administration.

Lubrication, retention, and anti-inflammatory properties of 
ALJN in vitro
We conducted the functional validation of ALJN in vitro. First, the 
adhesion function of the inner layer of the nanocoating was investi-
gated. After immersing cornea-mimicking agar slices in the SL solu-
tion, we observed that the agar slice could not slip, indicating the 
surface adhesion capability of the TA-Fe3+ inner layer (movie S1). 
To observe the retention performance, we piggybacked sodium 
fluorescein, a fluorescent indicator commonly used in ophthalmic 
examinations with a molecular weight close to DEX, into the nano-
coating. The retention of the nanocoating was represented by the 
ratio of mean fluorescence intensity (MFI) after incubation in a 
physiological environment of phosphate-buffered saline (PBS) with 
gentle oscillation for different durations, with a control group using 
a solution of the same concentration of sodium fluorescein (Fig. 3, 
A and B). It was noted that due to the free form, the fluorescence 
intensity of the control group was higher than that of the nanocoat-
ing group at 0 hours. However, after 0.5 hours of incubation, the 
nanocoating group retained 93.97 ± 0.43% of the MFI, while only 
22.41 ± 3.24% remained in the control group. After 4 hours of incu-
bation, the nanocoating group maintained 90.01  ±  0.34% of the 
MFI. Unfortunately, the fluorescence in the control group disap-
peared almost completely (0.65  ±  0.78%). Even after 24  hours of 
incubation, the nanocoating group could retain 49.41 ± 7.80% of 
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Fig. 2. Characterization of ALJN. (A) TEM images of the SL and DL surfaces. Scale bars, 200 nm. (B) SEM images of the SL and DL surfaces. Scale bars, 500 nm. (C) AFM 
images of the cornea, SL, and DL surfaces. Scale bar, 500 nm. (D) Average roughness of the cornea, SL, and DL surfaces (n = 3). (E) SEM images of the cross sections of SL 
and DL on agar slices. The dashed white box indicates the coating. Scale bar, 200 nm. (F) Coating thickness of SL and DL on agar slices (n = 20). (G) SEM images of the cross 
sections of SL and DL on cornea surface. The dashed white box indicates the coating. Scale bar, 200 nm. (H) Coating thickness of SL and DL on cornea surface (n = 20). 
(I) Ultraviolet spectra of Fe3+ and the mixture of Fe3+ and PMPC. (J) Mass spectrometry analysis of the drug-loaded nanocoating. m/z, mass/charge ratio. (K) Effect of the 
molar ratio of Fe3+ and TA on the drug loading efficiency of the nanocoating (n = 3). (L) Effect of coating component concentration on the drug loading efficiency of the 
nanocoating (n = 3). (M) Effect of the feed amount of DEX on the drug loading efficiency of the nanocoating (n = 3). Statistical analysis was performed using an unpaired 
Student’s t test between two groups and a one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test for multigrouped data, giving P values. *P < 0.05 
and ****P < 0.0001. ns, no significance.
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Fig. 3. In vitro functional validation of the nanocoating. (A) Fluorescence images of the nanocoating at specific time points in vitro. (B) Relative MFI of the nanocoating 
at specific time points (n = 3). (C) Imaging of contact angles of SL and DL. (D) Contact angles of SL and DL (n = 3). (E) Schematic of the sliding distance assay. (F) Sliding 
distance of agar after infiltration with PMPC (n = 5). (G) Sliding distance of agar after infiltration with SL and DL at different PMPC concentrations (n = 4 to 5). (H) Inhibi-
tory effect of coating on the production of NO from inflammatory cells (n = 3). (I to J) Expression concentrations of (I) TNF-α and (J) IL-6 in macrophages (n = 3). (K to 
M) Influence of the nanocoating on the expressions of (K) CD86, (L) CD80, and (M) CD206 of macrophages (n = 3). (N) Cumulative release of DEX from the nanocoating 
(n = 4). (O) Effect of different coating components on cell viability (n = 6). Statistical analysis was performed using an unpaired Student’s t test between two groups and a 
one-way ANOVA with Tukey’s multiple comparison test for multigrouped data, giving P values. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, no significance. 
h, hours.
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the MFI, demonstrating its prolonged adhesion capability of over 
24 hours in vitro.

To assess the interfacial lubrication effect of the PMPC layer, the 
contact angles of SL and DL were measured. As shown in Fig. 3 (C 
and D), the contact angles of SL and DL were found to be 21.68° ± 1.64° 
and 30.45° ± 2.90°, respectively. The increase in the contact angle 
indicated that DL had a higher surface tension that could result in 
reduced wettability and enhanced lubricity compared to SL. To quan-
titatively analyze the lubricity of PMPC, we measured the distance 
that agar slices slid on glass after being immersed in the PMPC solu-
tion with different concentrations (Fig. 3E). It was observed that at 
PMPC concentrations of 0.5 and 1 mg/ml, the sliding distances were 
4.76 ± 1.01 cm and 5.14 ± 0.58 cm, respectively, showing a remark-
able interfacial lubrication effect. However, with further increase of 
the PMPC concentration, there was a significant decrease in the slid-
ing distance. As plotted in Fig. 3F, they were decreased to 2.32 ± 0.99 
cm and 0.16 ± 0.19 cm at 5 and 10 mg/ml, respectively. Thus, a PMPC 
concentration of 1 mg/ml was chosen for the nanocoating prepara-
tion in subsequent experiments. As illustrated in fig. S7, the agar slice 
with a DL surface displayed a greatly improved lubricity than that of 
the slice with a SL surface. We further measured the lubricity of DL at 
different PMPC concentrations by calculating the sliding distance of 
the coated agar slices. Notably, the DL surface with PMPC (1 mg/ml) 
exhibited a sliding distance of 8.45 ± 1.40 cm, which was 6.31-fold 
longer than that of SL, confirming the lubricating properties of the 
nanocoating (Fig. 3G).

We also evaluated the anti-inflammatory effect of ALJN in vitro. 
The level of inflammation in macrophages, which were activated by 
lipopolysaccharide (LPS) to initiate the inflammatory pathway (35), 
was reflected by the production of nitric oxide (NO) after co-
incubation with different components of the nanocoating (Fig. 3H). 
It was detected that similar to free DEX and DEX-loaded DL, the NO 
level after co-incubation with either SL or DL was not significantly 
different from that of the blank group, demonstrating the innate 
property of TA to suppress inflammation. Meanwhile, for the 
DEX-loaded SL or DL groups, the ability of macrophages to produce 
inflammatory cytokines tumor necrosis factor–α (TNF-α) and inter-
leukin-6 (IL-6) upon LPS stimulation after co-incubation was also 
inhibited. The results showed cytokine levels comparable to the con-
trol group, which was significantly lower than those in the DL and 
DEX groups (Fig. 3, I and J). Similar results were observed in macro-
phage polarization. Flow cytometric analysis revealed that after co-
incubation with DEX-loaded SL or DL, the number of CD86+ and 
CD80+ pro-inflammatory M1 macrophages decreased markedly 
(Fig. 3, K and L), while the number of CD206+ anti-inflammatory 
M2 macrophages increased (Fig. 3M), confirming that the nanocoat-
ing promoted macrophage polarization toward the anti-inflammatory 
M2 phenotype. With loaded DEX, the nanocoating could exert a dual 
anti-inflammatory effect (36, 37). To achieve long-lasting drug deliv-
ery, sustained release from the nanocoating was crucial. The kinetics 
of DEX release in PBS with gentle oscillation was investigated. As 
suggested in Fig. 3N, the release of DEX from the nanocoating oc-
curred in two phases: An initial rapid release of approximately 30% of 
the loaded DEX within the first hour, followed by a sustained slow 
release over time. After an interval of 24 hours, ~45% of the encapsu-
lated DEX was released, indicating that the drug-loaded nanocoating 
could release drug continuously in a long-term range. For ocular 
surface application, the biocompatibility of the formed coating is 
essential. As a result, we conducted cell biocompatibility tests on the 

components of the nanocoating (Fig. 3O). Cell Counting Kit-8 
(CCK-8) assay results indicated that after co-incubation with SL, 
PMPC, or DL for 24 hours, limited adverse effects were detected 
against the proliferation of human corneal epithelial cells, highlight-
ing the low cytotoxicity of the nanocoating.

