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Purpose: Patients afflicted with dry eye disease (DED) experience significant discomfort. The underlying cause of DED is the
excessive accumulation of ROS on the ocular surface. Here, we investigated the nitrogen doped-graphene quantum dots (NGQDs),
known for their ROS-scavenging capabilities, as a treatment for DED.

Methods: NGQDs were prepared by using citric acid and urea as precursors through hydrothermal method. The antioxidant abilities
of NGQDs were evaluated through: scavenging the ROS both extracellular and intracellular, regulating the nuclear factor-erythroid
2-related factor (Nrf2) antioxidant pathway of human corneal epithelial cells (HCECs) and their transcription of inflammation related
genes. Furthermore, NGQDs were modified by Arg-Gly-Asp-Ser (RGDS) peptides to obtain RGDS@NGQDs. In vivo, both the
NGQDs and RGDS@NGQDs were suspended in 0.1% Pluronic F127 (w/v) and delivered as eye drops in the scopolamine
hydrobromide-induced DED mouse model. Preclinical efficacy was compared to the healthy and DPBS treated DED mice.

Results: These NGQDs demonstrated pronounced antioxidant properties, efficiently neutralizing free radicals and activating the
intracellular Nrf2 pathway. In vitro studies revealed that treatment of H,O,-exposed HCECs with NGQDs induced a preservation in
cell viability. Additionally, there was a reduction in the transcription of inflammation-associated genes. To prolong the corneal
residence time of NGQDs, they were further modified with RGDS peptides and suspended in 0.1% Pluronic F127 (w/v) to create
RGDS@NGQDs F127 eye drops. RGDS@NGQDs exhibited superior intracellular antioxidant activity even at low concentrations
(10 pg/mL). Subsequent in vivo studies revealed that RGDS@NGQDs F127 eye drops notably mitigated the symptoms of DED mouse
model, primarily by reducing ocular ROS levels.

Conclusion: Our findings underscore the enhanced antioxidant benefits achieved by modifying GQDs through nitrogen doping and
RGDS peptide tethering. Importantly, in a mouse model, our novel eye drops formulation effectively ameliorated DED symptoms,
thereby representing a novel therapeutic pathway for DED management.
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Introduction

Dry eye disease (DED) is a collective term for chronic and progressive ocular surface and tear disorders, which affects
over 30% of the global population.' DED may arise from hindered tear production, excessive tear fluid evaporation, or
contamination of the tear fluid. Individually or in combination, these factors can culminate in an irregular tear film
composition and unstable osmolarity. DED symptoms encompass persistent dryness, eye irritation, stinging sensations,

International Journal of Nanomedicine 2024:19 2691-2708 2691
Received: 11 December 2023 © 2024 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 26 February 2024
Published: 15 March 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-3473-5246
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wu et al Dove

fatigue, and visual disturbances. DED notably diminishes patients’ quality of life, and exerts considerable pressure on
health systems worldwide.* Although the exact pathophysiology of the varied forms of DED remains unclear, it is
evident that an accumulation of reactive oxygen species (ROS), including superoxide anion (05 ), hydrogen peroxide
(H,0,), and hydroxyl radicals (-OH), on the ocular surface is pivotal.” This heightened ROS concentration denotes
oxidative stress. Exacerbated oxidative stress in both the conjunctiva and tear fluid can instigate an inflammatory
cascade, potentially initiating DED.®® Moreover, its prevalence escalates with aging and environmental exposures.
Triggering environmental factors may include low humidity, atmospheric pollutants like ozone or microplastic residues’
to UV radiation, cosmetic eye products,'® and even electronic device usage.'' Under typical conditions, biological
antioxidant systems keep ROS in check; however, prolonged oxidative stress is known to disrupt the redox balance,'*"?
leading to reduced lacrimal gland function and oxidative harm to crucial biomolecules, such as proteins, lipids, and
nucleic acids. This disruption can ultimately halt cell growth or induce apoptosis.'* ¢

Contemporary therapeutic strategies for DED predominantly center on enhancing tear quality or mitigating ocular surface
inflammation using eye drops infused with corticosteroids or cyclosporine.'” However, these treatments are often limited by their
low bioavailability. This limitation stems from factors such as reflexive blinking, the minimal volume of the tear film, and the
nasolacrimal drainage flow.'® " As a result, patients often require frequent doses (eg, 2 or 3 times daily) with heightened drug
concentrations in the eye drop formulation. This extensive treatment approach can lead to undesirable systemic side effects and
challenges in patient compliance. Excessive use of eyedrops can further elevate oxidative stress, exacerbating DED symptoms.”'
Given these challenges, there is a persistent need for therapies that offer both enhanced safety and efficacy for DED.

Graphene quantum dots (GQDs), derived from fragments of graphene-based carbon materials, are renowned for their
pronounced luminescence properties and commendable biocompatibility.**** The surface of GQDs show numerous defects
and abundant unpaired electrons, attributes which are associated with reductive functional groups. Hence, GQDs hold significant
promise as potent antioxidants.>*2® Notably, when GQDs are doped with heteroatoms such as nitrogen, their electron density is
substantially augmented, bolstering their antioxidant capabilities.>’ Studies have illustrated the efficacy of GQDs in quenching
ROS within biological systems, yielding promising results in mitigating gastric injuries™ and reducing lipopolysaccharide-
induced inflammation in macrophages.”® As exceptional scavengers of intracellular ROS, GQDs present a promising avenue for
addressing dry eye disease.

In this study, we engineered nitrogen-doped GQDs (NGQDs) that exhibited superior antioxidant efficacy both in vitro and
within human corneal epithelial cells (HCECs). Additionally, the apoptosis rate in HCECs and the transcription of inflamma-
tion-associated genes diminished with NGQD intervention. Further investigations revealed that NGQDs neutralize intracel-
lular ROS in the presence of H,O, and activate the nuclear factor E2-related factor 2 (Nrf2) antioxidant pathway, safeguarding
the cells. To improve bioavailability on the ocular surface, NGQDs were functionalized with RGDS (Arg-Gly-Asp-Ser)
peptides. These peptides specifically target integrins on the corneal cell surface, enhancing the binding affinity of NGQDs to
these cells. The resulting product was termed RGDS@NGQDs.** 2 Considering the physical barrier of the ocular mucosal
layer, RGDS@NGQDs were dispersed in the amphiphilic solvent Pluronic F127 (0.1%), resulting in the formulation of
RGDS@NGQDs F127 eye drops. The Pluronic F127 solvent, containing F127 PPO chains, can interact with ocular mucin
proteins, enhancing the residence time of nanoparticles on the ocular surface. Its amphiphilic properties assist the nanopar-
ticles in penetrating the cornea, further boosting their bioavailability.** *® Our observations revealed that the RGDS@NGQDs
F127 eye drops demonstrated superior intracellular antioxidant properties compared to unmodified NGQDs. In vivo experi-
ments showed that the RGDS@NGQDs F127 eye drops markedly reduced ROS levels and mitigated symptoms associated
with scopolamine hydrobromide-induced DED. These results suggest a promising strategy for devising DED treatments that
counteract oxidative stress.

