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Abstract

Dry eye (DE) disease is an uprising health epidemic that directly affects the surface of the eye. We 

developed a water soluble cerium oxide loaded glycol chitosan nanoparticle as a new type of eye 

drop, namely GCCNP (glycol chitosan cerium oxide nanoparticles). GCCNP is capable of 

scavenging cellular reactive oxygen species (ROS) for the treatment of DE disease. The 

antioxidative effects of GCCNP were assessed in mice primary corneal and conjunctival cells in 
vitro and in a DE murine model in vivo. GCCNP’s effect on the DE models was assessed via 

histological evaluations, migration assays, cell viability assays, cellular uptake analyses, 

intracellular ROS scavenging assays, wound healing assays, mitochondrial membrane potential 

readings, corneal fluorescein staining, tear volume concentrations, tear film break up time 

analyses, and lastly, analytical/spectroscopic analyses of GCCNP eye drop formulations. 

Spectroscopic analysis showed that cerium oxide was entrapped into the glycol chitosan (GC). The 

solubility of cerium in GC (GCCNP) increased to 709.854±24.3 μg/ml compared to its original 

solubility in cerium oxide, which was measured as 0.020±0.002 μg/ml. GCCNP had no cytotoxic 

effect and showed improvements on dry eye disease models by stabilizing the tear film, 

scavenging ROS, up-regulating SOD, promoting and maintaining corneal and conjunctival cell 

growth and integrity. We provided convincing evidence that GCCNP is an effective treatment for 

DE and may represent a potential new class of drug for DE disease.
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1. Introduction

Dry eye syndrome (DE) can result in reduced vision function which can severely impact an 

individual’s quality of life. Currently, about one third of the world’s population suffers from 

this disease, making DE globally recognized as a public health issue [1–5]. DE is a 

multifactorial disease of the instable and hypertonic tear film caused by reduced tear 

production, poor tear quality or excessive tear evaporation [6]. Although the pathogenesis of 

DE remains not well understood, the exposure of oxidative stress to the ocular surface 

results in associated overproduction of reactive oxygen species (ROS), which have been 

generally believed to be a main contributor to the development of DE [6–10]. Especially, 

with the advancement and usage of electronic mobile devices, the increase to light exposure 

and atmospheric oxidative damage has been investigated as possible contributors to the 

addition of oxidative stress on the ocular surface, and recognized as the main reasons 

involved in the pathophysiology of DE [9, 11] [12, 13]. The relationship among ROS 

production, lipid peroxidation-related membrane damage, protein oxidation, and 

inflammation has been demonstrated in animal models and in clinical studies. [14, 15]. 

Under normal biological circumstances, ROS have played an important role in redox 

regulation of mitochondrial oxidative phosphorylation and have been balanced by biological 

antioxidant systems. However, long-term exposure to oxidant stress will result in over 

produced ROS, which cannot be eliminated by antioxidant defense systems. As a result, 

ROS can be accumulated in the conjunctiva and tear film of DE patients, causing lacrimal 

gland functional damage. The loss of lacrimal gland function associated with oxidative 

stress and aging is accelerated by increased mitochondrial superoxide production, which 

further increase the damage to proteins, lipids, and even DNA on the ocular surface of the 

dry eye [16].

Continuous deleterious oxidative processes result in ocular surface inflammation and tear 

film hyperosmolarity, this phenotypic combination may eventually cause DE. There is a 

suspected cause-and-effect relationship between the increase in ROS production and DE 

onset/progression. Therefore, scavenging overproduction of pathological ROS becomes a 

novel strategy that may improve the treatment DE. Antioxidants adopted in the treatment of 

DE have shown benefit in alleviating DE symptoms in animal models and patients [17–19], 

indicating that scavenging overproduced ROS holds the promise of developing a solution for 

the treatment of DE.

Currently, therapeutic approaches for DE have been focused on alleviating symptoms, 

reducing ocular surface inflammation, and improving the stability of the tear film. Tear 
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replacement (e.g., artificial tears and lubricants) is currently one of the most commonly used 

method of treatment for DE. However, these medicines can only temporarily relieve the 

symptoms by wetting and lubricating the ocular surface in a very short amount of time and 

cannot treat DE fundamentally [20, 21]. Cerium oxide nanoparticles (CNP) is a unique 

redox-active system because of possessing +3 (electron donor) and +4 (electron acceptor) 

valence at same time. CNP have the power to oxidize Ce3+ to Ce4+ acting as a ROS 

scavenger and resulting in reducing cell injury when exposed to ultraviolet light or H2O2, 

increasing lifespan, and protecting normal cells from radiation-induced apoptosis[22]. 

Moreover, different from other rare earth elements, CNP possess a high hydrogen-absorbing 

capacity as a regenerative catalyst, allowing it to react with H2 or H2O more easily [22]. Due 

to this distinctive and inherent redox-active behavior, CNP can eliminate oxidative stress, 

imitate superoxide dismutase and catalase [23–26] to scavenge ROS, and restore the balance 

between ROS production and antioxidative enzymes. In preclinical studies, CNP have shown 

useful ability in the treatment of neurodegenerative disorders and other diseases in which 

oxidative stress acts as a free radical scavenger [27–30], illustrating prospective scavenging 

capacity of intracellular ROS and good biocompatibility. Moreover, CNP can promote cell 

growth, restore tissue damage, which aids in the protection against dysfunction by 

attenuation of oxidative stress [31, 32]. These inherent properties of CNP are particularly 

relevant in the context of ROS-induced ocular damage, which may potentiate CNP as an 

ideal therapeutic drug for DE.

Glycol chitosan (GC) is a water-soluble chitosan derivative. GC has attracted a great deal of 

attention in the fields of biomedicine due to its non-toxic, biocompatible, and water-soluble 

characteristics. Our group has previously developed a water-soluble GCCNP [26]. In the 

present study, we aimed to use this redox-active system to treat DE. We focused on 

investigating the effects of GCCNP to treat DE both in vitro and in vivo, using mice primary 

corneal and conjunctiva cells associated with DE and DE murine models to evaluate the 

treatment effect. Moreover, Lifitegrast (Xiidra), a U.S. Food and Drug Administration (FDA) 

approved commercially available DE drug, was adopt as control [33].