Sustained retention, lubrication, and anti-inflammatory 
properties of ALJN in vivo
Following the functional validation of ALJN in vitro, we further vali-
dated the functionalities in vivo. To confirm the prolonged retention 
of the nanocoating on ocular surface, we used fluorescein as the indi-
cator. To prevent the uptake of free fluorescein by cells, we conjugated 
fluorescein isothiocyanate (FITC) with TA to form TA-FITC, which 
was used as a component for forming the nanocoating. After instilla-
tion of the nanocoating in a form of eye drops onto the ocular surface 
of mice, the animals were euthanized at 0.5, 2, 4, 8, and 24 hours, 
respectively. Their eyes were sampled for frozen sectioning, and the 
presence of fluorescence on the corneal surface was observed to ex-
amine whether the nanocoating remained on the ocular surface. The 
control group received a FITC solution with the same fluorescence 
intensity. With the help of confocal imaging, we were able to observe 
a thin layer of green fluorescent adhering to the blue corneal tissue 
(Fig. 4A and fig. S8). The presence of FITC fluorescence on the ocular 
surface was quantitatively reflected by counting the number of mouse 
eyes that remained FITC fluorescence (Fig. 4B). It was found that only 
one mouse in the control group retained fluorescence on the ocular 
surface at 0.5 and 2 hours, respectively. In contrast, fluorescence was 
observed in all six mice in the nanocoating group at 0.5, 2, and 
4 hours. Even at 24 hours after instillation, fluorescence was observed 
on the ocular surface of two mice, demonstrating that the nanocoat-
ing could remain on mouse ocular surface for up to 24 hours. To visu-
ally assess the biodistribution of the drug in the cornea at different 
time points, we substituted DEX with a fluorescent dye loaded into 
the nanocoating and applied it to the rabbit cornea. The corneas were 
harvested at specified time points for cryosectioning to examine 
fluorescence distribution (Fig. 4C). It was found that at 0.5 hours, the 
fluorescence was primarily localized in the superficial corneal layer. 
From 2 to 24 hours, the fluorescence spread throughout the entire 
cornea and then gradually decreased with time. In addition, we 
detected the sustained release of DEX from the coating on the rabbit 
ocular surface, demonstrating that the drug within the coating was 
gradually released over 24 hours (Fig. 4D).

To evaluate the lubricating effect of the nanocoating in vivo, we 
counted the number of blinks that mice performed within 5 min 
after ocular surface instillation of the nanocoating, as an indicator of 
the comfort of the eye drops (Fig. 4E). In contrast to the control 
group, mice showed a significantly higher average blink rate of 
60.50 ± 12.29 times within 5 min after ocular surface instillation of 
SL. Conversely, after ocular surface instillation of DL, the average 
blink rate was only 16.50 ± 10.75 times within 5 min, with no sig-
nificant difference compared to the control group. Furthermore, to 
verify whether the nanocoating could maintain its excellent lubricity 
under conditions of ocular surface injury, we compared the blinking 
frequency in mice within 5 min after the administration of the 
nanocoating and commercial polyvinyl alcohol eye drops (PAEDs) 
following corneal contusion (Fig. 4F). After injury, the mice blinked 
33.17 ±  7.68 times within 5 min, which significantly reduced to 
7.83 ± 2.48 blinks after applying the nanocoating, a level comparable 
to the 9.93 ± 4.07 blinks observed following PAED administration, 
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Fig. 4. In vivo functional validation of the nanocoating. (A) Confocal images of the nanocoating on the corneal epithelium of mice at specific time points following eye 
drop instillation. Blue color represents DAPI, and green color represents FITC-labeled nanocoating. Scale bars, 50 μm. (B) Number of mouse eyes with green florescence 
that was observed positive for the presence of the nanocoating at each time point. (C) Biodistribution of fluorescent dye in rabbit cornea at different time points. Blue 
color represents cell nuclei, and green color represents dye. Scale bar, 50 μm. (D) Drug residual ratio of DEX on rabbit ocular surface (n = 3). The number of blinks within 
5 min following topical administration of (E) healthy mice and (F) mice with corneal contusion (n = 6). (G) Slit lamp microscopy and AS-OCT images of mice after 14 con-
secutive days of once-daily eye drop instillation, arranged from left to right as orthostatic views, lateral views, fluorescein sodium–stained images under a cobalt blue-
filter, and OCT cross-sectional images. Scale bars, 1 μm. (H) Relative corneal thickness of mice after 14 days of continuous administration (n = 4). (I) Immunofluorescence 
staining images of corneal sections of injured cornea. Top row: Contused cornea. Bottom row: Alkali burned cornea. Scale bar, 50 μm. (J to M) Relative concentrations of 
(J) TNF-α and (K) IL-1β in the corneas of mice with corneal contusion and (L) TNF-α and (M) IL-6 in the corneas of mice with corneal alkali burn (n = 3). Statistical analysis 
was performed using an unpaired Student’s t test between two groups and a one-way ANOVA with Tukey’s multiple comparison test for multigrouped data, giving 
P values. *P < 0.05, ***P < 0.001, and ****P < 0.0001. ns, no significance. h, hours.
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verifying satisfactory comfort of the nanocoating. To assess the 
in vivo compatibility of the nanocoating, we detected the morpholo-
gy of the ocular surface of mice using a slit lamp and an anterior 
segment optical coherence tomography (AS-OCT) after daily instil-
lation for 5 (fig. S9) and 14 (Fig. 4, G and H) consecutive days. We 
observed the ocular surface under cobalt blue light after the instillation 
of sodium fluorescein. No abnormalities—such as morphological 
changes, corneal opacity, corneal neovascularization, corneal injury, 
and corneal thickness alterations—were observed on the ocular surface 
of mice after short- and long-term continuous administration, demon-
strating favorable ocular surface biocompatibility of the nanocoating.

To determine the in vivo anti-inflammatory effects of the drug-
loaded nanocoating, we constructed mouse models of corneal 
contusion and corneal alkali burn. The mice were treated with daily 
ocular surface eye drop instillation for several days (5 days for cor-
neal alkali burn and 3 days for corneal contusion given the different 
severities of these two models). After the treatment period, the mice 
were euthanized, and their eyes were collected for paraffin section and 
immunofluorescence staining (Fig. 4I). The immunofluorescence 
results of TNF-α indicated that both the drug-only and nanocoating-
only groups as well as the DEX-loaded SL (SL + DEX) and DEX-
loaded DL (DL + DEX) groups exhibited varying degrees of TNF-α 
inhibition in both models. Among them, the DL + DEX group showed 
the strongest inhibitory effect, which was comparable to that of the 
blank control group. We observed that the components of the drug-
loaded nanocoating had varying degrees of inhibition on TNF-α in 
different corneal tissues. As depicted in figs. S10 and S11, DEX was 
more potent to inhibit the entire corneal layer, while the nanocoat-
ing was more remarkable to suppress TNF-α in the stroma layer of 
the cornea. This might be attributed to differences across different 
corneal tissues, including cell density, the permeability and sensitivity 
to distinct anti-inflammatory components, the expression of rele-
vant receptors, and the activation of inflammatory signaling path-
ways (38, 39). In addition, we extracted corneal proteins from the 
eye balls after treatment and measured the levels of inflammatory 
factors including TNF-α, IL-1β, and IL-6 (Fig. 4, J to M). The results 
confirmed that the nanocoating itself had anti-inflammatory prop-
erties. Expectedly, the anti-inflammatory effect of the drug-loaded 
nanocoating was notably enhanced compared to that of DEX or the 
nanocoating alone, indicating a dual anti-inflammatory function 
in vivo.