Materials and Methods

Reagents and Characterization

Chemical reagents for this study were sourced from Aladdin Co., Ltd., Shanghai, China, whereas laboratory consumables
were acquired from Guangzhou Jet Bio-Filtration Co., Ltd., China. Specific reagents required for particular methods are
detailed within the respective sections. The peptides used were synthesized by GL Biochem Ltd. (Shanghai, China). Cell
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lines were procured from the American Type Culture Collection (ATCC, USA). Cell culture media and supplements were
supplied by Gibco.

The structural and morphological characteristics of the NGQD derivatives were examined using high-resolution transmission
electron microscopy (HRTEM, Talos F200X, Thermo Scientific, USA) and atomic force microscopy (AFM, Multimode 8,
Bruker Co., Germany). Their chemical composition and elemental states were analyzed using X-ray photoelectron spectroscopy
(XPS, Thermo Escalab 250Xi, USA). Ultraviolet-visible (UV-Vis) and fluorescence spectra of the NGQD derivatives were
recorded using an Agilent Cary 100 spectrophotometer (USA) and a Hitachi 7000 fluorescence spectrophotometer (Japan),
respectively. Fourier transform infrared (FT-IR) spectra were obtained using a Thermo Nicolet 6700 spectrometer (USA). The
surface zeta potential of NGQDs and their derivatives were measured by dynamic light scattering (DLS) at room temperature
using a Zetasizer Nano system (Malvern ZS90).

Synthesis of NGQDs

NGQDs were synthesized following a previously outlined method.?” Specifically, we dissolved 0.88 g of citric acid and
1.08 g of urea in 15 mL of distilled water (DI H,O). This solution was then subjected to a hydrothermal process in
a 25 mL Teflon-lined stainless-steel autoclave, maintained at 160 °C for 4 hours. Following this, the preliminary product
was subjected to tube dialysis (molecular weight retention range: 500—-1000 Da, sourced from Shanghai Yuanye
Bio-Technology Co., Ltd, China) for 24 hours, to eliminate unincorporated small molecules. The resulting purified
NGQDs were then freeze-dried to yield a powder, which was used in further investigations.

‘OH Consumption Capacity with the TMB Method
3.3°,5,5’-Tetramethylbenzidine (TMB, 2 mM), horseradish peroxidase (HRP, 0.1 U/mL) and H,O, (1 mM) were first mixed to
produce -OH. Subsequently, different concentrations of NGQDs were added dropwise into the TMB mixture. The color
changes of the mixture were recorded by picture and video. The ability to consume hydroxyl radicals (-OH) was monitored
through measurement of the UV-Vis absorbance of TMB cation radicals at 652 nm after 10 minutes. The antioxidant capacity
was presented as the percentage of (OD¢ontrol-ODsampie)/ODcontrol (the control group is the mixture of TMB, HRP, and H,05).

Total Antioxidant Capacity of NGQDs with the FRAP Method

The total antioxidant capacity of the NGQDs was determined by assessing the ferric reducing ability of plasma using
a standard kit (FRAP, Beyotime, China). Antioxidants reduce the colorless Ferric-tripyridyltriazine (Fe’"-TPTZ) to the
blue Fe**-TPTZ. The UV-Vis absorbance of Fe**-TPTZ at 593 nm was therefore used to monitor the antioxidant
capacity. Following the instruction manual, an FeSO,4 7H,0 standard curve was first prepared. The total antioxidant
capacity was expressed by the concentration of the Fe;SO, standard solution. The reaction temperature was 37 °C, and
the reaction time was 8 min.

In vitro Cytocompatibility Studies
HCECs were cultured in DMEM/F12 growth medium, supplemented with 10% (v/v) certified fetal bovine serum (FBS) and
50 pg/mL gentamicin. The culture was maintained in an environment with 10% CO, at a constant temperature of 37 °C.

Cell viability was assessed using a CCK-8 assay kit from Dojindo. Initially, cells were seeded at a density of 5,000
cells per well in 96-well plates and incubated for 24 hours in standard growth medium. Following this, the medium in
each well was replaced with 100 pL of fresh medium, containing varying concentrations of NGQD derivatives or H,O».
After incubation for a designated duration, cells were subjected to the CCK-8 assay, in accordance with the manufac-
turer’s instructions. The absorbance at 450 nm was measured using a SpectraMax 190 microplate reader (Molecular
Devices, USA). Cell viability is presented as a percentage relative to the control group, which was maintained in regular
growth medium.

Living and dead cells were distinguished using a calcein-AM/PI Double Staining Kit from Dojindo. Cells were plated
at a density of 20,000 cells per well in 24-well plates, and incubated for 24 hours in standard growth medium.
Subsequently, the medium was replaced with fresh medium containing varying concentrations of NGQD derivatives or
H,0,, followed by incubation for an appropriate duration. After washing thrice with PBS, the cells were stained with
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calcein-AM or PI, according to the manufacturer’s protocol, and incubated at 37 °C for 15 minutes. Cell visualization
was performed using a fluorescence microscope (OLYMPUS IX81), equipped with green and red fluorescent exciters
(Excitation/Emission wavelengths for calcein-AM: 490/515 nm; for PI: 535/617 nm).

Intracellular Antioxidant Capacity Evaluation

HCECs were divided into different groups, including the negative control group (NC), oxidative stress group (H,O,), NGQD
derivative-treated group (NGQDs or RGDS@NGQDs) and NGQD derivative antioxidant group (“NGQDs+ H,0,” or
“RGDS@NGQDs+ H,0,”). First, all the cells were cultured in regular medium for 24 h. At 24 h after seeding, the culture
medium of the NC group and H,0O, group was changed to fresh medium, while the other two groups were changed to fresh
medium with different concentrations of NGQD derivatives and incubated for 24 h. Subsequently, the culture medium of the
oxidative stress group and NGQD derivative antioxidant group was changed to medium containing no FBS in addition to
H,0, (400 uM) and cultured for another 4 h. The cell viability of HCECs was finally determined by CCK-8 assay.

Apoptosis Determination

The apoptosis assay for HCECs was conducted using the FITC Annexin V Apoptosis Detection Kit I, following the
instructions provided by BD Biosciences (San Jose, CA, USA). HCECs were cultured in 6-well plates at a density of
200,000 cells per well. Following the treatment protocols detailed in Section 2.6, the cells were trypsinized and then
resuspended in binding buffer. For staining, 10 uL. of FITC Annexin V and 10 pL of PI were added to the cells, which
were then incubated for 15 minutes at room temperature in the dark. The assessment of apoptosis was carried out using
flow cytometry (FACSCalibur, BD Biosciences).