2. Materials and methods

2.1. Materials and animals

Glycol chitosan (GC, degree of polymerization ≥400, #G7753), cerium (III) chloride, RPMI 

medium 1640 (1×), DMEM/F12+GlutaMAX™-I (1×) medium, Improved MEM (Richter’s 

modified) medium, antibiotic-antimycotic solution (100×), and 0.5% Trypsin-EDTA (1×) 

were purchased from Gibco Life Technologies (Grand Island, NY, USA). Fetal bovine serum 

(FBS) was purchased from Invitrogen (Carlsbad, CA, USA). All experiments were carried 

out and animals were maintained in accordance with the Association for Research in Vision 

and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision 

research and the guidelines of the University of North Carolina at Chapel Hill Animal Care 

and Use Committee.
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2.2 Preparation of GCCNP nanosystem

The CNPs and GCCNPs were prepared according to previous article [25] with slight 

modifications. Briefly, 0.2 mL of 0.67 M CeCl3·7H2O (Sigma) solution was added into a 5 

mL of 1% (w/v) GC (Sigma) solution with continuous stirring for 15 min to obtain a 

transparent mixture. 0.3 mL ammonium hydroxide (Sigma, 28–30%) was added into the 

mixture drop wise. The mixture was reacted at room temperature for 12 h under stirring. 

Then centrifuged at 4000 rpm for 10 min, the clear supernatant was dialyzed (Thermo Fisher 

Scientific, 20 kDa MWCO cutoff) for 2 days against distilled water and lyophilized. CNP 

and blank glycol chitosan nanoparticle were prepared parallel to GCCNP following the same 

methodology, respectively.

2.3 Characterization

After preparation, the GCCNP were characterized by several analytical techniques. The 

morphology was observed by transmission electron microscopy on a JEOL 2010F-Fas TEM 

(TEM, JEOL, Japan) and Asylum Research (ARC2) AFM (AFM, Asylum Research, 

Abingdon, UK) at UNC Chapel Hill. The hydrodynamic diameter and zeta potential of the 

GCCNP were determined by dynamic light scattering (Nano-ZS Zeta Sizer, Malvern, USA). 

A XD-3A powder diffraction meter was adopted to obtain physicochemical properties. IR 

spectra (Nicolet 2000 , Thermo Electron Corp., Madison, WI) were also used to identify the 

structure of the formulations mentioned above.

2.4 ICP-MS

Cerium determination was performed by using PerkinElmer NexION 300D coupled plasma 

mass spectrometers (ICP-MS) (NexION 300D, Perkin Elmer, Waltham, MA). 

Decomposition of the samples matrix was performed by heating it at 70 °C for 20 h after the 

addition of HNO3. After digestion, the sample was adjusted to a proper concentration with 

deionized (DI) water and analyzed by ICP-MS. Five replicates were analyzed per sample. 

Quantification was performed by Tb as internal standard.

2.5 Determination of entrapment efficiency and drug-loading

The entrapment efficiency (EE) and drug-loading (DL) of the cerium in GCCNP were 

analyzed using ICP-MS. The results were calculated according to the following equations:

EE % = Weight of cerium oxide in GCCNP
Weight of cerium oxide fed initially × 100%

DL % = Weight of cerium oxide in GCCNP
Weight of GCCNP × 100%

2.6 Solubility study

The solubility of CNP or GCCNP in water was analyzed by adding excess amount of CNP 

or GCCNP into water, then the suspension was placed on a shaking incubator (100 rpm/min) 

(Fuma; Shanghai, China) at 25 °C for 48h. The solution was centrifuged at 4000 rpm for 10 
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min, the concentration of cerium oxide in the supernatant was analyzed by ICP-MS after 

digestion and appropriate dilution according to the method above mentioned.

2.7 Primary corneal cell and conjunctival cell culture

C57BL/6 mice (Jackson Laboratory, ME, USA), aged 8 to 10 weeks, were used to obtain 

primary corneal cells and conjunctival cells. Primary corneal cell culture was performed 

according to Hazlett and Ma’s reports with modification [34, 35]. After mice are euthanized, 

via cervical dislocation, eye globes were enucleated then washed in phosphate-buffered 

saline (PBS). The cornea was cut from the eye and uniformly plated on a tissue culture plate 

with the epithelium side up. After attachment of the explant, improved MEM (Richter’s 

modified) medium (Gibco, Life Technologies) supplemented with 10% fetal bovine serum 

(FBS, Gibco, Life Technologies) and 1% Antibiotic-Antimycotic (Gibco, Life Technologies) 

was added to the plate. Then incubated at 37 °C, under 95% humidity and 5% CO2, medium 

was changed every 3 to 4 days. After cells attached to the plate, the explant was gently 

removed from the plate surface. Cells derived from tissue were also used for subcultures. 

Corneal cells were subcultured at 1:2 splits after reaching a subconfluence, and the medium 

was changed every 3 to 4 days. The procedure was repeated until passage (P) 5 cultures. 

Conjunctiva was cultured using the same method; however, the improved MEM medium 

was changed to a DMEM medium which was supplemented with 10% FBS and 1% 

Antibiotic-Antimycotic.

2.8 Cell viability assay

Cell viability was determined using MTT method [36, 37]. Primary corneal cells (5× 103)/

well and conjunctiva cells (8×103)/well were seeded plates (Corning, USA) and incubated 

overnight in a cell culture incubator (Thermo Fisher Scientific, USA) at 37°C. Subsequently, 

the cells were treated with either different concentrations of GCCNP (0.1, 1 and 10 μM) 

dissolved in the corneal or conjunctival medium respectively for another 24 or 48 hours. 

Subsequently, the medium was changed to fresh medium and 10 μL of MTT (5 mg/mL).The 

plate was incubated for another 4 hours in a CO2 incubator. After that, purple formazan dye 

was extracted with 150 μL of DMSO (Sigma, Cat. No. D2650). The optical density (OD) 

was determined at 570 nm using a microplate reader (FLUOstar Omega, BMG labtech). The 

cell viability was calculated according to the following equation.

cell viability % =
ODtreated cells − ODbackground

ODuntreated cells − ODbackground
× 100%

2.9 Determination of intracellular ROS

The intracellular ROS was determined using oxidation of 2,7-dichlorodihydrofluorescein 

diacetate (DCF-DA) (Sigma) to fluorescent 2’,7’-dichlorofluorescein (DCF) intracellularly. 

Briefly, primary corneal cells or primary conjunctival cells were cultured in fresh media 

containing different concentrations of GCCNP (0.1, 1 and 10 μM) for 24 hour. The next day, 

the cells were washed twice with 1×DPBS. The fresh culture medium containing 50 μM 

DCF-DA was added and incubated for 60 min at 37 °C. The solutions were then removed, 
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fresh medium containing 400 μM H2O2 was added and incubated for another 2 h at 37 °C. 