Application of ALJN in treating corneal contusion
After validating prolonged retention on ocular surface, sustained drug 
release, lubricating properties, and anti-inflammatory capabilities of 
ALJN both in vitro and in vivo, we next assessed the therapeutic value 
of this drug delivery system in two animal models of ocular surface 
inflammatory diseases. Because of the exposed nature of the eye, 
external insults can easily cause structural and functional damage, 
rendering ocular trauma a common clinical condition and the leading 
cause of monocular blindness (40). Inflammation is the body’s initial 
response to damage and infection following ocular injury, but severe 
inflammation can in turn lead to further damage (41). Therefore, in-
flammation control of ocular surface is a means of preventing further 
progression of damage and a method to promote tissue repair (42). In 
light of the ocular trauma that can be classified as mechanical and 
nonmechanical based on the cause of injury (43), we selected mouse 
models of corneal contusion and alkali burn injury, respectively, to 
explore the potential of the nanocoating in treating corneal injuries.

First, the therapeutic potential of ALJN in treating corneal me-
chanical injury was evaluated (Fig. 5A). A mouse model of corneal 
contusion was established using a corneal trephine and a corneal 
scraper, resulting in a relatively mild type of corneal injury. Follow-
ing modeling, the corneal surface of the mice was visibly rough and 
uneven under light. The eye drops were administered topically to 
the ocular surface of mice in each group once daily for three con-
secutive days. The corneal condition of the mice was monitored 
daily using a slit lamp (Fig. 5, B to D). After 3 days of treatment, 
minimal changes in corneal opacity were observed in the DL + DEX 
group, with the surface exhibiting a very uniform reflection of light, 
indicating that the corneal surface was repaired effectively. In con-
trast, other groups exhibited different levels of corneal opacity and 
uneven light reflection. The corneal opacity score of the DL + DEX 
group (0.50 ± 0.76 points) was significantly lower than that of the 
DEX group (2.50 ± 1.20 points) and the control group (3.00 ± 1.07 
points) (Fig. 5E). Despite the inflammation associated with corneal 
contusion was relatively limited and the growth of corneal neovas-
cularization was also comparatively slow, the area of neovascu-
larization in the corneas of mice in the DL + DEX group (1.21 ± 
0.50 mm2) was significantly lower than those in the DL group 
(2.54 ± 0.84 mm2), the DEX group (3.12 ± 1.11 mm2), and the con-
trol group (3.75 ± 0.39 mm2) (Fig. 5F). Regarding the healing level 
of corneal injuries, the DL + DEX group demonstrated a promising 
potency (94.51 ± 6.46%), showing a significant difference compared 
to the DEX (70.20 ± 13.61%) and control (54.36 ± 14.73%) groups 
(Fig. 5G). These findings suggest that the drug-loaded DL played a 
substantial role in promoting the healing process of corneal injuries.

We also performed hematoxylin and eosin (H&E) staining and 
Masson staining on the cornea sections of mice from each group 
after 3 days of treatment to observe corneal morphology (Fig. 5H). 
Encouragingly, the corneas in the DL + DEX group exhibited a near-
normal arrangement of the stroma and a regular epithelial layer, 
similar to that of the blank group. In other groups, varying degrees 
of disorganized epithelial cells or stromal edema were observed. Sta-
tistically, the corneal thickness of all coating groups differed signifi-
cantly from that of the DEX and control groups (Fig. 5I), suggesting 
that the treatment not only addressed the immediate inflammatory 
response but also supported the structural integrity of the cornea. 
Similar results were observed in the inhibition of corneal cell infil-
tration (Fig. 5J), where the DL + DEX group significantly outper-
formed the DEX and DL groups. The results demonstrated the 
combined effect of the drug and the nanocoating in managing cor-
neal injury. The notable reduction in stromal edema and epithelial 
disarray in the DL + DEX group indicated a more effective resolu-
tion of the pathological processes following corneal injury, which 
was crucial for healing and the prevention of long-term complica-
tions (44). In addition, the DL + DEX group showed a notable in-
hibitory effect on the infiltration of neutrophils in the cornea. The 
results of treating corneal contusion suggested that, in mild cases 
of corneal injury, a once-daily application of drug-loaded SL or DL 
nanocoating eye drops was similar effective in inhibiting acute 
corneal inflammation, although it was worth noting that DL + 
DEX with an additional lubricating ability could improve ocular 
surface comfort.

Application of ALJN in treating corneal alkali burn
Next, we further constructed a more severe and urgent corneal injury 
model, that is, corneal alkali burn injury, to evaluate the therapeutic 
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Fig. 5. Therapeutic effects of the drug-loaded nanocoating on mouse model of corneal contusion. (A) A flowchart of evaluating the treatment efficacy of the nano-
coating in the corneal contusion mouse model. (B) Orthostatic images of mouse eyes under white light. Yellow dashed circle indicates corneal opacity region and white 
arrow points to uneven light reflection area. Scale bar, 1 μm. (C) Lateral images of mouse eyes under white light. Scale bar, 1 μm. (D) Images of mouse eyes under cobalt 
blue filter after fluorescein sodium staining. Scale bar, 1 μm. (E) Corneal opacity scores of the treated mice (n = 8). (F) Area of corneal neovascularization of the treated mice 
(n = 7 to 8). (G) Ratio of corneal wound healing area of the treated mice (n = 8). (H) Corneal sections showing H&E, Masson, and myeloperoxidase (MPO) staining (from left 
to right). Scale bars, 100 μm. (I) Relative corneal thickness of the treated mice (n = 3). (J) Relative cell counts in the mouse cornea (n = 3). Statistical analysis was performed 
using a one-way ANOVA with Tukey’s multiple comparison test for multigrouped data and a two-way ANOVA followed by Tukey’s post hoc test for multi–time-point lon-
gitudinal data, giving P values. *P < 0.05, **P < 0.01, and ****P < 0.0001. ns, no significance.



Wang et al., Sci. Adv. 11, eads0282 (2025)     7 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 18

potential of ALJN. Chemical damage to ocular surface is a common 
ocular emergency, with an estimated incidence of 5.1 to 50 cases per 
100,000 population per year (45). Ocular alkali burn account for 11.5 
to 22.1% of all ocular injuries and are considered one of the most 
serious types of ocular chemical injuries (46). However, current 
available treatments of alkali burn suffer several limitations, such as 
frequent administration, low bioavailability, and unsatisfactory ther-
apeutic effects. Correspondingly, as illustrated in Fig. 6A, we con-
structed a corneal alkali burn model by treating mice with sodium 
hydroxide (NaOH) according to methods reported elsewhere (47). 
The corneas of healthy mice were transparent, with no defects upon 
staining with sodium fluorescein. Differently, increased opacity was 
observed at the injury site in the modeled mice, which appeared 
white and large area of staining. Starting from the day of modeling, 
different groups of mice were received eye drop instillation of DEX, 
DL, SL + DEX, and DL + DEX once a day for five consecutive days, 
respectively. The control group (instillation with the same dose of 
PBS) and nonmodeled blank group were used for comparison to 
observe the therapeutic efficacy. During the course of treatment, we 
monitored the corneal opacity, area of corneal neovascularization, 
and area of corneal damage of the mice using a slit lamp (Fig. 6, B to 
D). On day 5 of treatment, a significant decrease in corneal opacity 
was observed in the DL + DEX group, where the pupils and irises 
could be visualized. While in the SL + DEX group, the pupils and 
irises were less visible. However, the DEX group and the control 
group showed negligible changes, with the pupils almost indistin-
guishable. After scoring the corneal opacity of each mouse (Fig. 6E), 
it was found that the DL + DEX group (2.29 ± 1.11 points) exhibited 
significantly superior improvement compared to the control group 
(3.86 ± 0.38 points) and the DEX group (3.57 ± 0.53 points), indicat-
ing that the combination of DL and DEX was effective in reducing 
corneal opacity. The DL + DEX group demonstrated a significantly 
improved inhibitory effect on corneal neovascularization compared 
to the DEX group and the control group (Fig. 6F). It was noted that 
the corneal neovascularization in the control group extended to half 
of the cornea (5.54 ± 0.77 mm2). In the DEX group, it extended to 
about one-third (4.45 ± 0.56 mm2), while in the DL + DEX group, 
the corneal neovascularization was hardly observed to extend 
(1.54 ± 0.67 mm2). The degree of wound healing was assessed based 
on the ratio of the area of sodium fluorescein staining relative to the 
area on the day of modeling (Fig. 6G). The results clarified that the 
degree of wound healing in the DL + DEX group (76.32 ± 13.47%) 
was significantly higher than that in the control (31.25 ±  22.15%) 
and DEX groups (35.88 ± 15.00%). However, there was no significant 
difference between the DEX and control groups.