Intracellular ROS Detection

Intracellular ROS levels were measured using a Reactive Oxygen Species Assay Kit from Beyotime. Cells were seeded
at a density of 20,000 cells per well in 24-well plates. These cells were grouped and treated according to the procedures
outlined in Section 2.6. Post-treatment, the cells were rinsed with FBS-free medium. To detect ROS, 10 pM of the ROS
probe 2’°-7’-dichlorofluorescin diacetate (DCFH-DA) was added to each well, followed by incubation for 20 minutes.
Subsequently, the cells were washed three times with serum-free medium, and then observed under a fluorescence
microscope, using a green fluorescent exciter.

Western Blot

HCECs were cultured in 6-well tissue culture plates, at a seeding density of 200,000 cells per well, and incubated for
24 hours. The cells were categorized into different groups and subjected to treatments, as detailed in Section 2.6. Post-
treatment, the cells were lysed using western cracking buffer (Beyotime) to extract total protein. The concentration of the
total protein was quantified using the BCA Protein Assay Kit (Thermo). Western blot analysis was then performed to
assess the expression levels of Nrf2 and Keapl using rabbit polyclonal antibodies (ab62352, ab227828, Abcam).
B-Tubulin (AF1216, Beyotime) served as the loading control. The intensities of the bands were quantified using Image
Lab software (Bio-Rad Laboratories, Inc.), and normalized against the -tubulin band.

Immunofluorescence

The cells from various groups were cultured on 10x10 mm slides in a 24-well plate, where each slide contained 20,000
cells, for 24 hours. The cells were categorized into four groups: the NC group, the oxidative stress group (treated with
400 uM H,0,), the NGQD-treated group (treated with 50 pg/mL NGQDs), and the NGQD antioxidant group (treated
with 50 pg/mL NGQDs and 400 uM H202). Treatment protocols were performed as outlined in Section 2.6. After
treatment, cells were fixed in cold methanol for 5 minutes at —20 °C, followed by blocking with 3% w/v BSA for 1 hour
at room temperature. Subsequently, the cells were incubated with the anti-Nrf2 antibody (ab62352, Abcam) for 24 hours
at 37 °C. After incubation with a FITC-tagged secondary antibody (A16024, Thermo, Ex/Em: 495/515 nm), cell nuclei
were stained with DAPI (C1005, Beyotime, Ex/Em: 340/488 nm) for 2—5 minutes. Finally, the slides were examined
using confocal laser scanning microscopy (CLSM, Zeiss LSM8&80).
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In vitro Expression of Inflammation-Related Factors

The expression levels of inflammation-related mRNA in HCECs were determined using reverse transcription-polymerase chain
reaction (RT-PCR). Cells were plated in 6-well plates at a density of 200,000 cells per well and categorized into four groups: the
NC group, the oxidative stress group (treated with 400 pM H,0,), the NGQD-treated group (treated with 50 pg/mL NGQDs),
and the NGQD antioxidant group (treated with both 50 pg/mL NGQDs and 400 uM H,0,). RNA from each group was extracted
using TRIzol, with quality and purity assessed by the ratios of A260/A280 (between 1.8 and 2.0) and A260/A230 (greater than
2.0). Complementary DNA (cDNA) was synthesized from high-purity RNA using the HiScript III RT SuperMix for qPCR
(+gDNA wiper) kit (Vazyme, China). The relative expression of IL-1p (5’-ATGATGGCTTATTACAGTGGCAA-3’ and
5’-GTCGGAGATTCGTAGCTGGA-3’), IL-6 (5’- AAATCACCATGCACCTCATCC-3’ and 5’-AGAGGATTGTGCCCG
AACTAAA-3’), IL-8 (5’-ATGCTTTTGATCTGCACAGCTGCAC-3’ and 5’-TGGTCCAGCAGGAATAACCCTCAG-3’),
TNF-a (5’-GTTCCCCAGGGACCTCTCTC-3’ and 5’-GGCTACAGGCTTGTCACTCG-3’), and IFN-y (5’-TCGGTAACTG
ACTTGAATGTCCA-3’ and 5’-TCGCTTCCCTGTTTTAGCTGC-3") were analyzed using RT-PCR. All gene mRNA expres-
sion was normalized to the expression of GAPDH (5’- ATGTTCGTCATGGGTGTGAA-3’ and 5’-GGTGCTAAGCAG
TTGGTGGT-3"). The fold change in expression across various groups was calculated using the 2#““* method, where A is
defined as the Ct value of the target gene minus the Ct value of GAPDH (housekeeping gene). The relative mRNA levels were
determined by comparing the ratio of 274" of the treated group to that of the NC group.

Preparation and Characterization of RGDS@NGQDs F127 Eye Drops

First, EDCI (28.8 mg) and NHS (34.5 mg) were dissolved in 5 mL of DI H,O. RGDS (Arg-Gly-Asp-Ser) peptides (5 mg) were
added to the EDCI/NHS solution and mixed for 1 h at 37 °C, which activated the carboxyl of RGDS peptides. Subsequently,
the activated RGDS was mixed with NGQDs (7.15 mg/mL, 5 mL) and reacted at 37 °C overnight. The crude product was
dialyzed in a dialysis tube (retained molecular weight: 500—1000 Da, Shanghai Yuanye Bio-Technology Co., Ltd, China.) for
24 h to remove all unreacted small molecules. The purified RGDS@NGQDs were freeze-dried and resuspended in 0.1%
Pluronic F127 (w/v) to obtain RGDS@NGQDs F127 eye drops.

Cellular Uptake Assay

HCECs were cultured on 10x10 mm slides within a 24-well plate at a density of 30,000 cells per slide. Following a 24 h period,
the culture medium was replaced with fresh medium containing either NGQDs or RGDS@NGQDs (200 pg/mL), and the cells
were incubated for either 0.5 or 2 hours. Subsequently, the cells were gently rinsed three times with PBS and then fixed using 4%
paraformaldehyde. The cell nuclei were stained using 7-AAD (Invitrogen, Ex/Em: 546/647 nm). Fluorescence images were
captured using a confocal laser scanning microscopy. The fluorescence intensity was evaluated by the software of image J.

In vivo Therapeutic Effects of RGDS@NGQDs F127 Eye Drops

Healthy male C57BL/6 mice, aged 6—8 weeks, were procured from Shanghai SLAC Laboratory Animal Co., Ltd. All mice
were housed at the Laboratory Animal Center of Wenzhou Medical University, where all animal care and experimental
procedures were conducted in strict adherence to the guidelines set by the Laboratory Animal Ethics Committee of Wenzhou
Medical University. This center operates under the experimental animal license SYXK (Zhejiang) 2015-0009, ensuring
compliance with established experimental standards. All animal welfare and experimental protocols rigorously followed the
ethical guidelines as stipulated in the “Laboratory Animal-Guidelines for Ethical Review of Animal Welfare” of China (GB/T
35892-2018). The experimental methods and research protocol of this study have been approved by the Laboratory Animal
Ethics Committee of Wenzhou Medical University (wydw 2021-0302).

