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A B S T R A C T

Corneal injury is a common ailment that, if not addressed promptly and efficiently, has the potential to result in 
significant visual impairment. This study investigates the therapeutic potential of a novel FU/PVP/Hes nano
particle complex composed of fucoidan (FU), polyvinylpyrrolidone (PVP), and hesperitin (Hes) for corneal injury 
treatment. The FU/PVP/Hes nanoparticles were synthesized using a solvent evaporation method and charac
terized for their morphology, size distribution, biocompatibility, antioxidant activity, and anti-inflammatory 
capacity. The nanoparticles demonstrated excellent biocompatibility with low hemolysis rates and minimal 
cytotoxicity. They also exhibited potent antioxidant and anti-inflammatory properties, which were attributed to 
the enhanced solubility and bioavailability of Hes through nanoparticle formation. In vivo investigations 
employing a mouse model of corneal injury induced by alkali burns showed that the FU/PVP/Hes nanoparticles 
significantly promoted corneal epithelial healing, reduced corneal opacity, and suppressed the elevation of in
flammatory cytokines. Histopathological analysis confirmed the nanoparticles’ ability to facilitate corneal tissue 
repair. The study concludes that the FU/PVP/Hes nanoparticle complex is a promising therapeutic agent for 
corneal injury treatment due to its biocompatibility and multifaceted therapeutic effects.

1. Introduction

Corneal injury refers to damage to the transparent corneal tissue of 
the eye caused by external factors or infection. It may occur in everyday 
scenarios such as accidental injury, improper use of contact lenses, or 
eye surgery.(Barrientez et al., 2019; Liu et al., 2023) The severity of 
corneal injuries depends on the depth and extent of the damage. Mild 
injuries can cause eye pain and discomfort, while severe injuries can 
affect vision and lead to infections. Improper or delayed treatment of 
corneal injuries can result in serious consequences, including bacterial 
or fungal infections, corneal scarring, vision impairment, or even per
manent vision loss.(Griffith et al., 2017; Yu et al., 2024) The accompa
nying persistent pain and discomfort can prolong the recovery time and 
impact the patients’ daily activities and work. Therefore, timely medical 

attention and appropriate treatment are crucial in addressing corneal 
injuries to prevent and alleviate the potential serious consequences.(Ger 
et al., 2023; Yang et al., 2023b).

Commonly used treatment medications include antibiotic eye drops 
for preventing and treating infections, artificial tears for lubrication, 
anti-inflammatory drugs to reduce inflammation, and corneal repair 
medications to promote healing. (Dang et al., 2022) Severe corneal in
juries may require surgical treatment, such as corneal transplant surgery 
to repair damaged corneal tissue.(Chen et al., 2018) Hesperitin (Hes) is a 
naturally occurring bioflavonoid found in citrus fruit peels and other 
plants, known for its antioxidant and anti-inflammatory properties.(Cao 
et al., 2022; Li and Schluesener, 2017) However, Hes shows poor solu
bility in aqueous solution, which limit its speed and extent to reach 
therapeutic concentrations, ultimately reducing its efficacy.(Jiang et al., 
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2023) Multiple strategies are employed to address the issue of poor 
solubility. (Shen et al., 2015; Simao et al., 2020) For example, lipid 
nanocarriers loaded with Hes were prepared using the phase inversion 
temperature method, showing excellent in vitro cytotoxicity against 
glioblastoma cells.(Simao et al., 2020).

Fucoidan (FU), a sulfated polysaccharide found in various species of 
brown seaweed, has been studied for its potential applications as a drug 
carrier due to its biocompatibility, biodegradability, and therapeutic 
properties.(Tran et al., 2016; Zahariev et al., 2023) FU can form stable 
complexes with drugs through electrostatic interactions, enhancing the 
solubility, stability, and bioavailability of the drugs.(Han et al., 2022) 
Furthermore, FU exhibits a diverse array of biological functions, 
including anti-inflammatory, antioxidant, and antitumor effects, making 
it an appealing candidate for drug delivery systems.(Cardoso et al., 
2016; Zahariev et al., 2023).