Besides the visible destruction of epithelial integrity observed 
under the slit lamp, corneal edema and infiltration of inflammatory 
cells and factors are also common histopathological manifestations 
of corneal injury (48). Accordingly, histological examination of 
mouse corneas was conducted after treatment using H&E and Mas-
son staining (Fig. 6H). The corneal sections from the DL + DEX 
group exhibited well-arranged and clear corneal epithelial and 
stromal layers, similar to those from the blank group. However, in 
comparison, the corneas in the DEX and control groups displayed 
largely thickened stroma with edema, infiltration of inflammatory 
cells, and relatively disordered arrangement of epithelial cells. The 
DL + DEX group was found to have a notable difference in inhibit-
ing corneal oedema and inflammatory cell infiltration compared to 
the DEX and control groups, indicating superior efficacy in these 

aspects (Fig. 6, I and J). Neutrophils and their lysates have been 
reported to slow down the healing of corneal epithelium in mice 
and can also secrete inflammatory factors that further damage the 
cornea (49). Therefore, we further conducted immunostaining on 
the corneal sections and found that DL + DEX was able to potently 
inhibit the infiltration of neutrophils and macrophages (Fig. 6H). 
The aforementioned results demonstrated that in the corneal alkali 
burn injury model with more severe inflammation, the therapeutic 
effect of DL was superior to that of SL drug-loaded nanocoating.

We further constructed a rabbit corneal alkali burn model to 
evaluate the therapeutic potential of ALJN in an animal model ana-
tomically closer to the human eye. As illustrated in Fig. 7A, rabbit 
cornea was treated with 1 M NaOH for 30 s to induce corneal alkali 
burn injury and administered once daily for seven consecutive days. 
Corneal opacity, neovascularization area, and injury area were mon-
itored throughout the treatment period (Fig. 7, B to D). On day 7, the 
DL + DEX group demonstrated a significant reduction in corneal 
opacity, with the pupil and iris clearly visible, whereas the DEX and 
control groups displayed no distinguishable pupil features. Corneal 
opacity scores showed that the DL + DEX group (2.40 ± 0.54 points) 
significantly outperformed both the control group (3.50  ±  0.57 
points) and the DEX group (3.50 ± 0.57 points) (Fig. 7E), indicating 
that the combined use of DL and DEX was effective in decreasing 
corneal opacity. The DL + DEX group also exhibited superior inhibi-
tion of corneal neovascularization (Fig. 7F), with a neovascularized 
area of 33.92 ±  8.41 mm2, markedly smaller than the DEX group 
(68.42 ± 9.98 mm2) and control group (112.49 ± 15.22 mm2). Wound 
healing, evaluated by the ratio of sodium fluorescein–stained area to 
the initial injury area (Fig. 7G), was significantly enhanced in the 
DL + DEX group (97.34 ± 1.74%) compared to the control group 
(62.09 ± 7.52%) and the DEX group (83.30 ± 2.68%). Histological 
analysis of the treated rabbit corneas was also performed (Fig. 7H). 
H&E and Masson staining revealed that the corneal sections in the 
DL + DEX group closely resembled those in the blank group, with 
orderly arranged corneal epithelium and stroma. In contrast, the 
DEX group showed notable stromal thickening, edema, inflamma-
tory cell infiltration, and disordered epithelial cell arrangement com-
pared to the blank group, with statistically significant differences 
in relative corneal thickness (Fig. 7I). Immunostaining of corneal 
sections further demonstrated that DL + DEX effectively inhibited 
the distributions of TNF-α and macrophages in the injured cornea, 
similar to the mouse model. In addition, relative concentrations of 
TNF-α and IL-6 in the cornea were measured (Fig. 7, J and K), con-
firming significant suppression of inflammatory factors by DL + DEX 
compared to DEX. Collectively, these findings indicated that in 
rabbit corneal alkali burn models, the DL drug-loaded nanocoating 
exhibited superior therapeutic efficacy compared to SL, highlighting 
the potential of ALJN for managing corneal alkali burn injury.

DISCUSSION
In this study, we introduce a type of eye drops basing on a Janus 
nanocoating structure with different properties on two sides, capable 
of forming a durable drug-loaded nanocoating on ocular surface 
while maintaining satisfactory comfort and preventing eyelid adhe-
sion. This well-structured bilayer nanocoating is simply formed 
through complexation interactions between polyphenolic compound 
TA and metal ion Fe3+ as well as the phosphorylcholine pendent 
groups of PMPC and metal ion Fe3+. Following sequential topical 
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Fig. 6. Therapeutic effects of the drug-loaded nanocoating on mouse models of corneal alkali burn. (A) A flowchart of evaluating the treatment efficacy of the 
nanocoating in the corneal alkali burn mouse model. (B) Orthostatic images of mouse eyes under white light. Scale bar, 1 μm. (C) Lateral images of mouse eyes under 
white light. Scale bar, 1 μm. (D) Images of mouse eyes under cobalt blue filter after fluorescein sodium staining. Scale bar, 1 μm. (E) Corneal opacity scores of the treated 
mice (n = 5 to 7). (F) Area of corneal neovascularization of the treated mice (n = 4 to 7). (G) Ratio of corneal wound healing area of the treated mice (n = 5 to 7). (H) Cor-
neal sections showing H&E, Masson, and MPO staining, as well as F4/80 immunofluorescence staining (from left to right). Scale bars, 100 μm. (I) Relative corneal thickness 
of the mice after different treatments (n = 3). (J) Relative cell counts in the mouse cornea (n = 3). Statistical analysis was performed using a one-way ANOVA with Tukey’s 
multiple comparison test for multigrouped data and a two-way ANOVA followed by Tukey’s post hoc test for multi–time-point longitudinal data, giving P values. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, no significance.
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Fig. 7. Therapeutic effects of drug-loaded nanocoating on rabbit models of corneal alkali burn. (A) A flowchart of evaluating the treatment efficacy of the nanocoat-
ing in the corneal alkali burn rabbit model. (B) Orthostatic images of rabbit eyes under white light. (C) Lateral images of rabbit eyes under white light. (D) Images of rabbit 
eyes under cobalt blue filter after fluorescein sodium staining. (E) Corneal opacity scores of the treated rabbits (n = 4 to 5). (F) Area of corneal neovascularization of the 
treated rabbits (n = 4 to 5). (G) Ratio of corneal wound healing area of the treated rabbits (n = 4 to 5). (H) Corneal sections showing H&E and Masson staining, as well as 
TNF-α and F4/80 immunofluorescence staining (from top to bottom). Scale bars, 100 μm. (I) Relative corneal thickness of the rabbits after different treatments (n = 3). 
Relative concentrations of (J) TNF-α and (K) IL-6 in the corneas of rabbits under different treatments (n = 3). Statistical analysis was performed using a one-way ANOVA 
with Tukey’s multiple comparison test for multigrouped data and a two-way ANOVA followed by Tukey’s post hoc test for multi–time-point longitudinal data, giving 
P values. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, no significance.
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administration in the form of eye drops, two layers are spontane-
ously assembled on ocular surface to form a bilayer nanocoating 
structure. The formed inner layer generates a reservoir for drug load-
ing and controlled release due largely to its network structure and 
adhesive feature. The drug-loaded adherent inner layer can sus-
tainedly retain on ocular surface for a prolonged period, providing a 
sustained release of drug. In addition to its drug loading and adhe-
sive properties, the component of TA has a natural anti-inflammatory 
ability. The lubricating outer layer offers an interfacial lubricating 
capability, ensuring comfort and preventing the adhesion between 
the nanocoating and eyelid. Meanwhile, the nanocoating exhibits 
favorable biocompatibility, without causing tissue damage or other 
adverse effects.

