
Niu et al. NPG Asia Materials (2023) 15:31
https://doi.org/10.1038/s41427-023-00478-9 NPG Asia Materials

ART ICLE Open Ac ce s s

Development of nanodrug-based eye drops with
good penetration properties and ROS
responsiveness for controllable release to treat
fungal keratitis
Panhong Niu 1, Yuelan Wu2,3, Fanxing Zeng3, Shuping Zhang 1,3, Sijin Liu 3 and Hua Gao 2,3,4

Abstract
Fungal keratitis is challenging to diagnose and treat and remains a significant cause of blindness worldwide. The
easiest and most common method of drug delivery for patients with fungal keratitis is eye drop administration.
However, the therapeutic effect of traditional eye drops is unsatisfactory, largely due to the intrinsic nature of the
ocular barriers, which limit drug absorption; the rapid decrease in the drug concentration caused by tears; and the side
effects induced by the uncontrolled release of ocular drugs. Oxidative stress and inflammation are the main causes of
corneal tissue necrosis in fungal keratitis, and reducing reactive oxygen species (ROS) and the inflammatory response
are important goals in developing drugs for fungal keratitis. In the current study, we developed a ROS-responsive and
controllable nanocarrier (GC-EB) that efficiently delivered a clinically used antifungal drug, voriconazole (VOR), to treat
fungal keratitis. In vitro and in vivo results demonstrated that the developed GC-EB-VOR exhibited high penetration
through corneal barriers, good retention in the cornea and controllable drug release under low concentrations of ROS.
As a result, ROS were effectively depleted and the inflammatory response was inhibited; thus, GC-EB-VOR shows
promising antifungal efficacy. This work may provide a new strategy for developing nanodrugs to improve the
therapeutic effect of eye drop instillation on fungal keratitis and reduce the risk of blindness.

Introduction
Fungal keratitis is a severe blinding ocular disease

worldwide, accounting for approximately 39% of epidemic
proportions in North India and 61.9% in North China1–5.
Fusarium and Aspergillus are the most common patho-
gens, accounting for 37–62% and 24–30% of the total
pathogens, respectively6. Common treatments for fungal
keratitis include eye drops and lamellar and penetrating
keratoplasty7–9. Compared with traumatic and expensive

surgical treatments, eye drops are noninvasive, con-
venient, and generally accepted by patients with fungal
keratitis10.
However, the adsorption of traditional eye drops by

topical ocular administration is limited due to the
intrinsic nature of ocular barriers, which include the
corneal double barriers that impede the penetration of
water-soluble or lipid-soluble drugs, the blood-ocular
barriers (blood-aqueous and blood‒retinal), and tight
junctions in the cornea11–13. Therefore, amphipathic eye
drops are urgently needed. In addition, the corneal bioa-
vailability for eye drops is commonly <5% because eye
drops are substantially and rapidly cleared by tears within
30 s of administration14, which greatly reduces the ther-
apeutic efficacy of eye drops. Moreover, healthy corneal
tissues inevitably suffer from the side effects of
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uncontrolled release of ocular drugs. Thus, high pene-
tration and controllable release of ocular drugs from eye
drops could reduce the side effects and promote the
retention of ocular drugs in a lesion15. However, there is
still a lack of eye drop products that are responsive to this
microenvironment and that can controllably release
ocular drugs both spatially and temporally.
Glycol chitosan (GC), a derivative of chitosan (a widely

used nanotherapeutic nanocarrier), exhibits high solubi-
lity and retains most of chitosan’s properties, such as its
antibacterial and amphiphilic properties. The acyl groups
of GC were further used to functionalize and modify the
hydrophobic functional groups to form an amphiphilic
surface16,17, which facilitated penetration through the
multiple corneal barriers. Thus, GC could be a promising
candidate for developing an amphipathic nanodrug to
efficiently penetrate the hydrophilic and lipophilic corneal
barriers. ROS-responsive biomaterials have been shown to
alleviate oxidative stress and simultaneously deliver cargo
in a controllable manner under certain scenarios, such as
the inflammatory microenvironment in fungal kerati-
tis18,19. The production of ROS in mouse corneas and
human corneal epithelial cells (HCECs) was significantly
increased upon exposure to fungi20,21. Furthermore, ROS
were shown to damage the collagen matrix, resulting in
corneal scarring, loss of corneal clarity, and impaired
visual acuity22,23. Therefore, ROS-responsive release of

nanodrugs with simultaneous depletion of ROS is a pro-
mising strategy for fungal keratitis therapy.
In the present study, we used GC as a nanocarrier and

4-carboxyphenylboronic acid pinacol ester (EB) as a ROS-
responsive group15,24–26 to develop a ROS-controlled
release polymeric nanocarrier (GC-EB) with effective
penetration through ocular barriers (Scheme 1). GC-EB
was loaded with a clinically used antifungal drug, vor-
iconazole (VOR)9,27,28, to treat fungal keratitis. Moreover,
the surface of GC-EB-VOR was decorated with a Cy5.5
fluorescent molecule to track the nanodrug in vivo and
in vitro. The developed GC-EB-VOR exhibited high
penetration through the corneal barriers, controllable
drug release under low concentrations of ROS, effective
depletion of ROS, and promising antifungal efficacy,
demonstrating potential for fungal keratitis therapy.