Polyvinylpyrrolidone (PVP) is a commonly used high-molecular- 
weight polymer material with excellent biocompatibility, often 
employed as a drug carrier. (Franco and De Marco, 2020; Mikayilov 
et al., 2024) PVP possesses outstanding solubility and biocompatibility, 
making it suitable for encapsulating and stabilizing drugs to enhance 
their solubility and bioavailability.(Manju and Sreenivasan, 2011; Yin 
et al., 2012) As a conventional drug carrier material, PVP can be pre
pared into different forms (such as nanoparticles, microparticles, etc.) 
through various methods to meet the requirements of different drugs 
and applications.(Adami et al., 2017; Zhou et al., 2024) Based on this, 
the study utilizes PVP and FU as carriers to load Hes, forming a FU/PVP/ 
Hes nanoparticle complex for alleviating corneal damage. The 
morphology, structure, biocompatibility, and in vivo efficacy of the FU/ 
PVP/Hes nanoparticles are thoroughly investigated.

2. Materials and methods

2.1. Materials

Hesperitin (Hes, > 97 %) was bought from Sigma-Aldrich Corp. 
Polyvinyl pyrrolidone (PVP-K17, molecule weight: 8000) was obtained 
from Dalian Meilun Biotechnology Co., Ltd. Fucoidan (FU) was procured 
from Shandong Jiejing Group Co., Ltd.

2.2. Preparation of FU/PVP/Hes nanoparticles

50 mg of polyvinylpyrrolidone (PVP) and 30 mg of hesperidin (Hes) 
were thoroughly dissolved in 1 mL of ethanol. Then the mixture was 
added dropwise to a 10 mL solution of 10 mg/mL fucoidan (FU), fol
lowed by vertexing for 2 h, rotary evaporation to remove ethanol, and 
obtained the FU/PVP/Hes nanoparticles.

2.3. Characterization

The morphology of the FU/PVP/Hes nanoparticles was characterized 
by a Transmission electron microscopy (TEM, JEM-2100F, Japan). 
Granulometric distribution of the FU/PVP/Hes nanoparticles was 
measured by a NanoBrook Omni (Brookhaven Instruments, Holtsville, 
New York).

2.4. Hemolysis

5 μL of the FU/PVP/Hes nanoparticles (1, 2, 5, 10, 20, 1000 μg/mL) 
was combined with 3.5 mL of a 0.9 % saline solution and 0.1 mL of 
anticoagulant blood. The blend was maintained at a temperature of 
37 ◦C and allowed to incubate for a duration of 1 h, centrifuged, and the 
absorbance of the supernatant at 545 nm was measured by a HBS-ScanX 
microplate reader (Nan Jing DeTie Laboratory Equipment Co., Ltd.) to 
calculate the hemolysis. Hemolysis = (As-A− )/(A+-A− ) × 100 %, 
wherein As denotes the absorbance of the FU/PVP/Hes complex, A−

represents the absorbance of the negative control, and A+ indicates the 

absorbance of the positive control, respectively. The negative and pos
itive controls were established by separately incubating 0.1 mL of 
anticoagulated blood with 3.5 mL of 0.9 % saline solution for the 
negative control, or with 3.5 mL of H2O for the positive control, at 37 ◦C 
for 1 h.

2.5. Cytotoxicity

5 μL of the FU/PVP/Hes nanoparticles (1, 2, 5, 10, 20, 1000 μg/mL) 
was co-cultured with L929 cells at 37 ◦C for 24–72 h. Subsequently, 
cytotoxicity was measured by a standard MTT assay.