The nanocoating demonstrates prolonged residence duration on 
ocular surface both in vitro and in vivo. Free form drugs exhibit al-
most no detectable retention on corneal surface after just 2 hours 
post-instillation, while the nanocoating shows extended residence 
for up to 24 hours. The encapsulated DEX in the nanocoating also 
verifies a sustained release profile for over 24 hours, indicating its 
ability to provide a basis for the intervention of dosing frequency. 
This implies that a once-daily instillation may enable an adequate 
topical concentration of dosed drugs on ocular surface, playing an 
enhanced therapeutic efficacy. The reduction in dosing frequency 
implies an improvement in compliance, which is beneficial for treat-
ment (50). Compared to other ocular drug delivery systems, this 
nanocoating eye drops have the advantages of both adhesive and 
lubricating. The blink times within 5 min after instillation on mouse 
ocular surface are significantly lower than that of the adhesive coat-
ing and similar to normal mice, suggesting satisfied ocular surface 
comfort. The improvement in comfort can tremendously enhance 
compliance, which is critical for developing eye drops (51). Briefly, 
this type of nanocoating eye drops is able to reduce dosing frequency 
through prolonging adhesion and sustaining drug release and en-
sure ocular surface comfort via introducing a lubricating interface.

Corneal injury is an acute ocular surface disease that requires 
prompt treatment (52). After corneal injury, cells in all layers of the 
cornea engage in cell proliferation, migration, extracellular matrix 
remodeling, and secretion and aggregation of chemokines, growth 
factors, cytokines, etc., resulting in an inflammatory response (52). 
The involvement of corneal stromal cells also triggers apoptosis and 
the transform of corneal cells to fibroblasts, causing in a decrease in 
crystallins and an increase in corneal opacity (53). During this path-
ological process, the balance between angiogenic and inhibitory 
factors is altered, and the vascular barrier of the corneal limbus is 
disrupted, promoting the formation of corneal neovascularization 
(54). This is a major pathological change leading to visual impair-
ment and even blindness (55). After corneal injury, varying degrees 
of decreased transparency, neovascularization, and inflammatory 
responses are exhibited, with severe cases potentially leading to 
blindness (56). Therefore, these need to be rescued in time. Howev-
er, the presence of the ocular surface barrier causes low bioavailabil-
ity of drugs. Our results indicate that treatment with nanocoating in 
mice and rabbits with corneal contusion and alkali burn achieves a 
significant decrease in corneal opacity, a reduction in the degree of 
neovascularization, and a higher proportion of wound healing area 
compared to the drug-only intervention group. In addition to clini-
cal manifestations, histopathological examinations are conducted 
on treated animals. Treatment with the nanocoating shows corneal 
thickness and structural arrangement closer to that of normal animals, 

with less corneal edema and lower levels of inflammatory cell infil-
tration. Meantime, inflammatory factors in the corneal tissue—such 
as TNF-α, IL-6, and IL-1β—are also closer to normal levels. Col-
lectively, our nanocoating can effectively improve the corneal trans-
parency of mice and rabbits, inhibit corneal neovascularization, 
accelerate the repair of corneal injuries, and suppress the infiltration 
of inflammatory cells and factors.

In summary, this study reports a Janus nanocoating ocular drug 
delivery system that has the capabilities of prolonging ocular surface 
residence, sustaining drug release, providing ocular surface comfort, 
and performing a dual anti-inflammatory function, demonstrating its 
potential for the treatment of corneal injuries. For future perspective, 
the safety of this nanocoating needs to be investigated systemically, 
and the therapeutic values toward other disease models are worth 
studying. Moreover, future work on the exploration of the application 
of this nanocoating to carry other drugs and on the optimization of 
the most appropriate dosage and frequency of administration, par-
ticularly in advanced animal models, is anticipated. Overall, the drug-
loaded Janus nanocoating holds promise as a simple yet effective 
approach for treating ocular diseases.

MATERIALS AND METHODS
Reagents
The chemicals used in this study included TA (Aladdin, Shanghai, 
China), iron (III) chloride hexahydrate (Fe3+) (BBI, Shanghai, China), 
2-methylpropylene glycol phosphate choline (MPC) (Bidepharm, 
Shanghai, China), azobisisobutyronitrile (AIBN) (Rhawn, Shanghai, 
China), FITC (Aladdin), and NaOH (BBI). The water used in the 
experiment underwent purification through the Millipore Milli-Q 
purification system.

Animals
The male C57BL/6J mice (6 to 8 weeks old) were purchased from SiPeiFu 
(Beijing) Biotechnology Co. Ltd. Mice were randomly grouped. Mice 
were housed and fed in specific pathogen–free environments under a 
controlled condition of 12-hour light/12-hour dark cycles at 20° to 
22°C. New Zealand white rabbits (1.5 to 2.5 kg) were provided by 
Shanghai Chedun Experimental Animal Co. Ltd and randomly grouped. 
All animal experiments were carried out according to the institutional 
guidelines and approved by Animal Care and Use Committee in 
Shanghai Yishang Biotechnology company (IACUC-2024-Mi-054).

Synthesis of PMPC
The MPC monomer and AIBN initiator were combined in a reaction 
flask and subjected to vacuum drying to remove moisture. Following 
this, the mixture was dissolved in methanol. To eliminate oxygen 
from the system, the reaction mixture was purged with nitrogen gas 
for 30 min. Subsequently, the flask was heated in a water bath to 
60°C and react for 10  hours. After the reaction, the mixture was 
cooled in an ice bath. The reaction mixture was then precipitated in 
a large amount of ice-cold diethyl ether, to get white, gelatinous pre-
cipitate. This precipitate was collected by centrifugation and washed 
three times to remove impurities. The final product, PMPC, was ob-
tained through freeze drying.

Characterization of the nanocoating
The 1H NMR spectroscopy (Bruker Avance Neo 400 M, Billerica, 
MA, USA) and FTIR spectroscopy (Thermo Scientific Nicolet iS50, 
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Waltham, MA, USA) were used to measure the obtained PMPC. The 
sample was sonicated for 5 min before the 1H NMR measurement. 
1H NMR of MPC (400 MHz, deuterated water): 6.05 (d, J = 0.9 Hz, 
1H), 5.67 to 5.56 (m, 1H), 4.34 to 4.21 (m, 2H), 4.15 (qd, J = 7.3, 
2.6 Hz, 2H), 4.02 (ddd, J = 6.7, 4.5, 2.8 Hz, 2H), 3.52 (dd, J = 5.8, 3.2 Hz, 
2H), 3.08 (d, J = 5.5 Hz, 9H), and 1.86 to 1.74 (m, 3H). 1H NMR of 
PMPC (400 MHz, deuterated water): 4.17 (d, J = 17.1 Hz, 2H), 4.12 
(s, 1H), 3.98 (s, 2H), 3.58 (s, 2H), 3.11 (d, J = 17.7 Hz, 9H), 2.02 to 
1.66 (m, 1H), 0.98 (s, 1H), and 0.82 (s, 1H) (fig. S1). In the FTIR 
spectrum of PMPC (fig. S2), the peak at 1238 cm−1 corresponded to 
the stretching vibration absorption of the P═O bond, and the peak 
at 1076 cm−1 was attributed to the stretching vibration absorption 
of the P─O─C bond. In addition, the disappearance of the C═C 
stretching vibration peak at 1635 cm−1, originally presented in MPC 
monomer, further confirmed the successful preparation of PMPC.