The cells were washed with 1×DPBS and digested with 0.5% Trypsin-EDTA (Grand Island, 

NY, USA). The suspended cells were then washed and suspended. GCCNP-untreated cells 

and H2O2-untreated cells remained as a negative control. Cells treated with H2O2 and left 

untreated by GCCNP were taken as positive controls. The DCF fluorescence was measured 

on flow cytometry (Attune NxT, Thermo Fisher Scientific, US) with excitation and emission 

wavelength at 485 and 530 nm.

The cells were pretreated with GCCNP (0.1, 1 or 10μM) for 24 hour before exposure to 

H2O2 (400 μM in medium) for 2h. GCCNP-untreated and H2O2 –untreated cells remaining 

as negative control, while GCCNP-untreated and H2O2 –treated cells were taken as positive 

controls. All the GCCNP-pretreated and H2O2-treated cells were taken as test group. All 

these groups were used in other in vitro analyses, and each assay was performed in triplicate.

2.10 Measurement of mitochondrial membrane potential

Mitochondria are among the most essential cellular organelles, supplying the indispensable 

energy for maintaining cellular physiological activities and functions. Mitochondrial 

membrane potential is a key characteristic about mitochondria and their function. The JC-1 

is a well-known fluorescent dye that can change the emission wavelength depending on the 

mitochondrial membrane potential. JC-1 was adopted to evaluate whether GCCNP altered 

mitochondrial function in primary corneal and conjunctival cells subjected to H2O2-induced 

oxidative stress [38]. GCCNP pretreated and H2O2-treated corneal or conjunctival cells were 

incubated with 2 μM JC-1 (Thermo Fisher) for 30 minutes. Then the cells were washed with 

1×DPBS and digested with 0.5% Trypsin-EDTA (Grand Island, NY, USA). The suspended 

cells were washed and suspended. Flow cytometry was adopted to quantify JC-1 

fluorescence. JC-1 dynamically exist in two different states, aggregates or monomers, which 

depend on the mitochondrial membrane potential. When the mitochondrial membrane 

potential is low, JC-1 exists as a monomer and yields green fluorescence (FL-1, Ex510), 

whereas when the mitochondrial membrane is high, JC-1 monomers aggregate to form the 

aggregates - these can be observed as red fluorescence (FL-2, Ex585). The relative 

percentage of red fluorescence to the red and green fluorescence was calculated. Each assay 

was performed in triplicate.

2.11 In vitro cellular uptake

Primary corneal and conjunctival cells were evaluated for the uptake of GCCNP. For 

visualizing the uptake process of GCCNP by the cells, GCCNP was labeled with Alexa 

Fluor™ 488 NHS Ester (Life Technologies) according to the protocol. Briefly, 2 mg 

GCCNP (1mg/ml) were reacted with 5μl AF488 TFP ester (1mg/ml) overnight at room 

temperature. Then unreacted AF488 molecules were removed by dialysis (MWCO= 14, 

000) against distilled water. The solutions were lyophilized. Corneal or conjunctival cells 

were treated by AF 488 labeled GCCNP solutions for 1,3,5,7 days, then fixed with 4% 

paraformaldehyde in 1X PBS for 15 min at RT. After washing with 1X HBSS, 2 ml 5μg/ml 

wheat germ agglutinin AF 647 Conjugate (WGA, W32466, Life Technologies) was applied 

to cover the cells, then incubated for 10 minutes at RT. Cells were washed twice in HBSS, 

then mounted with Prolong Gold mounting media with DAPI (Life Technologies). The cells 
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were observed by using a Zeiss LSM 710 spectral confocal laser scanning microscope 

(Zeiss, Germany). For flow cytometry, the cells were washed with 1×DPBS and digested 

with 0.5% Trypsin-EDTA (Grand Island, NY, USA) at the indicated time point. The 

suspended cells were then washed and suspended for quantitative analysis. The experiment 

was carried out in triplicate.

2.12 Protein extraction and western blotting

Cells were lysed in extraction buffer (PBS pH 7.0 containing 1% triton-X 100, 5 mM EDTA, 

5 mg/ml n-ethylmaleimide, and a standard protease inhibitor cocktail). Lysate was 

centrifuged at 4°C and supernatants were collected on ice. Protein levels were measured by 

using Bio-Rad protein assay kit (colorimetric protein assay, Bradford assay, Bio-Rad, 

Hercules, CA) [39]. The anti-dependent superoxide dismutase (SOD2) (66474-1-Ig) 

antibodies were purchased from Proteintech (66474-1-Ig, SOD2 Mouse McAb, Proteintech 

Group, Inc., Rosemont, USA). Whole cell proteins (30 μg each) were separated by SDS-

PAGE and transferred to PVDF membrane according to the protocol. The SOD2 protein 

expression was detected using primary antibody SOD2 (1:20, 000) and HRP conjugated goat 

anti-mouse IgG antibody (sc-2030, Santa Cruz) at 1:1, 000. Beta-actin (A3854, Sigma-

Aldrich) was used as loading control. The experiment was carried out in triplicate.

2.13 Would healing

In vitro primary corneal and conjunctival migration assay were performed in this study [40, 

41]. Briefly, primary corneal cells or primary conjunctival cells were seeded and incubated 

overnight. The next day, three separate straight line scratches (per well) were prepared on 

the monolayer of primary corneal or conjunctival cells with a sterile pipet tip, cells then 

washed with 1×DPBS three times. GCCNP (0.1, 1 and 10μM) were added to the different 

wells. The plate was then incubated in a culture incubator at 37 °C for a period of time. 

Images of the scratches were taken before and after incubation. Each experiment was done 

in triplicate.

2.14 Creation of mouse model

All experimental animals were housed in AAALAC-accredited Center for Experimental 

Animal under sterile environments at the University of North Carolina at Chapel Hill (UNC-

CH), and experiments were carried out according to the principles approved by UNC-CH 

Institutional Animal Care and Use Committee. Briefly, female C57BL/6J mice aged 6 - 8 

weeks were housed on an air draft and 30% ambient humidity one week before the 

experiment start date. Mice were also housed and maintained on an air draft at 30% ambient 

humidity during the entire duration of the experiment. 0.5 mg/0.2 mL scopolamine 

hydrobromide (Sigma-Aldrich Corp.) was subcutaneously injected four times a day (8 AM, 

11 AM, 2 PM, and 5 PM) to create a DE murine model [42]. The mice were separated at 

random into six groups (n=6 per group) as follows: (1) DE group, DE mice without 

treatment; (2) Saline group, DE mice treated with saline; (3) 0.1 μM GCCNP group; (4) 1 

μM GCCNP group; (5) 10 μM GCCNP group, and (6) DE mice treated with Xiidra (5% 

lifitegrast ophthalmic solution, Shire US Inc.). Two μL eye drops were superficially 

administered to the ocular surface twice a day (9 AM and 5 PM) (Table S1) for 7 days. 