2.6. In vitro antioxidant activity

The antioxidant capacity of both Hes and the FU/PVP/Hes nano
particles was assessed using the iron reduction antioxidant potential 
(FRAP) method. Three distinct solutions were acquired as follows: the 
first was a 0.3 M acetate buffer adjusted to a pH of 3.6, the second was a 
0.01 M solution of 2,4,6-tripyridyltriazine diluted in 0.04 M HCl, and the 
third was a 0.02 M FeCl3 solution prepared in PBS with a pH of 7.4. 
These solutions were combined in a volume ratio of 10:1:1 to create the 
working solution. Subsequently, 5 μL of Hes (6.25–100 μg/mL) or FU/ 
PVP/Hes nanoparticles (37.5–600 μg/mL, containing Hes 6.25–100 μg/ 
mL) was combined with 180 μL of the working solution within a 96-well 
plate, respectively. The absorbance of the solution at 593 nm was 
continuously monitored to track changes over time. The antioxidant 
capacity was quantified in terms of the concentration of the reaction 
product (Fe2+, mM), utilizing a standard curve that was established from 
a solution of standard ferrous sulfate.

2.7. Intracellular anti-inflammatory capacity

The FU/PVP/Hes solution was diluted to a concentration of 60 μg/ 
mL with the use of DMEM and subsequently sterilized for future use. 
RAW264.7 cells were plated in a 6-well plate at a seeding density of 
400,000 cells per well. Following a 24-h incubation period at 37 ◦C, the 
culture medium was replaced, and the cells were treated with 2 mL of 
lipopolysaccharide (LPS, 1 μg/mL) for 2 h to induce cellular oxidative 
stress. Upon removal of the LPS solution, the cells were treated with 2 
mL of the 60 μg/mL FU/PVP/Hes solution and further incubated for 16 
h. Subsequently, the cellular morphology was examined using an 
Olympus CKX5 microscope, and total RNA was extracted using Trizol 
reagent for the analysis of the relative expression levels of TNF-α and IL- 
1β via RT-PCR.

2.8. In vivo treatment of alkali burns induced corneal injury

All animal experiments comply with the ARRIVE guidelines (Animal 
Research: Reporting of In Vivo Experiments) and were approved by the 
Ethics Committee for Animal Experimentation at Qingdao University of 
Science and Technology (QKDLL-2024-48). The right eyes of C57 mice, 
which were male, aged 7–8 weeks, and obtained from Qingdao Dare
nfucheng Animal Technology Co., Ltd. (Qingdao, China), were utilized 
in the experiments. These mice were deemed healthy and exhibited no 
observable ocular abnormalities.

The alkali burn model of the mouse cornea was established following 
a previously reported protocol.(Yin et al., 2021a; Yin et al., 2021b; 
Zhang et al., 2020) Prior to the procedure, the mice were rendered un
conscious by administering a 4 % chloral hydrate solution through an 
intraperitoneal injection and received topical ocular anesthesia with 0.4 
% oxybuprocaine hydrochloride eye drops. Under an optical micro
scope, the mice’s eyelashes and excess hair around the eyes were trim
med, and the area around the mouse’s eyeball was gently cleaned with a 
cotton swab soaked in saline solution. A filter paper (2 mm in diameter) 
was saturated in 1 M NaOH for 5 min, and then placed on the central 
cornea of the mice for 60 s to induce alkali-induced corneal injury. 
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Subsequently, the eyes were washed with a 0.9 % saline solution for 10 s 
and immediately administered with 2 drops of the medication solution 
(~0.1 mL). The mice were divided into several specific groups as fol
lows: the untreated control group, the group that was given Hes solution 
(3 mg/mL), the group that was given FU/PVP suspension (15 mg/mL), 
and the group that was given FU/PVP/Hes solution (18 mg/mL, con
taining 3 mg/mL of Hes). The medication drops were administered at a 
frequency of once every 24 h.