The surface morphology of SL and DL was photographed using 
SEM (Hitachi, Regulus 8230, Tokyo, Japan) and TEM (Hitachi, 
HT7700). Silicon wafers were immersed in piranha solution for 10 min, 
followed by ultrasonic cleaning in deionized water for 10 min, 
rinsed with ethanol, and blown dry with nitrogen gas. SL and DL 
were dropped onto clean silicon wafers separately and dried be-
fore SEM imaging. SL and DL were applied to 400-mesh carbon 
grids and left to settle for 10 min. Excess liquid was absorbed away 
with filter paper, and the grids were air-dried before imaging 
with TEM.

The surface roughness of the nanocoating was measured using 
AFM (Bruker NanoWizard, Billerica, MA, USA). The SCANASYST-
AIR probe was used for imaging the cornea and the nanocoating. 
All imaging experiments were conducted in a vibration-isolation 
enclosure at room temperature. For each sample, the indentation 
force curves were generated with a force set point of 5 nN using the 
“PeakForce quantitative imaging” operating mode.

The thickness of the nanocoating was measured using SEM and 
a step profiler (KLA, Alpha-step D-600, Milpitas, CA, USA). Agar 
slices and cornea were dropped with SL and DL, respectively. After 
freeze-drying, the samples were fractured in liquid nitrogen and 
then observed under SEM for cross-sectional examination. Silicon 
wafers, prepared as described in the previous steps, were dropped 
with SL and DL solutions for 1 min, separately. After being gently 
rinsed twice with deionized water and air-dried, the thickness was 
quantified using the step profiler.

The interaction between Fe3+ ions and PMPC was characterized 
using an ultraviolet spectrophotometer (Agilent 8454, Santa Clara, 
CA, USA). Solutions of Fe3+ ions (0.8 mg/ml), alone or mixed with 
PMPC (1 mg/ml) in equal volumes, were vortexed for 30 s, and their 
spectral scans were performed using the spectrophotometer.

The presence of DEX in the nanocoating was characterized using 
a mass spectrometer (Thermo ISQ EM, Waltham, MA, USA) and a 
FTIR spectroscopy. A 0.3% (w/v) agar gel was prepared. A volume of 
200 μl of Fe3+ (0.8 mg/ml) solution was added to a 48-well plate 
lined with agar gel and vortexed for 1 min. Then, 200 μl of TA (5 mg/
ml) solution was added and vortexed for another min, followed by 
the addition of 100 μl of DEX (10 mg/ml), vortexed for 5 min. The 
supernatant was then discarded, and the gel was washed twice with 
deionized water. A spatula soaked in the solution was used to extract 
the gel, and approximately a 5-mm section containing the surface 
coating was cut out, placed in 2 ml of deionized water, and vortexed 
for 30 min to dissolve. The sample was then filtered through a 0.22-μm 
filter membrane and analyzed using a mass spectrometer. A 1% 

(w/v) agar gel was used as a substrate in a 48-well plate. Fe3+ (0.8 mg/
ml) and TA (5 mg/ml) were sequentially added onto the agar surface 
in equal volumes, followed by an incubation period of 1 min. Sub-
sequently, a solution of DEX (10 mg/ml) was introduced and incu-
bated for 5 min. Thereafter, a solution of PMPC (1 mg/ml) was 
added onto the agar gel surface and incubated for an additional min. 
The entire solution was then aspirated, and the gel was rinsed twice. 
A 5-mm section of the gel containing the nanocoating was cut out 
and incubated in water for 4 hours to soften the agar gel. The drug-
loaded agar gel, along with the solution, was subjected to freeze-
drying. The resulting solid was then characterized by FTIR.

The surface wettability of the nanocoating was characterized 
using a contact angle tester (Krüss, Hamburg, Germany). Silicon 
wafers were immersed in SL and DL solutions for 1 min. The excess 
fluid was then blotted away with filter paper. After air-drying for 
5 min, the static contact angle of the nanocoating was measured 
using the sitting drop method.

Drug loading and in vitro drug release
Using a previously established standard curve for DEX, the loading 
amount of DEX and its release profile were examined using HPLC 
(Agilent 1260 Infinity II). The ocular surface environment was simu-
lated with 1% agar, onto which Fe3+ (0.8 mg/ml) and TA (5 mg/ml) 
were added and mixed with DEX to form the SL layer. After mixing, 
the supernatant was discarded, and PMPC (1 mg/ml) was added to 
form the DL structure. Once the nanocoating had stabilized, the su-
pernatant was taken, and the unencapsulated DEX was quantified us-
ing HPLC in triplicate samples. The efficiency of DEX encapsulation 
was calculated on the basis of these measurements. Similarly, after 
the nanocoating had stabilized, the supernatant was replaced with PBS 
and continuously shaking on the vortexer. At various time points (5, 
10, 15, 30, and 45 min, as well as 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, and 24 hours), aliquots of the supernatant were taken, and the con-
centration of released DEX at each time point was quantified using 
HPLC to calculate the percentage of drug release. The HPLC condi-
tions were as follows: a diamonsil C18 chromatographic column 
(5 μm, 150 mm by 4.6 mm) was used. The mobile phase consisted of a 
30:70 mixture of acetonitrile and water. The column temperature was 
maintained at 37°C, and the absorbance wavelength was set at 240 nm. 
The injection volume was 5 μl, and the flow rate was 1.0 ml/min.

In vitro biocompatibility of the nanocoating
The biocompatibility of the coating was assessed using the CCK-8 
assay (Beyotime, Shanghai, China) in epithelial cells. Cells were 
seeded at a density of 10,000 cells per well in a 96-well plate and 
exposed to different components of the nanocoating, with six repli-
cates per group. Subsequently, the plates were incubated under con-
ditions of 37°C, 90% humidity, and 5% CO2 for 24 hours. After the 
incubation period, the supernatant was removed, and the cells were 
washed twice with 100 μl of PBS. Then, 100 μl of culture medium 
containing 10 μl of CCK-8 solution was added to each well, and the 
plates were returned to the incubator under the aforementioned 
conditions for an additional hour. The optical density at 450 nm 
was measured using a multifunction microplate tester (BioTek, 
Vermont, USA), and from this, the cell viability was calculated.

In vitro anti-inflammatory effects of the nanocoating
The in vitro anti-inflammatory function of the nanocoating was eval-
uated by measuring NO production using a NO assay kit (Beyotime). 
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J774A.1 cells, a mouse macrophage cell line commonly used to study 
inflammatory responses, were seeded at a density of 10,000 cells per 
well in a 96-well plate. The cells were then co-incubated with different 
components of the nanocoating, with three replicates per group. After 
that, 100 μl of complete culture medium containing of LPS (100 μg/
ml; Beyotime, China) was added to each well to stimulate the cells. 
The plate was then incubated for 24 hours under the same conditions 
as mentioned previously. After the incubation, the NO detection 
reagents were used. To each well, 50 μl of Griess reagent I was added, 
followed by 50 μl of Griess reagent II. After allowing the reaction to 
proceed for a short period, the optical density at 450 nm was mea-
sured using a multifunction microplate tester. The measured absor-
bance was then compared to the previously examined NO standard 
curve to calculate the concentration of NO produced in each sample.