Clinical gold standard for diagnosis of DE, such as tear volume, tear film break-up time 
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(TBUT), and corneal fluorescein staining scores were evaluated at different times. The 

measurements were made 3 hours after the last scopolamine injection and eye drop 

application. All experiments were repeated three times and performed in triplicate.

2.15 Tear volume

Tear volume were adopted using cotton threads (Zone-Quick, Oasis, Glendora, CA, USA) 

according to the instruction [43]. The threads were placed on the peripheral conjunctiva at 

the lateral canthus for 20 seconds after the lower eyelid was pulled down slightly. The thread 

got red when it was wet by tears, the length of red thread indicated the tear volume, and 

length of red thread was measured using a microscope (Carl Zeiss, Norway). Each eye was 

measured three times.

2.16 Evaluation of TBUT and corneal fluorescein staining

The TBUT and staining scores were evaluated according to [42]. For TBUT, 1 μL of 1% 

sodium fluorescein was instilled into the inferior conjunctiva. TBUT was evaluated under a 

slit-lamp biomicroscopy (Phoenix Research Laboratories, Pleasanton, CA) equipped with a 

cobalt blue light. The time of appearance of the first dry spot after the last blink recorded as 

TBUT. For fluorescein staining, corneal epithelial damage was evaluated by the staining on 

the corneal surface after instillation 90 seconds. Cornea was divided into four quadrants. The 

level of corneal fluorescein staining was determined as follows: 0, no staining; 1, slight, 

micropunctate staining, <30 spots; 2, >30 punctate staining spots without diffuse staining; 3, 

severe diffuse staining without positive plaque; and 4, severe plaque/patch staining. The total 

scores of the four quadrants were summed as a final corneal fluorescein staining score. Each 

eye was measured three times.

2.17 Histological evaluation

On the 7th day, the eyes from different group were collected and fixed in 10% formalin. The 

specimens were embedded in paraffin after dehydration, cross-sectioned and stained with 

hematoxylin eosin according to the standard protocol. The morphologies of the corneal, 

conjunctiva epithelium and goblet cells were observed using a microscope (IX71, Olympus 

Corp., Tokyo, Japan). Each eye was measured three times.

2.18 Immunofluorescent staining

Cryosections stained for cytokeratin 10 (K10) was developed using donkey anti-mouse 

Alexa-Fluor 488 conjugated IgG antibody [44]. Eyes were collected on day 7 [44, 45]. 

Immunofluorescent staining was performed on cryosections. Sections were fixed in acetone 

at −20 °C. After washing with 1X PBS, blocked with blocking buffer (5% BSA/PBS, 1.0% 

Triton X-100, 2% donkey serum) for 1 hour, then incubated overnight at 4°C with mouse-

anti cytokeratin 10 (1:400, PA5-97907, Millipore) or SOD-2 monoclonal antibody (1:400, 

66474-1-Ig, proteintech). Slides were washed with 1X PBS (3x, 10 minutes), incubated with 

a secondary antibody (1:1000 donkey-anti-mouse Alexa-Fluor 555 for cytokeratin 10, 

1:1000 donkey-anti-mouse Alexa-Fluor 555 for SOD-2, Life Technologies), sections were 

washed again before counterstained with DAPI (Prolong® Gold mounting media, Life 
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Technologies, USA), and photographed using a confocal laser scanning microscope (Zeiss 

LSM 710, Germany).

2.19 Statistical analysis

The data were presented as the means ± SEM (n=3). The data were carried out with 

GraphPad Prism 5.0 software (La Jolla, CA, USA) using Student’s t-test or ANOVA with 

Bonferroni’s post-hoc test. A P value of < 0.05 was considered statistically significant.

3. Results

3.1 Characterization of GCCNP

TEM is an electron microscopy in which a beam of electrons is transmitted through a 

specimen to form a photo. Different components possess different electron transmission 

capacities. Hence TEM can directly show the different components of the specimen(s) being 

observed. The representative TEM imaging of GCCNP (Figure 1A) showed that GCCNP are 

smooth spherical particles with a diameter of around 100 nm. Moreover, the black dots (red 

arrow) in the figure represent the nano cerium oxide, which were encapsulated by GC. 

Because cerium oxide has a higher density than GC, the ability of electrons to transmit 

through nano cerium oxide is more restricted. This is why in TEM imaging, the cerium 

oxide appears darker than GC. In order to gain better understanding of GCCNP, AFM was 

adopted to characterize GCCNP. AFM (Figure 1B) revealed that GCCNPs are smooth 

spherical nanoparticles. The data of dynamic light scattering (DLS) showed that the size of 

GCCNP was 184.9±8.7 nm (Figure 1C), DLS result are much bigger than TEM’s and 

AFM’s. The deviation between the results could be due to the fact that TEM and AFM 

required the specimen to be dehydrated prior to imaging. GCCNP shrink upon dehydration, 

resulting in a smaller molecule diameter. Zeta potential of GCCNP was +40.9±3.6 mv 

(Figure 1C), which indicated that the positively charged GC could be situated on the outer 

layer of the GCCNP, the result was consistent with TEM’s. Moreover, the positive charged 

surface of GCCNP can not only provide an effective repelling force between the particles to 

increase the stability, but can also be absorbed by the negative force of the eye globe after its 

application into eye. This attraction of charge aids in the facilitation of the cellular uptake of 

GCCNP.

The EE and DL of GCCNP were also investigated. The high EE (80.24±3.9%) and DL 

(23.18±1.4%) confirm that GC is very suitable as a nano-carrier for cerium oxide.

IR results showed that some characteristic peaks of cerium oxide were weakened or even 

vanished in the GCCNP, such as 1508.14 and 1338.42 cm−1 (Figure 1D). The spectrogram 

of GCCNP was different from that of cerium oxide in the physical mixture, it was more 

similar to the spectrogram to GC, which indicated that cerium oxide was encapsulated by 

GC. The XRD spectrum of GCCNP was similar to that of the blank GC. As shown in Figure 

1E, there were several peaks of nano cerium oxide at 28.29°, 33.17°, 47.28° and 56.32° 

while the characteristic peak of GC was a wide and obtuse peak around 20°. Characteristic 

peaks of nano cerium oxide were found in the pattern of the physical mixture, while they 

were vanished in the pattern of GCCNP. A new wide and obtuse peak disappeared at 
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20.40°in the pattern of GCCNP, which suggested that nano cerium oxide was enclosed by 

the aggregated structure of GC in the nanoparticle in molecular or amorphous states. This 

further supports the absence of free cerium oxide in the GCCNP (Figure 1F–I).