Using a slit lamp microscopy (YZ5X1, 66 Vision Tech Co., Ltd.), the 
eyes were examined at various time points following the alkali burns. 
The size of the epithelial defect was assessed and measured post-staining 
with 1.0 % sodium fluorescein. Corneal opacity scores on day 5 were 
determined according to an established methodology.(Kim et al., 2015; 
Wang et al., 2020) The grading of corneal opacity ranges from 0 to 4, 
with 4 being the highest score. The scoring criteria are as shown in the 
Table 1.

On the fifth day, the mice were sacrificed to extract their corneas and 
subjected to hematoxylin and eosin (H&E) staining to evaluate histo
pathological changes. The levels of specific cytokines (including 
vascular endothelial growth factor (VEGF) and interleukin-1β (IL-1β)) 
was quantitatively determined by RT-PCR.

2.9. Absorption of FU/PVP/Hes in the cornea

50 μL of Coumarin 6 (Cou-6, 1 mg/mL) was combined with 10 mL 
FU/PVP/Hes solution (15 mg/mL), and the blend was designated as FU/ 
PVP/Hes/Cou-6. C57 mice were randomly assigned to two separate 
groups, with 5 μL of FU/PVP/Hes/Cou-6 or 5 μL of Cou-6 (5 μg/mL) 
being administered to the right eye, with each application separated by 
10 min, for a total of three applications. Afterward, the mice were 
euthanized, and their eyeballs were extracted. The eyeballs were 
immersed in formaldehyde (4 %) for 1 h, and the corneas were then 
carefully dissected under a microscope. Following this, the corneas were 
leveled and then examined using a fluorescence microscope to docu
ment the uptake of Cou-6 within the corneal sections and photographs 
were taken.

2.10. Biosafety in vivo

Mice were given FU/PVP/Hes solution (18 mg/mL, containing 3 mg/ 
mL Hes) twice a day for eye drops. On day 1 and day 7, the fluorescein 
fundus angiography of mice eye was examined using a fundus contrast 
machine (CRO Plus, Suzhou Weiqing Medical Equipment Co., Ltd).

The mice were continually given FU/PVP/Hes solution, weighted 
and record daily, and the weight changes was calculated by 
Weight change (%) =

Weight of mouse on Day n
Weight of mouse on Day 1× 100%.

On the 10th day, mice were euthanized. The spleen, liver, and kid
neys were dissected and weighed to calculate organ indices: 
Organ index (%) =

Organ weight
Mouse body weight × 100%

Pathological H&E staining was performed on the cornea, spleen, 
liver, and kidneys to observe the status of the organs.

2.11. Statistical analysis

The experiments were conducted in triplicate, and statistical signif
icance was assessed by conducting a one-way analysis of variance 
(ANOVA), with statistical significance defined as a p-value less than 
0.05.

3. Results and discussion

As shown in Fig. 1A, the obtained FU/PVP/Hes nanoparticles are 
uniformly sized, well-dispersed, without aggregation or agglomeration. 
Particle size analysis in Fig. 1B indicates a most frequent diameter of 
27.7 nm (PDI = 0.142), with a narrow size distribution range. The 
uniform particle size distribution of FU/PVP/Hes nanoparticles prom
ises several advantages. It reduces the likelihood of aggregation or 
sedimentation, thereby enhancing stability in various formulations and 
facilitating predictable absorption and distribution in biological sys
tems. Additionally, minimizing size distribution variability decreases 
batch-to-batch variations, which improves reproducibility and reli
ability in therapeutic applications.

The biocompatibility of FU/PVP/Hes nanoparticles is evaluated 
through hemolysis testing and cytotoxicity assays.(Jian et al., 2017) 
First, hemolysis testing is crucial in the development of eye drops 
because it assesses the toxic effects of the drug on red blood cells. To 
prevent damage to ocular tissues caused by hemolytic substances, the 
hemolysis of FU/PVP/Hes nanoparticles is measured in Fig. 2A. Even at 
a high concentration of 1000 μg/mL, FU/PVP/Hes nanoparticles 
demonstrate a minimal hemolysis rate of less than 5 %, suggesting low 
toxicity to red blood cells. FU/PVP/Hes nanoparticles do not cause red 
blood cell rupture and show no risk of damage to ocular tissues, sug
gesting their safety when applied to ocular tissues.