Results
Design and morphological characterization of GC-EB-VOR
To prepare the GC-EB-VOR nanodrug, EB was cova-

lently bound to a GC polymer, followed by the incor-
poration of VOR. The self-assembly of GC-EB-VOR was
initiated and driven by the amphiphilic nature of the
polymer, in which the hydrophobic moieties faced the
core and the hydrophilic moieties were exposed on the
surface17. To track the biodistribution of GC-EB-VOR
nanodrugs in vivo and vitro, GC-EB-VOR was labeled

Scheme 1 The design process of GC-EB-VOR eye drops and therapeutic mechanisms for treating fungal keratitis.
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with a Cy5.5 fluorescent molecule on the surface of the
GC-EB-VOR nanodrug by an amidation reaction.
As revealed by a scanning electron microscopy (SEM)

image of GC, multiple ultrathin and curved sheets were
integrated into the porous architecture of GC (Fig. 1a).
The macroporous skeleton of GC contained abundant
cavities that were a few hundred microns in size. GC
loaded with VOR spontaneously curled into a spherical
morphology with the hydrophobic head inside and
hydrophilic head outside in the two-phase solvent sys-
tem17,29–31. The morphology characterization of GC-EB-
VOR was revealed using transmission electron

microscopy (TEM) (Fig. 1b). Furthermore, GC-EB-VOR
exhibited a predominant size of 38 nm, as revealed by
dynamic light scattering analysis (Fig. 1c), consistent with
the TEM results. A size >100 nm might be the result of
agglomeration for some GC-EB-VOR particles. The zeta
potential of GC-EB-VOR was 1.06 mV at pH 7.4 (Fig. 1d),
facilitating the binding of the amino functional groups
to the negatively charged cell membranes and thus
penetration across the corneal barrier. The observation of
red fluorescence demonstrated that the Cy5.5 molecule
was successfully linked to the surface of GC-EB-VOR
(Fig. 1e)29,30,32.

Fig. 1 Design and characterization of GC-EB-VOR eye drops for fungal keratitis. a, b Representative SEM image of GC and TEM image of GC-EB-
VOR. c, d The hydrodynamic diameter distribution and zeta potential of GC-EB-VOR. e Representative fluorescence image of GC-EB-VOR-Cy5.5. f FT-IR
spectra of GC-EB and GC-EB-VOR. g XPS survey spectra analysis, h thermogravimetric analysis, and i TEM image of GC-EB-VOR, self-cleaved upon ROS
(20 μM H2O2) exposure. The inset is GC-EB-VOR sonicated for 30 min.
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Chemical bonding and stability assessment of GC-EB-VOR
Fourier transform infrared spectroscopy (FT-IR) spectra

of GC and GC-EB are shown in Fig. 1f. The absorption
bands at 1544 and 902 cm–1 were assigned to the vibra-
tion of C=C on the benzene ring. After introducing EB,
bands at 1725, 714, 1045, and 1363 cm–1 were due to
borate ester C=O stretching, B–O units, the vibration of
the B–O–C bond and the anti-symmetric stretching
vibration of B–O, respectively33. As demonstrated by
X-ray photoelectron spectroscopy (XPS) analysis, the
chemical bond peaks of GC-EB-VOR located at 210 eV,
284 eV, 397 eV, 530 eV and 710 eV resulted from B1s,
C1s, N1s, O1s, and F1s27,28, respectively (Fig. 1g). The
high-resolution C1s spectra of GC-EB-VOR were decon-
voluted into four subpeaks at 284.4, 285.1, 286.5, and
289.8 eV, which were attributed to C–C, C–OH, C–O–C
and C=O groups, respectively (Fig. S1a). The O1s spec-
trum of GC-EB-VOR was deconvoluted into three indi-
vidual peaks at 527.1 eV, 528.7 eV, and 530.4 eV (Fig. S1b).
Two distinct peaks located at 707.4 eV and 721.5 eV were
observed in the high-resolution B1s XPS spectra, which
could be assigned to the B–C and B–O peaks, respec-
tively, consistent with the FT-IR results. Taken together,
these results indicated that borate ester modification was
successfully introduced into GC to enable ROS
responsiveness.
Thermogravimetric (TGA) analysis revealed that the

weight of GC-EB-VOR decreased until the temperature
increased to 200 °C (Fig. 1h), indicating the excellent
stability of GC-EB-VOR under physiological conditions.
GC-EB-VOR was also stable under long-term ultrasonic
treatment. In contrast, GC-EB-VOR was easily degraded
upon ROS stimulation, indicating that the nanodrug
exhibited ROS-responsive self-cleavage (Fig. 1i).