The in vitro anti-inflammatory properties of the nanocoating were 
investigated by analyzing macrophage polarization and quantifying 
the secreted inflammatory factors. RAW264.7 cells were seeded at a 
density of 1 × 106 cells per well in a six-well plate and cultured in 2 ml 
of complete growth medium for 24 hours. After refreshing the medi-
um, the cells were co-incubated with various nanocoating compo-
nents and stimulated with LPS (1 μg/ml) for an additional 24 hours, 
with three replicates per group. The conditioned medium was then 
collected, and the concentrations of IL-6 and TNF-α were measured 
using enzyme-linked immunosorbent assay (ELISA) kits (Multi Sci-
ences, Hangzhou, China). Macrophage polarization was evaluated by 
flow cytometric analysis of specific surface markers. Cells were gently 
detached using 1 ml of PBS, resuspended in centrifuge tubes, and cen-
trifuged at 400g for 5 min at 4°C. The supernatant was discarded, and 
the cells were resuspended in 200 μl of PBS in a 96-well U-bottom 
plate and precipitated by centrifugation. After discarding the superna-
tant, 10 μl of purified anti-mouse CD16/32 antibody (1:500; BioLeg-
end, San Diego, CA, USA) diluted in PBS was added and incubated at 
room temperature for 15 min. Subsequently, a mixture of PE anti-
mouse CD80 antibody (1:500; BioLegend) and allophycocyanin anti-
mouse CD86 antibody (1:500; BioLegend) diluted in PBS (40 μl) 
was added and incubated on ice for 30 min. The samples were 
washed twice with 200 μl of PBS, fixed with 50 μl of a fourfold-
diluted Fixation/Permeabilization Concentrate (Invitrogen, Carlsbad, 
CA, USA), and incubated at room temperature for 30 min. After 
centrifugation, cells were permeabilized using 1× Permeabilization 
Buffer (Invitrogen) and stained with FITC anti-mouse CD206 anti-
body (1:500; BioLegend) in the dark on ice for 30 min. The samples 
were washed thrice, resuspended in PBS, and analyzed using flow 
cytometry (BD biosciences FACSVerse, NJ, USA).

In vitro retention duration of the nanocoating
On the surface of 1% agar, Fe3+ ions (0.8 mg/ml) and TA (5 mg/
ml) were added and mixed with sodium fluorescein (0.1%) (Adamas, 
Shanghai, China). After thorough mixing, the supernatant was 
discarded, and PMPC (1 mg/ml) was then added to form the DL 
structure. For the control group, all components except sodium fluo-
rescein were replaced with PBS. Once the coating had stabilized, the 
supernatant was discarded, and PBS was added. Different groups of 
coated agar surface were then shaking on a vortexer during different 
periods of time: 0, 1, 2, 4, 8, and 24 hours. The coating was illuminated 
using cobalt blue light, and photographs of the nanocoating were 
taken to measure the average fluorescence intensity of the green fluo-
rescence. This intensity was compared to the intensity at the 0-hour 
time point to calculate the proportion of residual fluorescence.

In vivo retention time of the nanocoating on ocular surface
The synthesis of TA-FITC: TA was stirred with 25 to 28% NH3·H2O 
for 1 hour. The mixture was then dried at 80°C. The product was 
subsequently added to a 0.1 M Na2CO3 buffer solution at pH 9.0, 
and a dimethyl sulfoxide solution of FITC was introduced. The reac-
tion was allowed to proceed overnight, and the product was then 
dialyzed to obtain a solution of TA-FITC. For the control group, a 
suspension of FITC was prepared and its fluorescence intensity was 
measured at various concentrations using a fluorescence spectro-
photometer (Horiba, Kyoto, Japan). The concentration of FITC that 
exhibited the same fluorescence intensity as the TA-FITC suspen-
sion (5 mg/ml) was examined to be 4.3 μg/ml.

Male C57BL/6J mice (6 to 8 weeks old) were used. A mixture 
containing Fe3+ (0.8 mg/ml) and TA-FITC (5 mg/ml), in equal vol-
umes, was prepared and 20 μl of which was administered to ocular 
surface of unanesthetized mice, respectively. The eye drops were ap-
plied, and the mice were observed for 30-s post-administration, after 
which the blinking of the eyes was not hindered. For the control 
group, the solution was replaced with PBS solution of FITC. The 
mice were euthanized at different time points after ocular adminis-
tration: 0.5, 2, 4, 8, and 24 hours. The eyes were fixed with eye ball 
fixed liquid (Servicebio, Wuhan, China) and then embedded in 
Tissue-Tek O.C.T. (Sakaru Finetek, Tokyo, Japan) for frozen section-
ing. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI) (Beyotime), a fluorescent dye that binds to DNA. Laser scan-
ning confocal microscopy (LSCM) (Leica, Nussloch, Germany) was 
used to capture the images of the cornea.

In vivo drug release of the nanocoating
New Zealand white rabbits (1.5 to 2.5 kg) were anesthetized with 
Zoletil 50 (15 mg/kg; Virbac, Carros, France), followed by rinsing 
their eyes with PBS. Then, 20 μl of ALJN containing DEX (1 mg/ml) 
was instilled onto ocular surface. Tear samples were collected at 0.5, 
2, 4, 6, and 24 hours post-administration by immersing a 0.5 cm–
by–1 cm long square filter paper into the lower conjunctival sac for 
30 s. The DEX content in the tear fluid was detected using HPLC, 
and the drug release ratio at each time point was calculated.

Animal models of corneal contusion and corneal alkali burn
The corneal contusion mouse model was also established using a 
previously published method (57). Male C57BL/6 J mice, aged 6 to 
8 weeks, were anesthetized with isoflurane (RWD, Shenzhen, China) 
for approximately 5 min. The ocular surface was topically anesthe-
tized with 0.4% benoxinate hydrochloride. Excess liquid in the con-
junctival sac was wiped away. Whiskers and eyelashes were trimmed 
with scissors to facilitate full eyelid opening. A 2-mm circular cor-
neal trephine was used to mark the area of intervention, followed by 
mechanical injury to the corneal surface using scissors, and an epi-
thelial scraper to create the contusion. Last, the cornea was flushed 
with PBS for 1 min.

The corneal alkali burn mouse model was established using a pre-
viously published method. Male C57BL/6J mice, aged 6 to 8 weeks, 
were anesthetized with isoflurane for approximately 5 min. The ocu-
lar surface was topically anesthetized with 0.4% benoxinate hydro-
chloride (Aladdin). Excess liquid in the conjunctival sac was wiped 
away. A single-layer circular filter paper with a diameter of 2 mm was 
soaked in a 1 M NaOH solution for 30 s and then placed on a piece 
of dry filter paper for 1 s to remove excess alkali liquid. After that, the 
filter paper was placed on the central cornea of the mouse, gently 
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pressed, and left for 30 s before being removed. The cornea was then 
flushed with saline for 1 min.

The corneal alkali burn rabbit model was established following a 
previously published method (58). New Zealand white rabbits (1.5 
to 2.5 kg) were anesthetized with Zoletil 50 (15 mg/kg) for approxi-
mately 15 min. The ocular surface was topically anesthetized with 
0.4% benoxinate hydrochloride (Aladdin), and the excess fluid in 
the conjunctival sac was carefully removed. An 8-mm-diameter 
single-layer circular filter paper, soaked in a 1 M NaOH solution for 
30 s, was lightly blotted on a dry filter paper for 1 s to remove excess 
alkali solution and subsequently placed on the central cornea. The 
filter paper was gently pressed and left for 30 s before being removed. 
Last, the cornea was flushed with saline for 1 min.