3.2 Solubility study

The solubility of CNP and GCCNP were compared. The solubility of cerium in GCCNP 

increased from 0.020±0.002 μg/ml to 709.854±24.3 μg/ml compared with that of CNP. The 

solubility of cerium in GCCNP is 35,493 times more soluble than that of the cerium in 

water. Nano CNP is hydrophobic, while GC is hydrophilic. The hydrophobic nano CNP is 

surrounded by a hydrophilic GC, which not only increase the hydrophilic effect, but also 

forms a protective interface to inhibit cerium oxide from precipitating. Therefore, GCCNP 

can increase the solubility of cerium oxide greatly.

3.3 Tissue preparation and cell culture

In order to achieve results resembling those in the in vivo experiment, mouse corneal and 

conjunctival cells were adopted to do the following tests (Figure 2A and 2B). Cultivation 

and serial transfer of primary corneal epithelial cells and primary conjunctival cells were 

adopted under the following conditions. Corneal or conjunctival cells were cultured on type-

I collagen (Sigma-Aldrich, USA) coated dishes in IMEM or DMEM with 10% FBS, 

continued to proliferate until at least P10. The corneal and conjunctival cells appearances did 

not change throughout the 10 passages.

3.4 Cell viability assay

As illustrated in Figure 2C and 2D, treatment with GCCNP at the indicated concentrations 

(0.1, 1 and 10 μM) had no significant influence in the primary corneal and conjunctival cells 

viability, which indicated that GCCNP were noncytotoxic to mouse primary corneal and 

conjunctival cells.

3.5 Determination of intracellular ROS

Intracellular ROS was quantified by using a sensitive marker, DCF-DA, which can response 

to the cellular oxidation processes rapidly and determines the ROS in cells by oxidation of 

non-fluorescent DCF-DA to highly fluorescent DCF intracellularly. The fluorescence 

intensity of DCF was an indication of the intracellular ROS. Under long term exposure to 

high levels of ROS, the body’s natural defense systems against harmful oxidative species are 

easily offset, which can lead to a variation of diseases [46, 47]. To determine the ROS 

scavenging effect of GCCNP on DE in vitro models, we evaluated the generation of ROS in 

corneal and conjunctival cells by flow cytometry. The gating strategy is based is based on 

the principles of removal of noise signals from air bubbles and disturbing debris to identify 

single cells. These two cells groups are substantially effected by DE factors. There is a 

significant decrease in the DCF fluorescence at 1.0 μM and 10 μM GCCNP groups 

compared to the H2O2-positive control, which demonstrated an obvious inhibition effect of 

1.0 μM and 10 μM GCCNP (***P < 0.0001) on ROS compared to the untreated positive 

control in Figure 3. The results clearly show that 1.0 and 10 μM GCCNP can drastically 

scavenge intracellular ROS in corneal and conjunctival cells.
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3.6 Measurement mitochondrial membrane potential

Mitochondria are best known as the cellular “power house”, creating and supplying the 

majority of the cells energy. Mitochondrial membrane potential is a very important index 

during ROS production. Oxidative stress is always accompanied with the change in 

mitochondrial membrane potential, which is associated with ROS production and apoptosis 

(Figure S1). For further exploration of the antioxidant capacity of GCCNP, the 

mitochondrial membrane potential of the primary corneal and conjunctival cells were 

measured using JC-1 staining to judge the intracellular oxidative stress. A reduction in the 

red fluorescence percentage means a decrease of mitochondrial membrane potential. The red 

fluorescence signal markedly reduced (both in corneal and conjunctival: p < 0.001 versus 

H2O2 control), whereas GCCNP-pretreatment significantly increased the red fluorescence 

percentage compared to the result of the H2O2 positive control (corneal: 10 μM GCCNP vs. 

H2O2 positive control, p <0.01; conjunctival: 10 μM GCCNP vs. H2O2 positive control, p 

<0.016). The 10 μM GCCNP and negative control groups did not show a significant 

difference in the percentage of red fluorescence (cornea: 10 μM GCCNP vs. negative 

control, P > 0.05; conjunctiva: 10 μM GCCNP vs. negative control, p > 0.05) Figure 4.

3.7 In vitro cellular uptake

After confirming the physicochemical properties of GCCNP, we sought to determine the 

capability of corneal and conjunctival cells to uptake GCCNP. Uptake behavior was 

conducted by using a AF488 fluorescent marker. The results are shown in Figure 5 AB. Both 

primary corneal and conjunctival cells incubated with the GCCNP-AF488 exhibited 

fluorescence after 1,3,5,7 day’s incubation. Quantitative flow cytometry analysis was 

performed on the same setting. The results were consistent with those obtained from the 

microscopy results (Figure 5 CD). In our experiment, the cells were incubated and the 

fluorescence intensity of those cells were directly related. This direct relationship indicates 

that the amount of GCCNP entering into cells is indicative to time. The fluorescence 

intensity on the 5th day was approximately equal to that of the 7th day. Moreover, the 

intracellular fluorescence of GCCNP-AF488 was mainly distributed in the cytoplasm, which 

indicated the localization of GCCNP in cytoplasm. As we know, mitochondria are major 

producers of ROS and are distributed throughout the cytoplasm. Therefore, GCCNP can 

deliver ceria to the optimal location, clearing excess ROS produced by mitochondria. All the 

results manifest the ability of primary corneal and conjunctival cells to uptake GCCNP, 

where our nanoparticles will reside in the preferred intracellular location for the clearing of 

ROS.

3.8 Protein extraction and western blotting

SOD2 is a well-known protector from ROS in the oxidative stress-related disease. The 

overexpression of SOD2 attenuates oxidative stress and further reduces apoptosis and 

mitochondrial dysfunction[48]. CNP have demonstrated the ability to induce the 

overexpression of SOD2 in colonic crypt cells[32]. However, there was no report about that 

CNP changes the expression of SOD2 in corneal and conjunctival cells. We explored the 

effects of GCCNP on the SOD2 in primary corneal and conjunctival cells, in order to 

investigate the relationship between GCCNP and SOD2. We were eager to study the ability 
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of GCCNP formulation in the up-regulation of the SOD2 expression in the primary corneal 

and conjunctiva cells treated with H2O2. The corneal cells and conjunctival cells were 

treated with different concentrations of GCCNP (0.1, 1.0, and 10 μM) for 48 h. After 

treatments, the cells were further exposed to H2O2 (400 μM) for 2 h at 37 °C and 5% CO2. 