Loading and release efficiency of VOR from GB-EB-VOR
The encapsulation and loading efficiency of drugs are

two factors that directly affect the therapeutic efficacy of
nanodrugs34–36. The concentrations of VOR ranged
from 10 µg/mL to 3 mg/mL, resulting in VOR encap-
sulation rates up to 96% (Fig. 2a), and the loading effi-
ciency of VOR in the GC-EB nanocarrier ranged from
7% to 77% (Fig. 2b). At pH 7.4 and 37 °C, GC-EB-VOR
actively responded to ROS and efficiently released VOR
upon treatment with H2O2 in a dose-dependent manner
compared to the relatively slow VOR release in the PBS
control group (Fig. 2c). An initial burst of VOR release,
accounting for most of the total release of VOR, was
observed at the first phase (<1 h) (Fig. 2c), probably due
to the rapid diffusion of VOR from GC-EB-VOR. Given
that the liquid solution in eye drops is limited and
quickly removed, an initial burst release of VOR from
GC-EB-VOR would be beneficial for treating fungal
keratitis.

We next examined the ROS scavenging ability of GC-
EB-VOR37. Compared to that of LPS-pretreated HCECs
without GC-EB-VOR treatment, the level of ROS in
lipopolysaccharide (LPS)-pretreated HCECs decreased
after GC-EB-VOR treatment from 25 to 200 µg/mL in a
dose-dependent manner38,39 (Fig. 2d, e). This observation
demonstrated the good antioxidant capacity of GC-EB-
VOR40. From 25 to 200 µg/mL, the concentration of GC-
EB-VOR did not exhibit cytotoxicity (Fig. 2f and S2),
indicating that GC-EB-VOR exhibits good biocompat-
ibility. In summary, these results revealed the satisfactory
loading and release capacity of GC-EB for VOR with good
biocompatibility and antioxidant capacity.

Cellular uptake and anti-inflammatory properties of GC-EB-
VOR
Uptake and internalization by targeted cells are crucial

for achieving therapeutic effects of nanodrugs. As shown
in Fig. 3a, Cy5.5-derived red fluorescence was primarily
localized in the cytoplasm, which indicated that the
uptake of GC-EB-VOR by HCECs was excellent. The
internalized nanodrugs were mainly transported and
degraded through the endolysosomal pathways41. As
expected, the red fluorescent signal of GC-EB-VOR was
predominantly colocalized with the green fluorescent
signal of Lyso-tracker, an indicator for late endosomes
and lysosomes (Fig. 3b)42.
After LPS stimulation, the production of

cyclooxygenase-2 (COX-2), a key mediator of the
inflammatory response, was induced in both HECEs
(Fig. 3c) and RAW 264.7 cells (Fig. 3d)43–45. However,
pretreatment with GC-EB-VOR inhibited LPS-stimulated
COX-2 production in a dose-dependent manner in
HECEs and RAW 264.7 cells (Fig. 3c, d). The anti-
inflammatory effect of GC-EB-VOR was validated by the
decreased mRNA levels of proinflammatory cytokines in
LPS-stimulated RAW 264.7 cells46,47, including tumor
necrosis factor α (TNF-α), interleukin 1β (IL-1β), and
interleukin 6 (IL-6) (Fig. 3e).
Taken together, these results demonstrated that GC-

EB-VOR was readily internalized and transported by the
endolysosomal system in corneal epithelial cells. Fur-
thermore, GC-EB-VOR exhibited a strong anti-
inflammatory capacity.

Antifungal activity of GC-EB-VOR
Two representative fungal species, Fusarium and

Aspergillus flavus, were cultured in LB medium and used
to test the minimum inhibitory concentration (MIC) of
GC-EB-VOR for fungi. The 90% inhibition of growth
(MIC90) for Fusarium and Aspergillus flavus was 16 and
1 µg/mL, respectively (Fig. 4a and S3). Based on the
loading and release efficiencies of VOR in GC-EB-VOR,
8 µg/mL and 0.5 µg/mL of VOR were the predicted
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MIC90 for Fusarium and Aspergillus flavus, respectively,
and this was validated by treating fungi with pure VOR
(Fig. 4b and S4). Thus, both GC-EB-VOR and pure VOR

significantly inhibited the growth of Fusarium and
Aspergillus flavus. In contrast, GC and GC-EB did not
exhibit obvious inhibitory activity against the growth of

Fig. 2 ROS responsiveness and scavenging capability of GC-EB-VOR in vitro. a The encapsulation rate (EE) and b loading efficiency (LE) of GC-
EB-VOR. c VOR release rate from GC-EB-VOR over time with different concentrations of H2O2 (0, 1 µM, 5 µM and 20 µM). d Representative fluorescence
images of diacetyldichlorofluorescein (DCFH-DA) in HCECs incubated with GC-EB-VOR for 24 h after 12 h of stimulation with 10 µg/mL LPS. Each
panel contains the following images: DCFH-DA (green) and Hoechst 33342 (nuclei, blue). The scale bar is 100 µm. e Quantitative analysis of ROS levels
in HCECs. f Cytotoxicity assessment of GC, GC-EB, GC-EB-VOR and GC-EB-VOR-Cy5.5 in HCEC cells after 24 h of treatment using a cell counting kit-8
(CCK-8) assay. Data are represented as the means ± SDs (n= 3). ****P < 0.0001, ***P < 0.001, **P < 0.01.
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Fig. 3 (See legend on next page.)
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Fusarium and Aspergillus flavus (Fig. 4c–e and S5–7).
These results demonstrated that GC-EB-VOR exhibited
antifungal activity comparable to that of pure VOR, while
GC-EB-VOR provided several additional benefits, such as
ROS responsiveness and the ability to penetrate multiple
ocular barriers.