Secondly, the Cytotoxicity of FU/PVP/Hes nanoparticles is assessed 
using a MTT assay. The results of co-culturing L929 cells with different 
concentrations of FU/PVP/Hes nanoparticles for 24 to 72 h in Fig. 2B 
indicate that FU/PVP/Hes nanoparticles at concentrations of 20 μg/mL 
and below do not affect normal cell growth, with cell viability remaining 
above 100 % and no significant difference when compared with the 
blank control group. However, FU/PVP/Hes nanoparticles with a con
centration of 1000 μg/mL shows cell viability of 99 %, 90 %, and 70 % at 
24, 48, and 72 h, respectively, indicating minimal impact on cell 
viability within 48 h, but prolonged co-incubation for 72 h decreases cell 
viability. FU/PVP/Hes nanoparticles exhibits no cytotoxicity within a 
certain concentration range, but shows some toxicity at high 

Table 1 
Scoring criteria of corneal opacity.

Score Corneal condition

0 Clear, No opacity present
1 Hazy, Sparse or diffuse opacity, iris clearly visible
2 Semi-translucent area distinguishable, iris blurred

3
Greyish-white translucent area present, iris details unclear, pupil size barely 
visible

4 Opaque cornea, iris indiscernible

Fig. 1. (A-B) TEM images and (C) Granulometric distribution of FU/PVP/Hes nanoparticles.
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concentrations (i.e., 1000 μg/mL).
Hes is a flavonoid compound known for its strong antioxidant ca

pabilities, which assist in neutralizing free radicals and safeguarding 
cells against oxidative stress. Similarly, FU also exhibits antioxidant 

activity. This antioxidant effect allows both Hes and FU to be widely 
utilized in health supplements and drug development, aiming to main
tain the health of cells and tissues. As depicted in Fig. 3A using the FRAP 
assay, Hes exhibits antioxidative activity that correlates positively with 

Fig. 2. (A) Hemolysis of FU/PVP/Hes, ****p < 0.0001 comparing to the A+ group. A− represented the negative control (0.9 % NaCl solution); A+ represented the 
positive control (H2O). (B) Cytotoxicity of FU/PVP/Hes. Number on the horizontal axis represents concentration of FU/PVP/Hes (1, 2, 5, 10, 20, 1000 μg/mL).

Fig. 3. In vitro antioxidant activity of Hes and FU/PVP/Hes on the kinetics of FRAP. (A) With different concentrations of Hes, (B) with different concentrations of FU/ 
PVP/Hes, (C) with 0.1 mg/mL of Hes, FU/PVP and FU/PVP/Hes.

Fig. 4. (A) Cellular morphology of RAW264.7 cells after LPS stimulation and different treatments. (B-C) Secretion of (B) TNF-α and (C) IL-1β after LPS stimulation 
and different treatments. **p < 0.01, ***p < 0.001 and ****p < 0.0001 comparing to the control group.
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its concentration. Higher concentrations typically result in stronger 
antioxidative effects because more Hes molecules can react with and 
neutralize free radicals, thus reducing the occurrence of oxidative 
damage. FU/PVP/Hes retains Hes’s antioxidative activity and exhibits a 
concentration-dependent antioxidative effect similar to Hes alone 
(Fig. 3B). Moreover, at equivalent concentrations, FU/PVP/Hes shows 
higher antioxidative activity than both Hes alone and FU/PVP sepa
rately (Fig. 3C). This suggests that the formation of nanoparticles aids in 
the uniform dispersion of Hes in the aqueous solution, thereby 
enhancing overall antioxidative activity.