In vivo therapeutic efficacy of the nanocoating
To evaluate the therapeutic effects of different components of the 
nanocoating, the following experimental groups were established, 
with each group receiving topical instillation once daily: (i) healthy 
animals treated with PBS serving as the blank control group (blank), 
(ii) model animals treated with PBS serving as the control group 
(control), (iii) model animals treated with a DEX solution (DEX), 
(iv) model animals treated with DL without drug (DL), (v) model 
animals treated with SL with DEX (SL + DEX), and (vi) model ani-
mals treated with DL with DEX (DL + DEX).

Before the preparation of the nanocoating, all components were 
filtered through a 0.22-μm filter to ensure sterility. Subsequent 
operations were carried out in a sterile environment to prevent con-
tamination, maintained until administration. The SL layer was pre-
pared by mixing equal volumes of Fe3+ (0.8 mg/ml) and TA (5 mg/
ml), and 10 μl of the solution was applied to the ocular surface of 
mice. For the DL treatment, an additional 10 μl of PMPC (1 mg/ml) 
was applied 30 s after the SL instillation, allowing for adequate inter-
action between the components. For the groups containing DEX, 
the final concentration of DEX was 1 mg/ml. In cases where a spe-
cific component was not included in a treatment group, an equal 
volume of PBS was used as a substitute to maintain consistency in 
treatment volume. Mice were not anesthetized during drug admin-
istration, while rabbits were anesthetized with Zoletil 50 (15 mg/kg) 
before drug administration.

Clinical assessment
Corneal opacity was assessed by two experts who scored the anteri-
or segment images of the mouse corneas captured through a slit 
lamp. A scoring system of 0 to 4 was used for the results (0 = com-
pletely clear, 1 =  slightly hazy with easy visibility of the iris and 
pupil, 2 = moderately cloudy with the iris and pupil still visible, 
3  =  opaque with the pupil almost invisible, and 4  =  completely 
opaque and the pupil not visible at all) (54).

The area of corneal neovascularization was quantified by mea-
suring the length of the neovascularization in the side view images 
of the mouse corneas taken with a slit lamp. The average length was 
used to calculate the area of neovascularization.

The area of corneal injury was measured through corneal fluo-
rescein sodium staining. A volume of 1 μl of 0.1% fluorescein sodi-
um was dropped into the conjunctival sac, and after 60 s, excess 
liquid was wiped away. The anterior segment images of the cornea 
were captured under the cobalt blue light filter of the slit lamp mi-
croscope. The area of corneal injury was determined by measuring 
the green fluorescent area of the cornea each day and by comparing 

it with the area on the day of injury to obtain the proportion of in-
jury healing.

Histological and morphometric evaluation
After euthanizing the mice and rabbits, the eyeballs were removed 
and fixed using eye ball fixed liquid. The fixed eyeballs were then 
processed for paraffin embedding and sectioning. H&E staining was 
used to observe the morphology of corneal epithelial cells and the 
degree of stromal edema. The paraffin-embedded sections were de-
paraffinized and rehydrated before being immersed in hematoxylin 
solution for 5 min. After washing, the sections were immersed in 
acid alcohol differentiation solution for 30 s. Following another 
wash, the sections were briefly immersed in blueing buffer for 30 s. 
The sections were then washed, stained with eosin for 5 min, and 
washed again before undergoing a series of dehydration and clearing 
steps. Last, the sections were mounted and dried before observation. 
Masson’s trichrome staining was used to observe the morphology of 
the corneal stroma and collagen deposition. After deparaffinization 
and rehydration, the sections were stained with hematoxylin solu-
tion for 5 min and then washed. Then, sections were incubated with 
acidic differentiation solution for 30 s, followed by rinsing with tap 
water to remove excess stain. The sections were then incubated with 
fuchsin-acidic magenta staining solution for 10 min, after which the 
excess stain was discarded. The sections were differentiated with 
phosphomolybdic acid solution for 1 min, followed by a brief incu-
bation with light green staining solution for 30 s, and another dif-
ferentiation step with acidic differentiation solution for 1 min. Last, 
the sections were dehydrated, cleared, and mounted. Images were 
captured using a phase contrast upright microscope (Nikon, Japan).

Immunohistochemical staining
After the mice and rabbits were euthanized, the eyeballs were re-
moved and fixed using eye ball fixed liquid. The fixed eyeballs were 
then processed for paraffin embedding, and sections were prepared. 
The sections were deparaffinized and rehydrated, followed by anti-
gen retrieval through boiling in antigen retrieval solution (Beyo-
time) for 1 hour. Once cooling to room temperature, the sections 
were blocked with 5% goat serum (Beyotime) for 1 hour to mini-
mize nonspecific binding. After that, the sections were drained 
and incubated with the primary antibody [myeloperoxidase, rabbit 
polyclonal antibody (pAb), 1:1000, ABclonal, Wuhan, China] at 
4°C overnight. The following day, the sections were washed and 
then incubated with the secondary antibody [1:300; horseradish 
peroxidase–conjugated goat anti-rabbit immunoglobulin G (IgG), 
Servicebio] at room temperature for 1 hour. After another round of 
washing, the sections were incubated with 3,3′-diaminobenzidine 
(DAB) color development kit (Beyotime) to visualize the bound 
antibodies for 5 min before being rinsed to stop the reaction. The cell 
nuclei were then stained with hematoxylin, and after further wash-
ing, the sections were dehydrated, cleared, and mounted. Images 
were captured using a phase contrast upright microscope.

Immunofluorescent staining
After the mice and rabbits were euthanized, the eyeballs were re-
moved and fixed using eye ball fixed liquid. The fixed eyeballs were 
then processed for paraffin embedding, and sections were prepared. 
The sections were deparaffinized and rehydrated, followed by anti-
gen retrieval through boiling in antigen retrieval solution for 1 hour. 
Once cooling to room temperature, the sections were blocked with 
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5% goat serum for 1 hour to minimize nonspecific binding. After 
that, the sections were drained and incubated with the primary 
antibody (1:1000; Rb pAb to TNF-α, Abcam, Cambridge, England; 
1:200; F4/80 rabbit pAb, ABclonal, Wuhan, China) at 4°C overnight. 
At following day, the sections were washed and then incubated with 
the secondary antibody (1:200; Goat Anti-Rabbit IgG Alexa Fluor 
488, Abcam) at room temperature for 1 hour away from light. Then, 
the cell nuclei were stained with DAPI before the sections were 
mounted. Images were captured using a LSCM.

Concentrations of inflammatory factors
After the mice and rabbits were euthanized, the eyeballs were re-
moved, and the corneas were carefully separated from the rest of the 
ocular tissue. The isolated corneas were then used to extract protein 
using radio-immunoprecipitation assay lysis buffer (Beyotime). The 
protein concentration in each cornea sample was quantified and 
balanced using a bicinchoninic acid protein assay kit (Beyotime). 
After that, the levels of different inflammatory cytokines in the cor-
neas were assessed using ELISA kits (Multi Sciences) specific for 
TNF-α, IL-1β, and IL-6. Then, the relative concentrations of inflam-
matory cytokines were calculated for each cornea.

Statistics
GraphPad Prism software version 10.1.1 for macOS (GraphPad soft-
ware Inc., Boston, MA, USA) was used to process the data. At least 
three samples were tested for each experiment, and data were pre-
sented as means ± SD. In the statistical analysis, a Student’s t test was 
used to assess differences between two groups. Statistical comparison 
was performed using a one-way analysis of variance (ANOVA) 
multigrouped point data and two-way ANOVA followed by Tukey’s 
post hoc test for multi–time point longitudinal data. A value of 
P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, 
***P <  0.001, and ****P <  0.0001; ns, no significance). ImageJ 
software version 2.1.0 for macOS (ImageJ, MD, USA) was used to 
analyze images.

Supplementary Materials
The PDF file includes:
Figs. S1 to S11
Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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