Corneal injury attenuation after GC-EB-VOR treatment
To verify the antifungal capability of GC-EB-VOR

in vivo, a fungal keratitis mouse model was established
by injecting Fusarium spore solution to infect a wound on
the cornea, according to an international general model-
ing method9,21,48. Then, mice were administered eye

drops containing PBS, 1% GC, 1% GC-EB, 0.3% GC-EB-
VOR, 1% GC-EB-VOR, or 1% VOR. As shown in Fig. 5a,
slit-lamp examination indicated that compared to the
control groups (PBS, 1% GC or 1% GC-EB), treatment
with GC-EB-VOR and VOR (particular 1% GC-EB-VOR)
inhibited fungal infection in the mouse corneas on Day 3
and particularly on Day 7. Histological examination ver-
ified that the corneal structure was recovered after GC-
EB-VOR treatment. To quantify the therapeutic effect of
GC-EB-VOR on fungal keratitis, we ranked fungal kera-
titis severity according to the area of corneal opacity,
density of corneal opacity and surface regularity from Day
1 to Day 749. Based on the score, fungal keratitis severity

(see figure on previous page)
Fig. 3 Localization and anti-inflammatory efficacy of GC-EB-VOR nanodrugs in HCEC cells. a Representative images showing the uptake of GC-
EB-VOR by HCECs in vitro. The dyes phalloidin (green, 488 nm) and DAPI (blue, 408 nm) were used to visualize the cytoskeleton and nucleus,
respectively. b Distribution of GC-EB-VOR-Cy5.5 (red, 561 nm) in intracellular lysosomes (green, 488 nm). c Cox-2 levels in HCECs after 12 h of LPS
preactivation and 24 h of various treatments. d Cox-2 levels in RAW 264.7 cells after 6 h of LPS prestimulation and 6 h of different treatments.
e Relative expression levels of the inflammatory factors IL-1β, TNF-α, and IL-6 in RAW 264.7 cells after treatment with GC, GC-EB, GC-EB-VOR, or VOR
for 6 h. Scale bar= 10 µm. (n= 3). Data are represented as the means ± SDs from three independent experiments. ****P < 0.0001, ***P < 0.001,
**P < 0.01.

Fig. 4 In vitro antifungal evaluation of GC-EB-VOR against Fusarium. a, b The inhibition rates of Fusarium by GC-EB-VOR and VOR treatment for
48 h at different concentrations. c Optical density at 600 nm (OD600) of Fusarium suspensions after different treatments for 48 h. The concentrations of
GC, GC-EB, and GC-EB-VOR were 16 µg/mL, while the concentration of VOR was 11 µg/mL based on a loading rate conversion. d Representative
photographs of microorganism colony-forming units (CFU) after adding 100 µL of 16 µg/mL (determined using an OD600 assay) of growth
suspension (1:104 dilution) of Fusarium, followed by treatment with GC, GC-EB, GC-EB-VOR or VOR for 48 h. e Relative quantitative results for Fusarium
CFU. Data are represented as the means ± SDs from three independent experiments. ****P < 0.0001.
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Fig. 5 (See legend on next page.)
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ranged from mild (≤5) to moderate (6–9) to severe (≥9) in
mice. Consistent with the slit-lamp and histological
examination observations, the fungal keratitis severity
scores began to decrease in mice treated with 0.3% and 1%
GC-EB-VOR and 1% VOR on Day 3 compared to the
control groups (Fig. 5b). However, the scores for 1% GC-
EB-VOR-treated mice were consistently lower than those
of the other treatment from Days 3 to 7.
To substantiate the antioxidant and anti-inflammatory

capabilities of GC-EB-VOR, we evaluated the levels of
ROS and inflammatory factors in the corneal tissue of
mice. ROS content measured via dihydroethidium (DHE)
staining was reduced in mice treated with GC-EB-VOR
and VOR compared to the control mice. (Fig. 5c, d). The
infiltration of immune cells and the levels of inflammatory
factors (IL-6, IL-1β, and TNF-α) were also reduced in

mice treated with GC-EB-VOR compared to other mice
(Fig. 5e).
Histological examination verified that the corneal

structure was recovered after 7 days of treatment with
GC-EB-VOR. Abnormal corneal architecture with high
infiltration of immune cells was observed in the corneal
stroma in the PBS, GC, and GC-EB groups but not in the
GC-EB-VOR and VOR groups. Moreover, 1% GC-EB-
VOR exhibited a better anti-inflammatory effect than
that of 1% VOR (Fig. 6a). The visualization of Cy5.5
fluorescence after 7 days demonstrated that GC-EB-
VOR was successfully delivered and accumulated in vivo
(Fig. 6b).
Taken together, these results demonstrated the sus-

tainable therapeutic effects of GC-EB-VOR on fungal
keratitis in vivo, as revealed by the delivery and