The protein analysis shows that H2O2 down-regulated intracellular SOD2 expression, while 

different concentrations of GCCNP working against H2O2, induced intracellular SOD2 

expression. (Figure 6). The results of the quantitative analyses showed that GCCNPs (0.1, 1, 

10 μM) significantly increases the intracellular SOD2 expression in primary corneal cell 

compared with the positive control (without GCCNP-treated but with H2O2 treated). This 

result indicated that even a small amount of GCCNP can upregulate the expression of SOD2 

in corneal cells. Meanwhile, in primary conjunctival cells, GCCNP at 10 μM also 

significantly increases (*p < 0.05) the SOD2 expression compared with positive control, 

showing a comparable expression with the negative control (without GCCNP and H2O2 

treatment). This evidence shows the ability of GCCNP to act as both a major antioxidant in 

the treatment of DE and as a transcriptional regulator for the up-regulation of SOD2 

expression, proving its extraordinary dual capability.

3.9 Wound healing

Wound healing is a critical component in the restoration of damaged tissue. Therefore, we 

explored wound healing response of primary corneal and conjunctival cells to GCCNP 

(Figure 7). Firstly, a scratch-wound assay on cornea and conjunctiva monolayers were 

performed. Primary corneal and conjunctival cells have an increased promotion of wound 

closure rates when treated with GCCNP (10 μM) (corneal: ~85% closure, *p < 0.05; 

conjunctiva: ~64% closure, ***p < 0.001) compared to the control (Figure 7A and 7B). Due 

to the difference in growth rate of these two cell lines, (i.e., primary conjunctival cells grow 

very fast under normal culture conditions; 24 hours is enough. But primary corneal cells 

grow quite slow, so we extended the time to 48 hour), we have conducted the study at a 

different timepoint. For further evaluation of the wound healing response of primary corneal 

and conjunctiva cells under pathological ROS states, the cells were treated with H2O2. The 

treatments with different concentration of GCCNP to corneal and conjunctival cell under an 

H2O2 environment led to different levels of the promotion (Figure 7C and 7D) of wound 

closures. GCCNP (10 μM)-treated cells greatly promote wound closures in both corneal and 

conjunctival cells (corneal: ~89% closure, **p < 0.01; conjunctiva: ~70% closure, *p < 0.05) 

compared to the control.

3.10 Tear volume measurements

Tear volume is an important index in the evaluation of DE in a clinical setting. Therefore, 

the effect of GCCNP treatment on the changes of tear volume in DE mice models was 

investigated. The tear volumes were 0.42±0.054 μL in DE group (Figure 8A). On the 

contrary, the tear volumes were 0.47±0.066, 0.56±0.14, 0.72±0.15 μL in 0.1, 1, 10 μM 

GCCNP-treated groups, and the mean tear volume of the Xiidra treated groups were 

0.86±0.18 μL. The results indicate that the tear volume increased after 7-day of GCCNP and 

Xiidra treatment. Compared to the DE group, there was a significant increase in tear volume 

in the 10 μM GCCNP group, and a very significant increase in Xiidra group. There was no 

differences in tear volume between 10 μM GCCNP and Xiidra group (P>0.05).
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3.11 TBUT and corneal fluorescein staining

With exposure to a 30% humidity environment paired with a subcutaneous injection of 

scopolamine hydrobromide, a successful ‘DE’ murine model was established. The TBUT 

and fluorescein staining scores were 6.15±1.26 s and 2.2 ±0.6 before injection of 

scopolamine, and 1.42±0.31 s and 13.2±1.86 immediately after four rounds of subcutaneous 

injection with scopolamine hydrobromide in the DE group. Compared to the DE group, 

TBUT was significantly prolonged in the 10 μM GCCNP and Xiidra groups on the 7th day 

of treatment. No significant difference between the 10 μM CGC group and Xiidra group was 

found (Figure 8B).

Fluorescein staining scores were decreased in the DE group on day 7 (Figure 8C), but there 

was no significant difference compared to day 0 scores (p > 0.05). Corneal fluorescein 

staining scores in the 1 μM GCCNP group were significantly decreased on days 3 and 7, 

compared to day 0 (* p < 0.05). Scores in the 10 μM group were significantly decreased on 

days 3 and 7, compare to day 0 (# day 3 vs day 0, p < 0.05; ##day 7 vs day 0, p < 0.01). 

Scores in the Xiidra group were significantly decreased on days 3 and 7, compare to day 0 

(&& day 3 vs day 0, p < 0.01; &&&day 7 vs day 0, p < 0.001). On day 7, compared with the 

DE group, there were significant decreases in fluorescein staining scores in the 10 μM group 

(p < 0.01), an significant decreases (p <0.001) in the Xiidra group. However, there was no 

significant difference between 10 μM GCCNP group and Xiidra group.

Representative fluorescein staining images were shown in Figure 8D, the damage on the 

corneal surface between the treatment groups is easily evaluated and compared according to 

the green fluorescence. Positive plaque staining could be clearly observed on the surface of 

corneal on day 0 in 5 groups, including the DE group, GCCNP (0.1, 1.0, and 10 μM) and 

Xiidra group, which indicated that a ‘DE’ murine model was successfully established in 

every group. On the contrary, only punctate staining was found on 10 μM GCCNP and 

Xiidra group for 3 days. On the 7 day, plaque staining also observed in the DE group and the 

0.1 μM GCCNP group, however, micropunctate staining was hardly found in 10 μM 

GCCNP and Xiidra groups.

3.12 Histological evaluation

After a one-week exposure to a low humidity environment and four rounds of subcutaneous 

injection with scopolamine hydrobromide, the ‘DE’ murine models experienced a change of 

ocular phenotypes. The thickness of corneal epithelia was distinctly thinner and damaged; 

the corneal stroma was obviously thinner and looser compared to the normal group, with 

disorganized layers (Figure 9A). After 7-day of treatment with 10 μM GCCNP and Xiidra, 

the damaged corneal epithelial layers began to recover, corneal morphology became smooth 

and returned to a near normal status, with a similar epithelial thickness and stromal 

morphology.

However, even 10 μM GCCNP did not normalize corneal morphology nearly as well as 

Xiidra. The corneal epithelial layer treated by 1 and 0.1 μM GCCNP did not recover more 

than 10 μM GCCNP. However, the morphology of corneal epithelial layer still improved 

compared with DE group.
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The number of goblet cells (as showed by the yellow arrows in Figure 9B) were significantly 

decreased in the ‘DE’ group compared to that of normal conjunctiva groups. Conjunctiva 

goblet cells play a very important role in the secretion of tears. The density of goblet cells 

represents the quantity of tear volume, which is indicative of the degree of development of 

DE disease. The density of goblet cell were much higher after treatment with 10 μM 

GCCNP than in the 1, 0.1μM GCCNP and DE groups. In addition, our results also indicated 

that GCCNP could protect against apoptosis caused by DE as revealed by TUNEL analysis 

(Figure S1).