On the other hand, both Hes and FU possess anti-inflammatory ac
tivity, which is primarily attributed to their multiple regulatory effects 
on inflammatory pathways. Both are considered potential anti- 
inflammatory agents with promising therapeutic effects for inflamma
tory diseases. To evaluate the anti-inflammatory activity of FU/PVP/ 
Hes, an LPS-stimulated cell model was utilized (Fig. 4). Following LPS 
stimulation, RAW264.7 cells typically display an inflammatory 
response. LPS, a potent immune stimulant, activates Toll-like receptor 4 
(TLR4) on RAW264.7 cells, thereby initiating inflammation-related 
signaling pathways. This activation can induce the expression of in
flammatory cytokines such as TNF-α and IL-1β, promoting the inflam
matory response. As shown in Fig. 4A, RAW264.7 cells undergo a 
transformation from a relatively oval shape to a more irregular form, 
accompanied by an enlargement attributed to increased cytokine syn
thesis. The introduction of FU/PVP/Hes can partially improve the 
changes in cell morphology and alleviate cellular swelling. Moreover, 
the abnormal elevation of inflammatory cytokines particularly TNF-α 
and IL-1β can be effectively suppressed by FU/PVP/Hes (Fig. 4B & C). 
FU/PVP/Hes exhibits excellent antioxidant and anti-inflammatory ca
pabilities, highlighting its potential therapeutic benefits in combating 
oxidative stress-related inflammatory conditions.

Based on the results of the above experiment, the reparative effect of 
FU/PVP/Hes on corneal alkali burns is studied. Before that, the ab
sorption of FU/PVP/Hes on normal mouse corneas was tested (Fig. 5). 
FU/PVP/Hes is conjugated with Cou-6 and applied to the mice corneal 

Fig. 5. (A-B) Fluorescence intensity of mouse cornea treated by (A) free Cou-6 
and (B) FU/PVP/Hes/Cou-6.

Fig. 6. (A) Fluorescent and optical photos of mice eyes after alkali burns under different treatments. (B) Percentage of corneal epithelial defect area remained on day 
1, 3 & 5 in (A). (C) Corneal opacity grade on day 5. *p < 0.05 and ****p < 0.0001 comparing to the control group, ##p < 0.01 comparing to the FU/PVP group.
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surface, after which samples are taken from the cornea and Cou-6 levels 
are measured and quantified using fluorescence microscopy. Cou-6 is an 
important fluorescent probe commonly used for in vivo tracking, cellular 
uptake, and transport mechanism research of drug delivery systems. By 
adsorbing Cou-6 onto FU/PVP/Hes nanoparticles, FU/PVP/Hes/Cou-6 
nanoparticles with Cou-6 fluorescence can be obtained, which allows 
to characterize the adsorption amount of FU/PVP/Hes nanoparticles on 
the cornea through fluorescence intensity. The low fluorescence of Cou- 
6 alone on the cornea indicates its low adsorption capacity on the cornea 
(Fig. 5A). Under the same conditions, the fluorescence of FU/PVP/Hes/ 
Cou-6 nanoparticles on the cornea is high (Fig. 5B), indicating that the 
absorption of FU/PVP/Hes/Cou-6 nanoparticles on the cornea is very 
high, which facilitates the efficacy of the nanoparticles.

To induce corneal burns, the mice corneas were treated with NaOH 
solution and then administered with drugs like FU/PVP/Hes. As shown 
in Fig. 6A, under cobalt blue light, all groups of mouse corneas exhibited 
fluorescent green staining after fluorescein sodium dyeing, indicating 
that the entire corneal epithelium was successfully eroded by NaOH. 
FU/PVP/Hes significantly promotes the recovery of corneal epithelial 
injuries, particularly in the early stages (the first day), which may be 
beneficial for the subsequent recovery of vision. In the control group as 
well as the group treated with FU/PVP, corneal healing was slow, with 
34. 5 % and 37.8 % of the cornea unrepaired on the 5th day, respec
tively, whereas in the FU/PVP/Hes group, only 28.8 % of the cornea 
remained unrepaired (Fig. 6A & B). Corneal opacity score is a crucial 
indicator for assessing the efficacy of drugs in the mouse corneal alkali 
burn model. The scoring of corneal opacity integrates the conditions of 