(see figure on previous page)
Fig. 5 In vivo therapeutic efficacy of GC-EB-VOR eye drops in a mouse model with fungal keratitis. a Time course of the in vivo therapeutic
efficacy of GC-based nanodrug and VOR eye drops after topical instillation in mice with fungal keratitis. Mice receiving PBS without nanomaterial
served as a control (Ctrl) group. b Visual clinical scores. c Corneal tissue was stained with DHE (ROS content, red) and DAPI (nuclei, blue) to compare
the ability of different treatments to respond to ROS. The scale bar is 50 µm. d Changes in corneal ROS levels in mice in each group. e ELISA was used
to explore the expression of inflammatory factors (IL-1β, IL-6, and TNF-α) in corneal tissues treated with GC-based nanodrugs and free VOR. Data are
represented as the means ± SDs from three independent experiments. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

Fig. 6 Histology and in vivo localization analysis. a Histological examination of mouse cornea tissue sections with hematoxylin and eosin (H&E)
staining for different treatment groups (scale bar= 50 µm). b Localization image of 1% GC-EB-VOR-Cy5.5 in mouse corneal tissue by fluorescence
microscopy and histological examination of cornea tissue sections (H&E). Blue (DAPI) represents the nucleus, while red shows that the nanomaterial
GC-EB-VOR was distributed in the full thickness of the cornea. Scale bar= 50 µm.
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accumulation of GC-EB-VOR in the cornea, reduced
oxidative stress and inflammation, and attenuated corneal
injury.

Discussion
The most common treatment for fungal keratitis is the

administration of eye drops. The prerequisites for a pro-
mising outcome of antifungal eye drops include a wide
antimicrobial spectrum, high sensitivity to fungus, and
sufficient and sustained drug concentrations in the
infected loci. VOR is a broad-spectrum antifungal drug
widely included in eye drops with high sensitivity and low
resistance to fungal infection9,20,21. Unfortunately, con-
ventional eye drops have poor solubility and can be
quickly removed after instillation in a short time; as a
result, the concentration of drug retained in the lesion site
is low and the antifungal efficacy is not exerted14. More-
over, the inherent corneal amphipathic barriers, the
hydrophilic barrier of the corneal stroma, and the lipo-
philic barrier of the corneal epithelium11–13 limit the
penetration of commonly used fat-soluble drugs or water-
soluble drugs and ultimately cause low corneal bioavail-
ability of conventional eye drops. Thus, our first strategy
was to adopt GC as a nanocarrier for VOR delivery to
effectively penetrate the amphipathic barriers of the
cornea.
As a natural cationic polymer polysaccharide, chitosan

is widely used as a nanocarrier for nanotherapy50–52 due
to its exceptional properties, including superior bio-
compatibility, biodegradability, nontoxicity, low immu-
nogenicity, low cost, and accessibility53,54. The
quaternization of chitosan was found to enhance its
hydrophilicity, antimicrobial activity and cellular
uptake55. In addition, chitosan has been shown to
maintain hemostasis and promote anti-inflammation
and wound healing56,57. However, the application of
chitosan is limited under physiological conditions due to
its low solubility above pH 6.058. GC is a derivative of
chitosan with high solubility and retains several prop-
erties of chitosan, such as biodegradability, low immu-
nogenicity, hemostasis, anti-inflammatory, and wound
healing effects53,54. The amphiphilicity of GC polymers
was shown to drive a self-assembly process in which
hydrophobic groups oriented inward and the hydrophilic
groups oriented outward17, thus favoring the penetra-
tion of the hydrophilic and lipophilic corneal dual bar-
riers. GC was previously used to penetrate miniature
blood vessels and biofilm barriers in vivo17,26,30. More
importantly, by ligating GC-EB-VOR with the Cy5.5
fluorescent molecule, our in vitro results revealed that
GC-EB-VOR entered corneal cells to efficiently elim-
inate mycelia and accumulated in the lysosomes. Our
in vivo results further demonstrated that GC-EB-VOR
penetrated the corneal dual barriers and reached the

corneal stroma, leading to a promising therapeutic effect
on fungal keratitis.
Compared with other types of nano-ocular

agents10,59–62, such as contact lenses, eye drops and
microspheres, our GC-EB-VOR exhibited several advan-
tages, including a small size to facilitate penetration
through the corneal barrier; in addition, GC-EB-VOR
undergoes metabolic degradation in the lysosomes and is
simple to prepare for mass production. Compared with
traditional eye drops11,14,63, GC-EB-VOR significantly
increased the bioavailability of VOR through corneal
penetration and thus reduced the frequency of eye drop
instillations.
Stimuli-responsive self-assembled nanodrugs can