3.13 Immunofluorescent Staining and Laser Scanning Confocal Microscopy

Squamous metaplasia is an ocular surface inflammatory disorder, which is an indication of 

DE [49–52]. The epidermis-specific K10 expression indicates the alteration of squamous 

metaplasia. To evaluate the expression of K10 on corneal after the treatment of GCCNP, 

immunohistochemistry with eye globe cryosections were carried out for a duration of 7 days 

(Figure 10). Normal corneal epithelium was K10 negative, while the epithelia treated with 

scopolamine hydrobromide were K10 positive. The results showed that the amount of K10 

expression in GCCNP-treated groups (0.1, 1 and 10 μΜ GCCNP) was much weaker than 

that of the DE group.

4. Discussion

DE is a complex disease, instead of being the result of a direct cause and effect, there are 

many factors that contribute to the development and progression of the disease. Currently, 

there are only two drugs (Cyclosporine and Lifitegrast) approved by the FDA in the market, 

and they are selective in their treatment ability. There is a high-unmet medical need to 

develop new treatment options for DE. In this study, we developed a new formulation 

(GCCNP) that has multi-targeted functionalities focusing on oxidative stress factors, which 

contribute to DE. We have characterized GCCNP formulations and performed comparative 

toxicity and efficacy evaluations of GCCNP (0.1, 1, 10 μM) to commercially available 

Xiidra, a drug approved by FDA.

Cerium oxide illustrated prospective scavenging activity of intracellular ROS in vitro, 

however, solubility limited its application in vivo. An appropriate material is critical to 

develop a nanoscale cerium oxide system. We chose GC—a derivation of chitosan as main 

material, and developed a stable cerium oxide loaded glycol chitosan nanoscale system. Our 

approach proved that a nanoscale cerium oxide matrix (the dark spots) was successfully 

embedded in the nanoscale system formed by GC, as illustrated on electron micrographs. 

The particle size and distribution are very important parameters for a nanoscale system. The 

smaller the size of the nanoparticles (approximately 100 nm) the better capacity and ability 

they have to penetrate the cell membrane barriers, thus have a higher uptake compare with 

larger particles (approximately 800–1000 nm) [53]. This is may also be partially due to the 

interaction between the positively charged GCCNPs and negatively charged cellular 

membranes. Studies have also shown that chitosan can transiently open intercellular tight 

junctions, allowing a chitosan NP-mediated drug delivery system to enter the cell [54, 55]. 

Moreover, the zeta potential of the GCCNP were around +40 mV, it is more stable because 
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of the electrostatic repulsion between the particles [56, 57]. The high EE and DL 

(80.24±3.9% and 23.18±1.4%) approved that GC is suitable for cerium oxide as nano 

carrier. IR and XRD analysis shown that a series of cerium oxide characteristic peaks 

weakened in the GCCNP and some peaks even disappeared. The results suggested that 

cerium oxide was entrapped into the GC. Solubility is a very important aspect in the 

evaluation of future possible drug use. The solubility of cerium in GCCNP increased from 

0.020±0.002 μg/ml to 709.854±24.3 μg/ml. Compared to cerium oxide, GCCNP is therefore 

more soluble. Toxicity is another aspect to consider when developing a new drug. To better 

evaluate toxicity and treatment effect of GCCNP, the primary corneal and conjunctival cells 

that are directly associated with DE were adopted to evaluate in our experiment. As proved 

by cell viability assay, our results showed that GCCNP have no cytotoxicity to primary 

corneal and conjunctival cells, even in the highest concentration, thus making it a promising 

candidate for DE treatment. GCCNP are ROS scavengers, so the effect of GCCNP on ROS 

scavenging was evaluated. A significant decrease in the DCF fluorescence at 1.0 μM and 10 

μM GCCNP compared to the H2O2-positive control suggest that 1.0 and 10 μM GCCNP can 

decrease intracellular ROS greatly in cornea and conjunctiva. The mitochondrial membrane 

potential is a very important index during ROS production. Any change of the mitochondrial 

membrane potential indicates that GCCNP could reside in the preferred intracellular location 

for efficient clearing of ROS. After confirming the uptake of GCCNP in the corneal and 

conjunctival cells, the effects of GCCNP in up-regulating the SOD2 expression was 

investigated. Our results showed that GCCNP can up-regulate H2O2-induced intracellular 

SOD expression, indicating that GCCNP not only plays an important role against ROS in 

corneal and conjunctival cells, but also significantly up-regulates the expression of SOD. 

Wound healing is a critical step for the recovery of a damaged ocular surface; therefore, we 

explored the wound healing response of primary corneal cells and conjunctival cells to 

GCCNP exposure. GCCNP (10 μM)-treated cells promote wound closures in both corneal 

and conjunctival cells, especially under an H2O2 environment, which indicates that GCCNP 

could help for the recovery of ocular surface damaged in DE disease. Tear volume and 

TBUT are very important indices to evaluate the development of DE in the clinical setting 

[58, 59]. The results indicate that the tear volume increased after GCCNP treatment. 

Compared to the DE group, there was a significant increase in tear volume in the 10 μM 

GCCNP-treated group. Significantly prolonged TBUT was observed with 10 μM GCCNP 

compared to the DE group. A longer TBUT commonly means a more stable tear film [60], 

the results indicate that 10μM GCCNP were helpful in the recovery of the tear film. 

Fluorescein staining is an effective method to evaluate the damage inflicted by ocular 

surface associated diseases [61]. The 10μM GCCNP group obtained a significant decrease in 

corneal fluorescein staining scores compared to 1.0μM CGC group, 0.1μM GCCNP group 

and DE group. The results of the staining scores were highly consistent with that of the 

TBUT, both of these results indicated that a higher concentration (10μM) of GCCNP is 

helpful in restoring the damaged corneal tissue. The function of conjunctival goblet cells is 

lubrication and protection of the ocular surface by secreting mucoproteins [62]. However, 

conjunctival goblet cells are very sensitive to ROS. The abnormal increase in intracellular 

ROS would lead to goblet cells apoptosis. A decrease in conjunctival goblet cells caused by 

ROS leads to a decrease of mucoproteins, consequently leading to an unstable tear film, and 

eventually damaging the corneal surface. Therefore, the quantity of goblet cells is very 
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essential in the treatment of DE. Recovery of corneal epithelial morphology to a normal 

status is also important during the treatment of DE. In the ‘DE’ group, the thickness of the 

corneal epithelia were reduced and the number of conjunctival goblet cells noticeably 

decreased after creating the model. Nevertheless, after a 7-day treatment period, HE results 

demonstrated that the corneal was almost completely restored and a normal number of 

goblet cells, with normal morphology, appeared in the conjunctiva, indicating that GCCNP 

fundamentally facilitate the creation of a stable tear film. DE is also accompanied by 

squamous metaplasia, results in an epidermis-specific K10 expression. This K10 expression 

was indicated by the alteration of squamous metaplasia and the intensity of K10 expression 

in both GCCNP-treated groups was much weaker than that of the DE groups, suggesting that 

GCCNP ameliorated corneal epithelium squamous metaplasia is directly caused by DE and 

can be an effective therapy for the treatment of DE.