Prior to the commencement of the experiments, the eyes of all mice were thoroughly examined using slit-lamp microscopy
(SLM-7E, KANGHUA, China), to ensure the selection of eyes free from infection or noticeable anterior segment abnorm-
alities for subsequent tests. The mice were randomly allocated into four groups, with each group comprising six mice:
1) a normal healthy control group; 2) DED mice treated with PBS; 3) DED mice treated with NGQDs F127 (50 ug/mL) eye
drops; and 4) DED mice treated with RGDS@NGQDs F127 (50 pg/mL) eye drops. To induce the DED model, scopolamine
hydrobromide (0.2 mL, 2.5 mg/mL) was administered subcutaneously to the mice four times daily over 7 days. Concurrently,
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the ocular surface of the mice was treated with one drop (5 pL) of either PBS or the respective eye drops, also four times daily
for 7 days.

On days | and 7, corneal fluorescein staining scores were assessed to evaluate the integrity of the cornea. For this procedure,
1 uL of 0.05% sodium fluorescein solution was instilled into the lower conjunctival sac and left to interact for 2 minutes.
Subsequently, the eyes were examined using a slit lamp equipped with a cobalt blue filter. The cornea was divided into four
quadrants for scoring, based on the extent of fluorescein uptake, as follows: 0, no noticeable fluorescent spots; 1, micropunctate
staining with fewer than 30 spots; 2, more than 30 punctate stains without diffuse staining; 3, diffuse staining but without positive
plaque; and 4, severe plaque or patch staining. The final corneal fluorescein staining score was the aggregate of the scores from all
four quadrants.

After seven days of treatment, the mice were humanely euthanized, and eyes were harvested for analysis. For histological
examination, eyes were fixed in 10% formalin, followed by dehydration, cross-sectioning, and staining using hematoxylin and
eosin (H&E) and periodic acid-Schiff (PAS) following standard protocols. The morphology of the corneal and goblet cells was
then observed under a microscope. For the assessment of ROS content, the eyes were rapidly frozen in liquid nitrogen and
sectioned to a thickness of 10 um. These sections were stained with DAPI for nuclear visualization and with dihydroethidium
(DHE), a fluorescence probe that is oxidized by ROS to form a red fluorescent product (Ex/Em: 535 nm/610 nm). For corneal
immunofluorescence staining, eyeballs were fixed, dehydrated, frozen, and sectioned into 10 pm thick slices. After being
rinsed three times with PBS, the slices were incubated in 0.3% Triton X-100 for 10 min and then 10% goat serum for 1 h at
room temperature. Subsequently, the sections were incubated with the primary antibody at 4 °C overnight, followed by
appropriate fluorescence-conjugated secondary antibodies at room temperature for 2 h. The stained sections were subse-

quently observed using a fluorescence microscope.

Statistical Analysis

For all datasets obtained from replicate experiments, we computed the mean and standard deviation. When the data conformed
to a normal distribution, significant differences (p-values) were assessed through one-way analysis of variance (ANOVA)
complemented by Tukey’s multiple comparison test, utilizing GraphPad Prism version 7.00 (GraphPad Software, USA). The
levels of significance were indicated as follows: a single asterisk (*) represents p < 0.05, double asterisks (**) denote p <0.01,
and triple asterisks (***) signify p <0.001. A p-value of <0.05 was considered statistically significant.

Results

Physical Characterization and Antioxidant Evaluation of NGQDs

Utilizing citric acid and urea as precursors, we synthesized nitrogen-doped GQDs (NGQDs) through a hydrothermal
method. HRTEM imaging revealed that NGQDs are spherical, with an average diameter of 3.5 + 1.2 nm (based on
a count of 100 NGQDs), as shown in Figure 1a. AFM measurements indicated that their thicknesses predominantly range
between 2 and 3 nm, averaging 2.04 + 1.24 nm, which corresponds to approximately 9 layers (see Figure Sla). XPS
analyses confirmed the presence of C (284 ¢V), N (400 eV), and O (533 eV) in the NGQDs, with respective
concentrations of 51.57%, 10.03%, and 38.4% (Figure 1b). The high-resolution XPS Cls spectrum displayed peaks
corresponding to C=C (284.7 eV), C-N (285.9 ¢V), and C=0 (288.5 ¢V) bonds, whereas the N1s spectrum presented
peaks related C-N-C (399.9 eV) and N-H (401.6 eV) (refer to Figure S1b and c). The effective zeta potential of NGQDs
was determined as —30.2. As deduced from the UV—Vis spectrum (Figure 1c), the absorption peak at 236 nm can be
attributed to the C=C bond, and the peak at 331 nm is linked to the C=0O bond. The photoluminescence spectrum
indicates maxima at excitation and emission wavelengths of 360 nm and 460 nm, respectively (Figure 1c). Surface
functional groups on NGQDs were identified using the FT-IR spectrum (Figure 1d). A prominent stretching vibration at
3453 cm ' was discerned, corresponding to the N-H or O-H groups. Vibrations at 1548 cm ' and 1023 cm ™' were

! stemmed from the C=C

ascribed to the bending motions of N-H and C-N, respectively, while the band at 1637 cm™
bond’s bending vibration. These findings demonstrate that NGQDs are layered quantum dots, enriched with NH

functional groups, a conclusion aligning with our earlier publication.®’
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Figure | Characterization of NGQDs and their antioxidant capacity. (a) HRTEM image of NGQDs (Inset: the size distribution of NGQDs); (b) XPS full survey of NGQDs;
(c) the UV-Vis and photoluminescent spectrum of NGQDs; (d) the FT-IR spectrum of NGQDs; (e) the ‘OH consumption capacity of NGQDs; (f) the total antioxidant
capacity of NGQDs.