release payloads at specific sites after endogenous or
exogenous stimulation, such as pH, enzymatic, redox,
thermal, magnetic, light, and ultrasonic stimuli15,64–66.
Effective therapeutic outcomes and decreased side effects
have been obtained by utilizing these types of nanodrugs
in cancer therapy15,67. However, environment-responsive
nanodrugs for ocular diseases have not been reported due
to the delicate ocular barriers and relatively few blood
vessels in ocular tissue. ROS are a well-known stimulus
for the release of drugs from nanocarriers. For example,
Ren et al. prepared a ROS-sensitive triblock copolymer,
PEG-PUSe-PEG, to assemble nanoparticles that were
oxidized and degraded under high concentrations of ROS,
followed by a 100% release of the loaded Nile red mole-
cules at 20 h68. Zheng et al. designed a ROS-responsive
siRNA nanomedicine26, 3I-NM@siRNA, that effectively
released siRNA upon ROS stimulation and inhibited
U87MG glioma xenotransplantation in situ in mice.
Excess ROS are produced by the inflammatory response
at the infection site of fungal keratitis18,19. Thus, we
employed EB, a ROS-responsive group, to generate a tiny
ball with a slowly releasing function for the sustained
release of VOR in the infection loci. Surprisingly, the ROS
scavenging ability of GC-EB-VOR was confirmed in vitro
and in vivo, which indicated that the ROS-responsive
controllable release of VOR was achieved, hopefully
leading to a precise treatment for fungal keratitis.
Unexpectedly, we observed an inhibited inflammatory

response in mice with fungal keratitis after treatment with
our GC-EB-VOR drugs. The cornea is a type of trans-
parent tissue. In fungal keratitis, excess ROS induces
massive necrosis in the infection loci due to the infiltra-
tion of a large number of inflammatory cells, leading to
cell proliferation and tissue repair. Consequently, scarring
and the loss of corneal transparency occur even if the
infection is controlled, resulting in vision loss or blind-
ness22,23. GC-EB-VOR ultimately reduces the risk of
blindness for patients with fungal keratitis by responding
to ROS at the infection site while precisely releasing VOR
to reduce inflammation and ROS.
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Additionally, we observed an equal antifungal efficacy of
GC-EB-VOR with VOR for Fusarium and Aspergillus
flavus, the two most common fungi that cause fungal
keratitis. Nonetheless, the instantaneous release rate of
our GC-EB-VOR drug still needs to be improved to fur-
ther increase the concentration of VOR at the lesion site
and maximize its therapeutic effects on fungal keratitis.

Conclusions
In the current study, we designed and prepared a GC-

EB-VOR nanodrug to treat fungal keratitis. In vitro and
in vivo results revealed that GC-EB-VOR effectively
penetrated the corneal dual barriers, produced ROS-
responsive controllable release for antifungal activity, and
remarkably attenuated corneal injury. Mechanistically, the
successful delivery and accumulation of GC-EB-VOR in
the cornea followed by the inhibition of oxidative stress
and of the inflammatory response contributed to the
therapeutic effect of GC-EB-VOR against fungal keratitis.

Materials and methods
Materials
GC, VOR, 4-carboxyphenylboronic acid pinacolate (EB),

N-hydroxysuccinimide (NHS), and 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (EDC) were obtained from
Sigma‒Aldrich Co., Ltd. (Shanghai, China).
N-hydroxysuccinimide was provided by TIC Co., Ltd.
(Shanghai, China). Methanol and isopropanol were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Chromatographic grade acetonitrile
was purchased from Yuwang Chemical Reagent Co., Ltd.
(Shandong, China). HCECs (a human corneal epithelial
cell line) and RAW 264.7 cells (a mouse mononuclear
macrophage cell line) were obtained from the Cell Bank of
the Chinese Academy of Science (Shanghai, China).

Synthesis of GC-EB-VOR
The synthesis diagram of GC-EB-VOR is presented in

Scheme 1. Briefly, 0.816 g of EB was dissolved in 45mL of
methanol, and 15mL of a 1.5mg/mL GC aqueous solution
was added and stirred well. Then, 0.563 g of NHS and
0.761 g of EDC were added and heated to 70 °C with stirring
and reacted for 24 h. After 3 days of dialysis, EB-modified
GC-EB was obtained by freeze-drying. Then, 0.01 g of GC-
EB was prepared in 15mL of distilled water with sonication
treatment for 15min. Next, 0.04 g of VOR in 2mL of
isopropanol-ethanol was added into the GC-EB solution
system, replenished with 3mL isopropanol-ethanol solu-
tion, and stirred for 24 h. The GC-EB-VOR ROS-responsive
nanodrug was obtained by freeze-drying after dialysis.

Characterization of the nanodrugs
The microstructure of the as-prepared materials was

characterized using a scanning electron microscope

(NOVA Nano SEM 450, FEI, USA) and a transmission
electron microscope (HT7800, HITACHI, Japan). The
FT-IR spectra were collected using a Fourier transform
infrared spectrometer (Nicolet iS5, ThermoScientific,
USA). The surface chemical compositions of sorbents
were characterized using X-ray photoelectron spectro-
scopy (XPS, Escalab 250Xi, ThermoScientific, USA) with
1486.6 eV radiation as the excitation source. The TGA
curves were determined using a thermal gravimetric
analyzer (TG209 F3, Netzsch, Germany) and ranged from
room temperature to 900 °C at a heating rate of 10 K/min
under a N2 atmosphere. The zeta potential of the nano-
drugs was determined using a Zetasizer Nano series ZS
instrument (Zetasizer Nano ZS90, Malvern, UK). Con-
focal laser scanning microscopy images of cells were
obtained using an Olympus confocal microscope system
(FV12-IXCOV, Olympus, Japan). The fluorescence was
quantitatively measured using an inverted fluorescence
microscope (Axio vert A1, Zeiss, Germany). The gel
electrophoresis images were obtained using a Molecular
Imager FX (ChemiDoc XRS+, Bio-Rad, USA).