the pupil, iris vessels, and anterior chamber tissues. Although some 
degree of corneal opacity was observed in all groups, corneas treated 
with FU/PVP/Hes showed significantly lower opacity versus the control 
group (Fig. 6C), indicating that FU/PVP/Hes effectively alleviates 
corneal opacity induced by alkali burns.

Histological examination of alkali-burned corneas provides a more 
definitive confirmation of clinical observations (Fig. 7A). In the control 
group as well as the FU/PVP treated group, corneas on the fifth day still 
exhibited significant inflammatory cell infiltration, with incomplete 
regeneration of the corneal epithelium. Corneas treated with Hes dis
played uneven distribution of regenerated epithelial cells. Although 
incomplete epithelial regeneration was observed in all groups including 
the FU/PVP/Hes treated group, the corneal tissue treated with FU/PVP/ 
Hes was most closely resembled that of the healthy mice in the blank 
group.

Moreover, similar to in vitro cell experiments, the anti-inflammatory 
and recovery-promoting effects of FU/PVP/Hes significantly suppress 
the abnormal elevation of inflammatory cytokine IL-1β level (Fig. 7B) in 
corneal tissue post-alkali burn, thereby reducing the risk of infection. In 
this way, FU/PVP/Hes may help effectively control pain, reduce 
swelling, and prevent further damage to the cornea. Additionally, FU/ 
PVP/Hes can effectively inhibit the elevation of VEGF in the cornea after 
NaOH burns, which helps protect corneal structure and maintain visual 
function recovery (Fig. 7C). Excessive production of VEGF can lead to 
abnormal vascular leakage and inflammation, exacerbating the damage. 
The anti-inflammatory and anti-VEGF effects of FU/PVP/Hes emphasize 
its potential in treating complex eye diseases.(Ger et al., 2025; Ghosh 

Fig. 7. (A) H&E staining histopathological evaluations of mice corneas on day 5. (B-C) Relative (B) IL-1β and (C) VEGF mRNA level on day 5. *p < 0.05, **p < 0.01 
and ****p < 0.0001 comparing to the control group.
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et al., 2025; Luo et al., 2022; Yang et al., 2023a)
Furthermore, the in vivo safety of FU/PVP/Hes was preliminarily 

determined in Fig. 8. After continuous administration for 7 days, Fig. 8B 
& C showed that no visible lesions were observed in the fundi of mice 
through fundus imaging. After 10 days of continuous administration, it 
was found that the weight of the mice remained basically unchanged or 
slightly increased (Fig. 8D), with no downward trend, and the organ 
index showed no statistical difference compared to healthy mice in the 
blank group (Fig. 8E), indicating that the FU/PVP/Hes did not affect the 
health of the mice. The pathological images of the organs and cornea 
(Fig. 8F) further confirmed the safety of the FU/PVP/Hes, without 
causing any pathological changes to the main organs of the mice.

4. Conclusion

The FU/PVP/Hes nanoparticle has been successfully synthesized and 
characterized, demonstrating excellent biocompatibility, antioxidant 
activity, and anti-inflammatory properties. In vivo studies have 
confirmed its therapeutic efficacy in promoting corneal epithelial heal
ing and reducing corneal opacity in an alkali-induced corneal injury 
model. The nanoparticles’ ability to suppress inflammatory cytokines 
and facilitate corneal tissue repair makes them a promising candidate for 
corneal injury treatment. Further studies and clinical trials are necessary 

to explore the full potential of this nanoparticle complex in ocular 
therapy.
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