The antioxidant potential of NGQDs was initially evaluated using the TMB assay. To begin, TMB, H,O,, and HRP were
combined. In this blend, the colorless TMB can undergo oxidation, resulting in the formation of cationic TMB radicals
(0xTMB, blue) due to the presence of -OH. Following this, varying concentrations of NGQDs were gradually introduced
into the mixture. The color transition of the mixture was documented in a video (Video 1). In the video, the concentrations
of NGQDs were 1.77, 1.43, 1.08, 0.73, 0.37, 0.19, and 0 mg/mL from left to right. With the addition of NGQDs, the blue

International Journal of Nanomedicine 2024:19 hetps: 2697
Dove:


http://youtu.be/yf_zb6F5MP0
https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

color of 0xXTMB gradually faded. The fading rate was positively correlated with the concentration of NGQDs, indicating
that NGQDs consumed the produced -OH. The UV—Vis absorbance of oxTMB at 652 nm was further used to monitor the
‘OH consumption capacity of NGQDs (Figure le). The capacity to consume -‘OH was computed using the formula:
(OD¢ontrol — ODgampie)/ODcontrol, in which the control group comprises a mixture of TMB, HRP, and H,O,. We observed that
as the NGQD concentration increased, the -OH neutralization rate rose correspondingly. Additionally, to assess the total
antioxidant potential of NGQDs—which encompasses the neutralization of -OH, O, , and H,O,—the FRAP assay was
employed. Initially, the standard curve for FeSO,4-7H,O was established, yielding the equation y = 0.3026x + 0.058 (refer to
Figure S2). Subsequently, varying concentrations of NGQDs were combined with Fe**-TPTZ. During this process, NGQDs
facilitated the reduction of Fe**-TPTZ to Fe?*-TPTZ. The UV-Vis absorption of the resulting Fe*'-TPTZ at 593 nm was
tracked. This data was then used to determine the antioxidant capacity (in mM) based on the Fe3SO, standard solution (see
Figure 1f). As the concentration of NGQDs increased, their overall antioxidant capacity also rose. These findings suggest
that NGQDs act as antioxidants with the capability to neutralize ROS, indicating their potential for application in DED
treatment.

Cytocompatibility and Intracellular Antioxidant Capacity of NGQDs

We assessed the cytocompatibility of NGQDs using the CCK-8 assay (Figure 2a). HCECs were exposed to various
concentrations of NGQDs for time durations of 24, 48, and 72 h. Remarkably, cell viability remained above 90%
throughout the 72-hour incubation period when NGQDs concentrations were maintained at or below 50 pg/mL.
However, when the concentration reached 100 pg/mL of NGQDs, cell viability was above 80% at both 24 and 48
h but decreased to 74.8% by the 72-hour mark. Further insights into the cytocompatibility of NGQDs were garnered
using the Living/Dead cell double staining kit, as shown in Figure S3. In alignment with the CCK-8 assay results,
HCECs were subjected to different concentrations of NGQDs across intervals of 24, 48, and 72 h. These were
subsequently stained with calcein-AM/PI. Intriguingly, at NGQD concentrations reaching up to 50 pg/mL, an observable
increase in cell proliferation was seen with longer culture durations, as evidenced by the calcein-AM staining. This
indicates that NGQDs, within this concentration range, did not impede cell growth. Conversely, at a concentration of 100
ug/mL NGQDs, cell density remained consistent over the duration. It is worth noting that some degree of cell mortality
was observed, as indicated by the PI staining. These observations underscore the commendable cytocompatibility of
NGQDs, but indicate that they can still manifest mild cytotoxic effects when cells encounter elevated NGQDs
concentrations for prolonged periods.

We further examined the intracellular antioxidant characteristics of NGQDs, as illustrated in Figure 2b. We induced
oxidative stress by subjecting cells to H,O, at a concentration of 400 uM. This exposure resulted in a marked reduction
in cell viability, dropping to approximately 38.6%. However, when cells were pre-treated with NGQDs before H,0,
exposure, their survival rates significantly increased. Specifically, cells pre-treated with NGQDs at concentrations of 50
and 100 pg/mL for 24 h, followed by H,O, exposure, showed survival rates of above 75%, respectively.

Flow cytometry was employed to analyze the apoptosis of HCECs, further elucidating the intracellular antioxidant
potential of NGQDs. In the group exposed to H,O,, a pronounced increase in late apoptotic cells was observed,
comprising 10.2% (refer to Figure 2c). Nevertheless, when cells were pre-treated with NGQDs at a concentration of
50 ug/mL for 24 h before being exposed to H,O,, the rate of late apoptosis was significantly reduced, showing a twofold
decrease to 5.33%. These findings underscore the antioxidant properties of NGQDs. Yet, as shown in Figure 2a, higher
concentrations of NGQDs did exhibit some cytotoxic effects on HCECs. Considering the data on intracellular antioxidant
abilities, it is conceivable that the cytotoxicity induced by NGQDs may be linked to an excessive antioxidant action,
which could disrupt the redox equilibrium within the cells.

Cells generate ROS following H,O, exposure, posing a threat to vital cellular components and potentially causing cell
death. Hence, monitoring intracellular ROS levels is pivotal in gauging the antioxidant efficacy of NGQDs. For this
purpose, we utilized the DCFH-DA method to quantify intracellular ROS. ROS has the ability to oxidize DCFH-DA,
leading to the formation of DCF, which emanates green fluorescence. As illustrated in Figure 2d, a prominent green
fluorescence was evident in the H,O,-exposed group, indicating elevated ROS production. In contrast, cells pre-treated
with NGQDs prior to H,O, exposure demonstrated a significant decline in ROS fluorescence. Moreover, cells exclusively
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Figure 2 Cytocompatibility and intracellular antioxidant capacity of NGQDs. (a) The cell viability of NGQD-treated HCECs, as assessed by CCK-8 assay (*p < 0.05, ***p < 0.001
vs the NGQDs (0 pig/mL)-treated group in the same time period); (b) The antioxidant capacity of NGQDs, as assessed by CCK-8 assay (ns. p > 0.05, *p < 0.05, ***p < 0.001 vs the
corresponding treatment group linked with it); (c) Flow cytometry analysis of cell apoptosis with different treatments (The flow cytometry plots are divided into four quadrants: the
upper left quadrant indicates dead cells, the upper right quadrant shows late apoptotic cells, the lower left quadrant represents non-apoptotic cells, and the lower right quadrant
indicates early apoptotic cells); (d) ROS detection in HCECs by DCFH-DA probes; the scale bar represents 100 um.

exposed to NGQDs showed negligible ROS fluorescence. Together, these results highlight that NGQDs effectively
neutralize intracellular ROS, thus emphasizing their role in antioxidant defense and enhancing cell protection.

Effects of NGQDs on Nrf2/Keapl Gene Expression in HCECs

The above findings suggest that NGQDs protect cells from intracellular oxidative stress by mitigating excessive ROS.
This led us to speculate about NGQDs’ potential role in modulating the cellular antioxidant signaling pathway. To
explore this further, we examined the impact of NGQDs on the expression of the Nrf2/Keap1 pathway, a cornerstone in
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defending against environmental oxidant challenges.*® Nrf2 is a transcription factor sensitive to redox changes, which is
regulated by Keapl. Under normal conditions, Nrf2 is kept inactive due to ubiquitination by a cul3-based E3 ligase,
resulting in its binding by Keapl. However, during oxidative stress, the cysteine residues in Keapl deactivate the ligase,
releasing Nrf2. Once freed, Nrf2 translocates to the nucleus, instigating the production of antioxidant enzymes, such as
superoxide dismutase. In extreme oxidative stress situations, a spike in ROS may cause DNA damage and cell apoptosis.
This challenging condition can subsequently hamper Nrf2 expression.*”