5. Conclusions

In summary, GCCNP is a water-soluble cerium oxide formulation which scavenged ROS, 

up-regulated SOD, promoted mouse corneal and conjunctival cell growth, alleviated ocular 

surface disease (both in vitro and in vivo), and showed improvements on DE by stabilizing 

the tear film, while maintaining the integrity of epithelium. We provided convincing 

evidence that GCCNP is an effective treatment for DE. Our experiments demonstrate that 

GCCNP not only ameliorates symptoms but also reverses pathological changes at the 

cellular and molecular levels in DE. Thus, it represents a potential new class of drug for the 

treatment of DE.
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Highlights:

• The glycol chitosan (GC)-coated cerium oxide (CNP) displayed significantly 

higher solubility.

• GCCNP can scavenge ROS, up-regulate antioxidant enzyme SOD2, and 

enhance mitochondrial membrane potential in dry eye (DE) models.

• GCCNP improves tear secretion, tear film stability, and ocular surface 

integrity.
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Figure 1. 
Characterization of GCCNP eye drop. (A & B)TEM and AFM images of GCCNP. (A) TEM 

images. Small red arrow indicates nano ceria. (B) AFM images. (C) Size and zeta potential 

of GCCNP. (D) IR spectrograms of Cerium oxide (a), GC (b), Mechanical mixture of 

Cerium oxide nanoparticle (CNP) and GC (c), and GCCNP (d), (E) XRD spectrograms of 

Cerium oxide (e), GC (f), Mechanical mixture of Cerium oxide and GC (g), and GCCNP 

(h), and (F-I) SEM images (F: GC, G:CNP, H: Mechanical mixture of GC and CNP, and I: 
GCCNP).
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Figure 2. 
(A) Mouse corneal and (B) conjunctival primary cultures. (C) Corneal and (D) Conjunctival 

MTT assays. Results are presented as means ± SEM from three parallel samples. There was 

no significant difference in the viability of cells exposed to the GCCNP compared to the 

control.
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Figure 3. Detecting of ROS using DCF-DA.
Primary corneal cells (A & B) and conjunctival cells (C & D) were pre-treated with 

different concentration of GCCNP (0, 0.1, 1, and 10 μM) before exposure to H2O2 as 

described in the Methods. Total production of ROS was measured by DCF-DA assay. Left 

panels are representative of flow cytometry results from 10 μM GCCNP-treated primary 

corneal cells (A) and primary conjunctival cells (C); right panels are experimental results of 

DCF intensity in primary corneal cells (B) and primary conjunctival cells (D). For statistical 

analysis, treatments with compounds were compared to H2O2 (400 μM)-treated controls. 

Results are presented as means ± SEM from three parallel samples. * p<0.05, ** p<0.01, 

and *** p<0.001.
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Figure 4. Recovery of H2O2-induced impairment of mitochondrial membrane potential through 
treatment with GCCNP.
(A) Corneal cell; (B) Conjunctiva cell. Results are presented as means ± SEM from three 

parallel samples. * p<0.05, ** p<0.01, and *** p<0.001.
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Figure 5. Cellular uptake of GCCNPs.
Representative images of primary corneal (A) and conjunctival (B) cells show the cellular 

uptake of AF488-labeled GCCNP. Quantitative flow cytometry data show corneal (C) and 

conjunctival (D) cells uptake AF488-labeled GCCNP at different time. Results are presented 

as means ± SEM from three parallel samples.
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Figure 6. Western blot analysis the expression of SOD2.
Different concentration of GCCNP on the expression of SOD2 in the presence (positive 

control) or absence of H2O2 (negative control), and 0.1, 1.0 and 10μM GCCNP-treated 

groups in primary corneal cell (A & B) and conjunctival cell (C & D) were analyzed by 

Western blot. β-actin was used as an internal control. Representative data obtained from 

among three individual experiments. The graphs show the ratio of the signal intensities of 

SOD2/β-actin in primary corneal cell (B) and conjunctival cell (D). Results are presented as 

means ± SEM from three parallel samples. * p<0.05, ** p<0.01, and *** p<0.001.
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Figure 7. GCCNP promoted wound healing in primary corneal and conjunctival cells.
(A) Corneal cells. (B) Conjunctival cells. (C) 400 μM H2O2-treated corneal cells. (D) 400 

μM H2O2-treated conjunctiva cells. Results are presented as means ± SEM from three 

parallel samples. * p<0.05, ** p<0.01, and *** p<0.001.
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Figure 8. 
(A) Mean tear volumes of the Dry eye, Xiidra, 0.1, 1 and 10 μM GCCNP-treated groups. (B) 

TBUT of the DE, GCCNP-treated groups and Xiidra-treated group. (C) Corneal fluorescein 

staining scores, and (D) Illustrations of the representative fluorescein staining images. 

Results are presented as means ± SEM from six parallel samples. *, #, or & p<0.05, **, ##, 

or && p<0.01, ***, ###, or &&& p<0.001, and ns p>0.05.
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Figure 9. 
Representative histological images of cornea and conjunctiva from normal mice, mice with 

dry eye, and after treatment with different concentration of GCCNP (10, 1, 0.1μM) for 7 

days. (A) The corneal morphology is indicated by the blue arrows. (B) Goblet cells in the 

conjunctiva are indicated by the yellow arrows. The figure is a representative image from 

three independent experiments. Scale bar: 200 μm.
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Figure 10. GCCNP ameliorated corneal epithelium squamous metaplasia.
The cryostat sections of normal, scopolamine hydrobromide -induced dry eye, and GCCNP 

treated dry eye corneas were stained with keratin 10 for corneal epithelium squamous 

metaplasia and cos-tained with DAPI for nuclear staining: (A) Normal cornea, (B) DE 

group, (C) Xiidra-treated, (D) 10μm GCCNP-treated, (E) 1μm GCCNP-treated, (F) 0.1μm 

GCCNP-treated, (G) Saline group. The left panels are K10 staining alone and right panels 

were the merged images of K10 and DAPI. The figure is the representative image of three 

independent experiments. Scale bar: 200 μm.
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