High-performance liquid chromatography (HPLC) analysis
The content of VOR in GC-EB-VOR was analyzed by

using a Waters ACQUITY UPLC® H-Class system with a
UV‒vis detector. VOR was separated by a C18 column
(Hypersil ODS2, 150 mm length × 4.6 mm i.d., 5 µm). A
mixture of 70% HPLC-grade methanol and 30% Millipore
water was used as the mobile phase. The flow rate was
0.6 mL/min. The detection wavelength was 260 nm, and
the injection volume was 10 µL. To investigate the
encapsulation efficiency (EE) and loading efficiency (LE)
of drugs, the following steps were performed: VOR
solutions at different concentrations (m0; 10, 50, 100,
500, 1000, 1500, 2000, and 3000 µg/mL) were added to
500 µg/mL GC-EB solution (m) and stirred for 24 h. Then,
the supernatant of the solution was filtered through a
filter membrane to detect the unreacted concentration
(m1) of VOR by the HPLC system. The drug encapsula-
tion content and loading amount were calculated
according to related formulas as follows:

EE% ¼ m0 �m1

m0
´ 100%

LE% ¼ m0 �m1

m
´ 100%

The release profiles of VOR from GC-EB-VOR were
used to investigate the ROS responsiveness property. GC-
EB-VOR was incubated with 0, 1, 5, or 20 µM H2O2 for
varying periods of time (0.5 h–50 h) in dialysis bags. PBS
was used as a control under the same conditions. After-
ward, the dialyzed solutions were quantified by HPLC.
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Cytotoxicity assay
HCECs were cultured at 37 °C under 5% CO2 with

Dulbecco’s modified Eagle medium (DMEM)-
F12 supplemented with 10% fetal bovine serum and 1%
penicillin‒streptomycin. RAW 264.7 cell lines were cul-
tured in DMEM, with supplementation and culture con-
ditions consistent with the HCEC cells. Cell viability was
measured via a CCK-8 assay. In brief, 1 × 104 cells/well
were seeded in 96-well microplates and cultured for 24 h.
Cells were subsequently treated with drugs and cultured
for 24 h. Then, cells were incubated with the CCK-8
solution for 4 h. The optical density (both the experi-
mental and blank groups) of the incubated cells was
determined using a multifunctional microplate reader at
450 nm.

Detection of ROS
HCECs were seeded in a six-well cell culture plate at a

density of 1 × 105 cells/mL and cultured for 24 h. The
cells were then stimulated with LPS (1 μg/mL) to
observe an inflammatory state and treated with different
concentrations of GC-EB-VOR (0, 25, 50, 100, or
200 μg/mL) for 24 h. Subsequently, the cells were incu-
bated with diacetyldichlorofluorescein (DCFH-DA;
5 μM, Beyotime Biotechnology, China) for 20 min at
37 °C. The cells were washed three times with serum-
free cell culture medium to sufficiently remove DCFH-
DA that did not enter the cells. The fluorescence signals
were detected with a fluorescence microscope. The
fluorescence intensity was analyzed by the analytical
method included with the microscope. The experiment
was conducted three times.

Cellular uptake and localization
Briefly, 1 × 105 HCEC cells/well were plated in a con-

focal dish, incubated for 24 h, and then stimulated with
LPS for 12 h. Then, 100 μg/mL GC-EB-VOR-Cy5.5 was
added, and the cells were incubated in the dark for 24 h to
release the drug completely. The cells were fixed with 4%
paraformaldehyde. FITC-phalloidin was used for staining,
and the cells were incubated in the dark for 30 min at
room temperature. The nuclei were stained with DAPI
and observed under a confocal microscope. For intracel-
lular localization experiments, HCECs were cultured with
GC-EB-VOR-Cy5.5 for 24 h and then stained and ana-
lyzed by confocal microscopy. Lysosomes were stained
with LysoTracker Green (50 nM, 30 min), and the nuclei
were stained with Hoechst 33342 (200 nM, 20min).

Western blot analysis
Cells were lysed in a 100:1:1 mixture of RIPA buffer:-

protein phosphatase inhibitor-PMSF, and the protein
concentration was determined with a Pierce BCA protein
assay kit. Electrophoresis was performed using sodium

dodecyl sulfate‒polyacrylamide gel electrophoresis (SDS‒
PAGE), and protein was transferred to polyvinylidene
fluoride (PVDF) membranes. The membranes were sha-
ken in 5% skim milk (dissolved in Tris-buffered saline
with 0.1% Tween 20; TBST) on a shaker for 1 h at room
temperature. After being washed with TBST three times,
primary antibodies diluted 1:1000 in TBST were incu-
bated overnight at 4 °C. This was followed by incubation
with a secondary antibody (1:5000) for 1 h at room tem-
perature. Densitometry analysis was performed using Bio-
Rad Image Lab computer software after the samples were
washed three times with TBST.