We examined Nrf2 and Keapl expression using WB. Cells were exposed to H,O, (400 uM) for 4 h to establish the
oxidative stress group (H,O, group). In the presence of oxidative stress, the Nrf2 expression in the group treated with
NGQDs (50, 100 pg/mL) and then subjected to H,O, (NGQDs+ H,0O, group) showed a significant upregulation in
comparison to the H,O, group alone. This elevation was concentration-dependent (Figures 3a, S4a and Figures 3c, S4b).
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Figure 3 Influence of NGQDs on the Nrf2/Keap | gene expression in HCECs. (a and b) Nrf2 and Keap| expression assessed by WB (The original images were presented in
Figure S4a); (c and d) Relative expression levels of Nrf2 and Keap| (The three repeats of VB image against Nrf2 or Keap| protein were presented in Figures S4b and 4c); (e)
Visualization of Nrf2 expression by immunofluorescence. Images showing a composite of green fluorescence from the FITC-tagged secondary antibody and blue from DAPI-
stained nuclei. Scale bars represent 10 pm; (f) The 3D top-down view of e. (*p < 0.05, ***p < 0.001 vs the corresponding treatment group linked with it).
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Given the strikingly high late apoptosis rate of 10.2% in the H,O, group (as seen in Figure 2c), we surmised that the
suppressed Nrf2 expression in the H,O, group arises from cell apoptosis. In parallel, Keapl expression appeared
inversely proportional to that of Nrf2, pointing to the modulatory role of Keapl in Nrf2 expression (refer to
Figures 3b, S4a and Figures 3d, S4c). The WB data suggests that NGQDs efficiently neutralize the majority of cellular
ROS when faced with oxidative stress. This action reduces the cell apoptosis rate and triggers the Nrf2 antioxidant
pathway, consequently enhancing cellular survival. Expanding upon our earlier point that Nrf2 relocates to the nucleus
during oxidative stress, we used immunofluorescence to examine Nrf2’s expression and positioning. Figure 3¢ illustrates
a pronounced increase in Nrf2 expression in the NGQDs (50 pg/mL) + H,O, group relative to other groups, evident from
the green fluorescence. Notably, the majority of this Nrf2 was found within the nucleus. The 3D renderings of Figure 3e
further corroborate Nrf2’s nuclear translocation in the NGQDs+H,0, group (Figure 3f).

Effects of NGQDs on the Transcription of Inflammation-Related Genes Under

Oxidative Stress

Inflammation and oxidative stress are intricately interconnected. To explore this association, we evaluated the expression
patterns of genes linked to inflammation in HCECs subjected to oxidative stress conditions, as detailed in Figure 4.
Exposure to H,O, markedly increased the transcription levels of key inflammatory mediators, including interleukin-1§
(IL-1B), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), interleukin-8 (IL-8), and interferon-gamma (IFN-y).
This finding substantiates the hypothesis that oxidative stress triggers a robust inflammatory response. Notably, when
NGQDs were co-treated with H,O,, we observed a significant reduction in the expression of these inflammatory genes.
This suggests that NGQDs have antioxidative properties, capable of neutralizing oxygen free radicals and reducing
inflammation in HCECs. Additionally, treating HCECs solely with NGQDs did not trigger inflammatory responses, thus
highlighting their potential as anti-inflammatory agents.

Preparation of RGDS@NGQDs F127 Eye Drops and Their Intracellular Antioxidant
Capacity

To increase the binding ability of NGQDs with corneal epithelium, NGQDs were chemically linked with RGDS peptides
through amide bonding. The RGDS sequence is known for its interactions with a range of av integrins, specifically avp1,
avB3, avP5, avp6, and avp8. Significantly, these av integrins are highly expressed in the tear film of individuals suffering
from DED, indicating a promising therapeutic target for NGQD-based treatments.’* % Accordingly, RGDS peptides are
expected to enhance the corneal permeability of quantum dots on the ocular surface, potentially improving therapeutic
efficacy. The UV-Vis absorption spectrum of these RGDS-modified NGQDs displays a distinctive peak at 337 nm, which
is clearly illustrated in Figure 5a. Moreover, the FT-IR spectrum, as depicted in Figure 5b, verified the successful
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Figure 4 Relative expression of inflammation-related genes in HCECs. (*p < 0.05, **p < 0.01 vs the corresponding treatment group linked with it).
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Figure 5 Characterization of RGDS@NGQDs. (a) UV-Vis spectra of NGQDs and RGDS@NGQD:s; (b) FT-IR spectra of NGQDs, RGDS@NGQDs and RGDS; (c)
HRTEM image of RGDS@NGQD:s (Inset: the size distribution of RGDS@NGQDs); (d) The zeta potential of RGDS, NGQDs, RGDS@NGQDs and RGDS@NGQDs F127
by dynamic light scattering.

conjugation by showcasing the reaction between the amine groups of NGQDs (-NH, at 1548cm™ ") and the carboxyl
groups of RGDS (-COOH at 1700 cm™ "), culminating in the formation of an amide group (-CN at 1400 cm™ ') within the
RGDS@NGQDs complex. Observations using HRTEM revealed that the morphology and size of RGDS@NGQDs were
similar to those of NGQDs, with good dispersibility (Figure 5c). After this confirmation, the lyophilized RGDS@NGQDs
complex was dissolved in a 0.1% weight/volume (w/v) Pluronic F127 solution, leading to the preparation of the
RGDS@NGQDs F127 eye drop formulation. We conducted zeta potential measurements for RGDS@NGQDs F127
eye drops and their precursor substances. Figure 5d illustrates that the zeta potential of RGDS is +6.98 mV, while that of
NGQDs stands at —30.2 mV. Consequently, the introduction of RGDS reduces the electronegativity of RGDS@NGQDs,
resulting in an adjusted zeta potential of —25.3 mV. Upon dispersion of RGDS@NGQDs in 0.1% F127, the effective zeta
potential shifts to —20.8 mV. To assess the stability of the RGDS@NGQDs F127 eye drops, we stored them at room
temperature for 96 h, during which we monitored changes in their zeta potential. According to Figure S5, the zeta
potential of RGDS@NGQDs F127 demonstrated remarkable stability throughout the 96-h period.