Real-time RT‒PCR
RNA extraction, reverse transcription and cDNA PCR

amplification were completed by conventional methods69.
The primer sequences used in the research were as follows:
5’-GATTACTGCTCTGGCTCCTAGC-3’ (β-actin forward),
and 5’-GACTCATCGTACTCCTGCTTGC-3’ (β-actin
reverse); 5’-CGCAGCAGCACATCAACAAGAGC-3’ (IL-1β
forward), and 5’-TGTCCTCATCCTGGAAGGTCCACG-3’
(IL-1β reverse); 5’-CACAAGTCCGGAGAGGAGAC-3’ (IL-
6 forward), and CAGAATTGCCATTGCACAAC-3’ (IL-6
reverse); 5’-ACCCTCACACTCAGATCATCTT-3’ (TNF-α
forward), and 5’-GGTTGTCTTTGAGATCCATGC-3’
(TNF-α reverse).

Antifungal activity studies
Standard Fusarium and Aspergillus fumigatus strains

were provided by the Shandong Institute of Ophthal-
mology. The MIC test was based on the CLSI M38-A270

broth microdilution method. Briefly, fungal conidia were
obtained from Sabouraud medium, and the density of the
conidial suspension was adjusted spectrophotometrically
at 530 nm (0.15–0.17 for Fusarium, 0.09–0.13 for Asper-
gillus fumigatus) and diluted 1:50 in RPMI-1640 medium.
In 96-well polystyrene cell culture trays, different con-
centrations of drugs and conidia suspensions were added
at a ratio of 1:1, incubated for 46–50 h in an aerobic
incubator without CO2 at 35 °C, and then absorbances
were read at 600 nm with a microplate reader. MIC90 was
defined as the minimum drug concentration that inhib-
ited 90% of the growth of the fungus. The fungal sus-
pension was then treated with or without GC-EB-VOR at
a concentration of 16 µg/mL, and the PBS-treated group
served as a control. The absorbance at 600 nm (OD600)
was detected by a microplate reader, and the number of
fungal colonies was visually compared by the colony-
forming unit (CFU) method.

Establishment of the fungal keratitis model
Female C57BL/6 J mice (6–8 weeks old) were purchased

from Beijing Vital River Laboratory Animal Technology
Co., Ltd. The mice were treated in accordance with the
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guidelines provided by the Association for Research in
Vision and Ophthalmology. The study protocols were
approved by the Ethics Committee of Shandong First
Medical University (Shandong Academy of Medical Sci-
ences). The mice were anesthetized by intraperitoneal
injection of 0.06% sodium pentobarbital, a 2 mm area of
the central corneal epithelium of the right eye was
removed, and the cornea was cross-scratched. Then, 5 µL
of Fusarium solution (1 × 108 CFU/mL) was dripped on the
cornea and covered with a soft contact lens. Subsequently,
the eyelids were sutured. One day after infection, stitches
were removed, and nanomedicine drops (10 µg/mL) were
administered topically four times per day for seven con-
secutive days. Photographs of the mouse eyes at Days 1, 3, 5,
and 7 were obtained with a slit-lamp microscope and scored
to analyze inflammation development as previously pub-
lished49. After the mice were humanely euthanized, the
eyeballs were removed for histological analysis, immuno-
histochemical staining, and ELISA detection.

Histopathological examination
On the seventh day after infection, the eyeballs of mice

were harvested, fixed, frozen, and stained with hematox-
ylin and eosin. The structure was observed using a
fluorescence microscope to determine the histopatholo-
gical changes in the cornea.

Immunofluorescence
A ROS fluorescent probe DHE kit (Wuhan Servicebio

Biotechnology Co., Ltd.) was used to determine the ROS
activity of the corneas of mice with fungal keratitis after
drug treatment. Fresh corneal tissue was embedded in
optimum cutting temperature compound to prepare fro-
zen sections with a thickness of 10 µm. Precooled
phosphate-buffered normal saline at 4 °C was used to
cover the corneal tissue, and the corneal tissue was
removed from the saline after gentle shaking. A working
solution containing 5 µM DHE was added and incubated
for 20min in a 37 °C incubator. The working solution was
removed, and the slides were sealed after rinsing with the
cleaning solution and then observed under a fluorescence
microscope and photographed.

Enzyme-linked immunosorbent assay (ELISA)
Mouse corneas (n= 6/group) were collected and cen-

trifuged to obtain supernatant. ELISA kits (ABclonal
Biology) were used to quantify IL-6, IL-1β, and TNF-α
protein levels. Each well was charged with 100 µL of the
sample solution, and the absorbance was determined at
450 nm using a reference wavelength of 630 nm.

Statistical analysis
The difference between the two groups was evaluated

using Student’s t test. One-way analysis of variance was

used to analyze differences between three or more groups.
When P < 0.05, the difference was considered significant.
To ensure the repeatability of all experiments, each
experiment was repeated three times, and the repre-
sentative experimental data were expressed as the mean
standard deviation (SD).
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