To evaluate the effect of RGDS peptide modification on the cellular uptake of NGQDs, HCECs were co-cultured
separately with NGQDs and RGDS@NGQDs (200 ug/mL) for 0.5 h or 2 h. It was observed that both materials were able
to enter the cells (the blue fluorescence in Figure 6a). Notably, within just 0.5 h of incubation, the uptake of
RGDS@NGQDs in cells was significantly higher than that of NGQDs. As the culture time extended to 2 h, there was
no observed increase in the cellular uptake of NGQDs, but the uptake of RGDS@NGQDs in cells increased by ~2.6
times compared to 0.5 h (Figure 6b). Furthermore, the intracellular antioxidant efficacy of the RGDS@NGQDs was
evaluated (Figure 6¢). In the presence of H,0O,-induced oxidative stress, cell viability decreased to approximately 40%.
However, when cells were co-cultured with RGDS@NGQDs, a significant increase in survival rates was observed.
Notably, the viability of HCECs was restored to approximately 68% after 24 h of co-cultured with 10 pg/mL
RGDS@NGQDs. This indicates that RGDS@NGQDs, even at lower concentrations, exhibit superior protection against
oxidative stress compared to unmodified NGQDs (Figure 2b), primarily due to their higher cellular uptake. We further
assessed the cytotoxic effects of RGDS@NGQDs on HCECs. Our findings revealed that at a concentration of 50 pg/mL,
RGDS@NGQDs led to a reduction in HCECs viability to 80%. This decrease in cell viability could be attributed to the
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Figure 6 Cellular uptake and intracellular antioxidant capacity of RGDS@NGQDs. (a) Confocal microscopy observed the uptake of NGQDs or RGDS@NGQDs (200 pg/
mL) in HCEC:s at 0.5 or 2 h incubations. Nuclei were stained with 7-AAD (Ex/Em: 546/647 nm, red fluorescence), NGQDs and RGDS@NGQDs excited at 370 nm showed
blue fluorescence. Scale bar: 20 pm; (b) The intracellular fluorescence intensity of NGQDs or RGDS@NGQDs, quantified using Image J; (c) The cytocompatibility of
RGDS@NGQD:s and their antioxidant capacity, as assessed by CCK-8 assay; (d) ROS detection in HCECs by DCFH-DA probes; the scale bar represents 100 um). (ns. p >
0.05, *p < 0.05, ¥p < 0.0, ***p < 0.001, **p < 0.000! vs the corresponding treatment group linked with it).

potent antioxidant properties of RGDS@NGQDs, which potentially disrupts the redox equilibrium within the HCECs,
consequently diminishing their viability. Subsequently, the DCFH-DA fluorescent probe was utilized to observe altera-
tions ROS concentration in HCECs co-cultured with RGDS@NGQDs (Figure 6d). Upon stimulation with H,O,,
a significant increase in green fluorescence was observed, indicating the production of ROS within the cells. When the
cells were co-cultured with varying concentrations of RGDS@NGQDs, even under the stimulation of H,O,, the
fluorescence intensity within the cells markedly decreased as the concentration of RGDS@NGQDs increased. This
suggests that RGDS@NGQDs serve an antioxidative function within the cells. Additionally, it was noted that subsequent
to the co-culture of cells with RGDS@NGQDs, there was less green fluorescence, suggesting that RGDS@NGQDs do
not impart oxidative stress on the cells.

In vivo Therapeutic Effects of RGDS@NGQDs FI27 Eye Drops

To evaluate the therapeutic efficacy of RGDS@NGQDs F127 eye drops in treating DED, we induced a DED mouse
model using scopolamine hydrobromide injections.'* Animals suffering from DED were administered various treat-
ments: PBS for the DED control group, NGQDs F127 eye drops for the NGQDs group (where NGQDs were lyophilized
and subsequently reconstituted in 0.1% Pluronic F127 (w/v) to create NGQDs F127 eye drops), and RGDS@NGQDs
F127 eye drops for the RGDS@NGQDs group. Following 7 days of treatment, the corneas from each group were
evaluated using the corneal fluorescein staining score. This involved staining the corneas with fluorescent sodium, and
subsequently examining them through slit-lamp microscopy, as depicted in Figure 7a. The damage on the corneal surface,
when stained, exhibits green fluorescence. Relative to the healthy control group, the DED group demonstrated prominent
plaque staining. However, following treatment with either NGQDs F127 or RGDS@NGQDs F127 eye drops, the corneas
predominantly showed punctate or micropunctate staining. To quantify the effectiveness of these treatments for DED,
fluorescein staining scores were assessed (Figure S6a). The fluorescein staining scores were 2.8 = 1.4 for the healthy
group and 12.3 £ 2.5 for the DED group; this marked increase in the score of the DED group, as compared to the healthy
group, was statistically significant (p < 0.001). Post-treatment with the respective eye drops, the NGQDs group exhibited
a score of 8.3 + 1.7, whereas the RGDS@NGQDs group demonstrated a lower score of 5.1 &+ 2.3. Notably, both treatment
groups showed a significant decrease in scores compared to the DED group (p < 0.001). Furthermore, the score in the
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Normal

Figure 7 Representative diagnosis images of each group after 7 days of treatment. (a) fluorescein staining images; (b) histological images of corneas stained with H&E (scale
bar: 50 um); (c) histological images of conjunctiva stained with PAS (scale bar: 50 um); (d) frozen sections of corneal tissue stained with DHE and DAPI (scale bar: 50 um);
(e) IL-1B detection by immunostaining on the corneal epithelial cells in the mice eyes after 7 days of treatment (scale bar:20 pm).

RGDS@NGQDs group was significantly reduced in comparison to the NGQDs group (p < 0.01). This suggests that the
incorporation of RGDS peptides substantially enhances the therapeutic efficacy of NGQDs in treating DED.

After 7 days of treatment, in order to more thoroughly examine the corneal recovery, eyes from each group were
harvested and subjected to H&E staining. Subsequently, the morphological characteristics of the cornea were meticu-
lously observed under a microscope, as shown in Figures 7b and S6b. We observed that the corneal epithelium in the
DED group had a reduced thickness of 12.67 = 0.45 pm, which was markedly thinner and less densely arranged
compared to the healthy group, in which the thickness measured 25.9 + 0.95 um. Additionally, there was a notable
disorganization in the corneal stroma of the DED group. After 7 days of treatment using NGQDs F127 eye drops,
noticeable healing was observed in the damaged corneas. The stromal structure showed signs of smoothing, and the
thickness of the corneal epithelium increased to 20.73 + 1.3 um. Corneas treated with RGDS@NGQDs F127 eye drops
showed a more remarkable normalization in morphology compared to those treated with NGQDs F127 eye drops.
Following the RGDS@NGQDs F127 treatment, the corneal morphology displayed a recovery that closely resembled
normal, healthy corneas, with an epithelial thickness of 23.08 £+ 0.3 um, and a similarly structured stroma.

Conjunctival goblet cells secrete mucins on the corneal epithelium, forming a part of the tear film and preventing tear
evaporation of tears. A reduction in conjunctival goblet cells is a recognized characteristic of DED. We further utilized PAS
staining to assess the density of conjunctival goblet cells in each group after the treatment (Figures 7c¢ and S6c).
Microscopic examination showed a marked reduction in the numbers of goblet cells in the PBS-treated group compared
to the normal group (p < 0.001). In contrast, administration of NGQDs F127 or RGDS@NGQDs F127 eye drops resulted in
a significant rebound in goblet cell density (p < 0.05 for NGQDs group and p<0.01 for RGDS@NGQDs group).
Remarkably, the RGDS@NGQDs F127-treated group displayed a denser population of goblet cells compared to the
NGQDs F127-treated group, indicating a superior efficacy of RGDS@NGQDs F127 in replenishing these cells.

To evaluate the efficacy of eye drops in eliminating ROS, the corneas were frozen and sectioned for ROS analysis
following a 7-day treatment period. The sections were then stained using DAPI and dihydroethidium (DHE), a probe that
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reacts with ROS to emit red fluorescence. Microscopic observations (as depicted in Figure 7d) showed intense red
fluorescence in the DED group, signifying high ROS production. Notably, in groups treated with either NGQDs F127 or
RGDS@NGQDs F127 eye drops, a significant reduction in red fluorescence was observed, indicating a decrease in ROS
levels. This reduction suggests a direct correlation between the eye drops’ effectiveness in treating dry eye and their
ROS-clearing capabilities. IL-1B plays a critical role in mediating ocular surface inflammation in DED by triggering
innate immune responses, and intensifying the inflammatory cascade, thereby worsening DED.'' In comparison to the
normal group, IL-1P expression was significantly elevated in the DED group (Figure 7¢). While the NGQDs F127 group
still showed elevated levels of IL-1P expression, it exhibited some inhibitory effects relative to the DED group. Notably,
the RGDS@NGQDs F127 group demonstrated a significant reduction in IL-1f expression, indicating the most potent
suppression of inflammatory factor expression.

Discussion

Healthy tear fluid maintains a balance between the production and neutralization of ROS, particularly superoxide (O;7),
hydrogen peroxide (H,O,). and hydroxyl radical (-OH). Oxidative stress arises when this equilibrium is disrupted by an excess
of ROS over antioxidants. It is widely recognized that such oxidative stress is a fundamental factor in the pathology of DED.
A pivotal discovery of our study is the significant antioxidant activity of NGQDs. We found that, in vitro, NGQD treatment (i)
enhances cell survival under oxidative stress conditions, and (ii) decreases the apoptosis rate in cells subjected to oxidative stress.

This study is predicated on the hypothesis that antioxidants targeting DED can function on two distinct levels. First, an
antioxidant medication can directly scavenge ROS from the tear film. Second, such drugs may enhance or augment
intracellular antioxidant mechanisms in cells vulnerable to ROS. Our observations indicate that the NGQDs used in this
study operate effectively on both of these levels. Through TMB detection and total antioxidant capacity assays, we established
that NGQDs can efficiently neutralize ROS in the medium. Further, DCFH-DA probe assays demonstrated a significant
reduction in intracellular ROS levels due to NGQD intervention. We further observed an upregulation and nuclear transloca-
tion of Nrf2 in response to NGQD stimulation, suggesting an activation of the Nrf2-mediated antioxidant pathway in cells.
These findings collectively underscore that NGQDs exert their antioxidant effects by both scavenging extracellular ROS and
activating internal cellular antioxidant pathways.

The scope of the study was broadened to include an investigation into the inflammatory responses triggered by excessive
oxidative stress. We observed that the transcription levels of inflammatory markers, including IL-1p, IL-6, IL-8, TNF-a, and
IFN-y, were significantly elevated in HCEC cells following exposure to H,O,. Notably, when these cells were treated with
NGQDs, we observed a marked reduction in the transcription levels of these inflammatory cytokines, returning them to normal
levels. This data suggests that NGQDs not only counteract oxidative stress, but also exhibit anti-inflammatory properties
through their antioxidant activity.

The compelling outcomes of our in vitro experiments encouraged us to extend our research to in vivo studies, utilizing
a mouse model of DED. To facilitate this transition, we made two key modifications to the NGQDs. The first alteration
involved a structural modification: we synthetically coupled the tetrapeptide RGDS to the amino groups present on the surface
of the NGQDs. This process resulted in the formation of quantum dots termed RGDS@NGQDs. The rationale behind this
modification was to enhance the binding affinity of NGQDs to corneal epithelial cells, in order to increase the corneal
permeability of the quantum dots on the ocular surface. The second modification involved a change in the dispersion medium
for the quantum dots: instead of a cell growth medium, we used 0.1% Pluronic F127. This newly formulated variant treatment
was subsequently re-evaluated through in vitro testing. When HCEC cells were subjected to oxidative stress (H,O,), their
survival rate improved to 68% under the protection of RGDS@NGQDs F127 at a concentration of 10 pg/mL. This result
suggests that RGDS@NGQDs F127 demonstrates superior antioxidant activity compared to the unmodified NGQDs.
Following these encouraging results, we treated RGDS@NGQDs F127 as an eye drop therapy to treat DED in a mouse
model over a period of seven days. The efficacy of the new RGDS@NGQDs F127 formulation was assessed by measuring
several parameters and comparing them across different treatment groups: (i) healthy, untreated mice eyes; (ii)) DED mice
treated with PBS eye drops; and (iii) DED mice treated with NGQDs F127 eye drops. The assessed parameters included
fluorescein staining scores, corneal morphology, goblet cell density, ROS and IL-1p level on the corneal epithelial cells (both
through histopathology). The experimental results indicate that RGDS@NGQDs F127 eye drops effectively ameliorated DED
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symptoms by mitigating oxidative stress and relieving inflammation in the diseased eyes, outperforming the NGQDs F127 eye
drops in this regard.

The study demonstrates that our technique for nitrogen doping and the addition of the RGDS tetrapeptide enhances the
antioxidant properties of quantum dots. However, it is important to recognize that the eye contains various cell types, each with
distinct responses to oxidative stress and unique mechanisms to combat ROS. The value of this research lies in its contribution
to the understanding of DED pathology. Additionally, it offers potential for developing new quantum-dot-based antioxidant
treatments for this condition.

Conclusion

The findings from this comprehensive in vitro and in vivo study reinforce the concept that antioxidant agents hold promise as
a foundation for developing effective treatments for DED. Throughout our investigation, we prepared and analyzed NGQDs,
demonstrating their dual-level activity as both effective scavengers of ROS in tear fluid, and as enhancers of intracellular
antioxidant pathways. The performance of these NGQDs was further augmented by chemically attaching the RGDS tetrapeptide,
resulting in RGDS-functionalized NGQDs (RGDS@NGQDs). Additionally, the suspension of RGDS@NGQDs in a 0.1%
Pluronic F127 solution (RGDS@NGQDs F127) showed improved efficacy. In vivo tests using RGDS@NGQDs F127,
conducted on a well-established mouse model of DED and compared with untreated DED mice, demonstrated that this agent,
when applied as eye drops, effectively treats DED. This conclusion is drawn from a comprehensive set of experimental results,
including fluorescein staining scores, corneal morphology, goblet cell density, and histopathological analysis. Overall, the
findings of this study highlight the potential of nitrogen-doped GQDs, especially when chemically modified with RGDS and
suspended in a suitable physical medium like Pluronic, in the development of innovative treatments for DED.
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