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Background: Fungal keratitis is a serious blinding eye disease. Traditional drugs used to treat fungal keratitis commonly have the
disadvantages of low bioavailability, poor dispersion, and limited permeability.

Purpose: To develop a new method for the treatment of fungal keratitis with improved bioavailability, dispersion, and permeability.
Methods: Zeolitic Imidazolate Framework-8 (ZIF-8) was formed by zinc ions and 2-methylimidazole linked by coordination bonds
and characterized by Scanning electron microscopy (SEM), X-ray diffraction (XRD), and Zeta potential. The safety of ZIF-8 on
HCECs and RAW 264.7 cells was detected by Cell Counting Kit-8 (CCK-8). Safety evaluation of ZIF-8 on mice corneal epithelium
was conducted using the Draize corneal toxicity test. The effects of ZIF-8 on fungal growth, biofilm formation, and hyphae structure
were detected by Minimal inhibit concentration (MIC), crystal violet staining, Propidium lodide (PI) testing, and calcofluor white
staining. The anti-inflammatory effects of ZIF-8 on RAW 246.7 cells were evaluated by Quantitative Real-Time PCR Experiments
(qPCR) and Enzyme-linked immunosorbent assay (ELISA). Clinical score, Colony-Forming Units (CFU), Hematoxylin-eosin (HE)
staining, and immunofluorescence were conducted to verify the therapeutic effect of ZIF-8 on C57BL/6 female mice with fungal
keratitis.

Results: In vitro, ZIF-8 showed outstanding antifungal effects, including inhibiting the growth of Aspergillus fumigatus over 90% at
64 pg/mL, restraining the formation of biofilm, and destroying cell membranes. In vivo, treatment with ZIF-8 reduced corneal fungal
load and mitigated neutrophil infiltration in fungal keratitis, which effectively reduced the severity of keratitis in mice and alleviated
the infiltration of inflammatory factors in the mouse cornea. In addition, ZIF-8 reduces the inflammatory response by downregulating
the expression of pro-inflammatory cytokines TNF-a, IL-6, and IL-1f after Aspergillus fumigatus infection in vivo and in vitro.
Conclusion: ZIF-8 has a significant anti-inflammatory and antifungal effect, which provides a new solution for the treatment of
fungal keratitis.
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Introduction

Fungal keratitis is a severe corneal infection disease. The most common causes of fungal keratitis are Fusarium and
Aspergillus."* Once filamentous fungi conidia settle on the damaged corneal epithelium, they generate hyphae, extra-
cellular enzymes, and toxins to disrupt the corneal endothelium.®> Recent research reported that the annual increase in

patients with fungal keratitis may exceed one million, with the majority occurring in developing countries.* ® Due to
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fungal keratitis, they may experience visual impairment or even blindness.”® Therefore, there is a growing interest in
how to treat fungal keratitis in an affordable and efficient manner.

Drug therapy is the primary method for treating fungal keratitis.'® However, a major issue with commonly used drugs
like natamycin is their low bioavailability and poor dispersibility.'"'* While the extensively researched composite

nanomaterials have solved the above problem,'>"”

most of their nanocarriers only have delivery effects, and the vector
itself often has no biological function. The investigation by Yu et al utilized UiO-66 nanoparticles as carriers for
moxifloxacin, a bacteria-targeting peptide ubiquitin, and ROS-responsive poly (ethylene glycol)-thioketal. This combina-
tion was employed to treat endophthalmitis effectively.'> Nanocarriers with their own biological functions may allow this
drug delivery system to play a better therapeutic effect. In addition, it is characterized by high water solubility, good
dispersibility, and biocompatibility. Therefore, it would be beneficial to search for a nanocarrier that can both deliver and
exert antimicrobial and anti-inflammatory effects.

Zeolitic Imidazolate Framework-8 (ZIF-8), a class of nanomaterial formed by metal-organic coordination bonds, has
a high surface area and exhibits excellent chemical-thermal stability.'® ' Furthermore, it exhibits notable attributes such
as high solubility in water, excellent dispersibility, and biocompatibility.”> ZIF-8 has garnered evident attention in the
drug delivery for antibacterial and anticancer agents. Tan et al studied that Physcion coated with ZIF-8 could inhibit the
growth of Escherichia coli and Staphylococcus aureus, and Qiu et al found that ZIF-8 loaded with anticancer peptides
could be used to treat breast cancer.*** Over the past decade, ZIF-8 has been shown to be an antibacterial agent.>>>°
However, its application in antifungal therapy remains limited. Currently, only studies have shown that ZIF-8 is
a potential treatment to aquatic fungi associated with leaf litter decomposition. The findings indicated that ZIF-8
nanoparticles diminished dehydrogenase activity and markedly suppressed fungal biomass accumulation.®' The imida-
zole group of ZIF-8 suggests inherent antifungal properties, but it has not been used in fungal infectious diseases. By
inhibiting lanosterol 14a demethylase, imidazoles prevent the synthesis of ergosterol, a major component of fungal cell
membranes, causing cell death due to disturbed cell permeability.’*>* Therefore, our study aims to investigate the
antifungal effects of ZIF-8 by examining the morphology and growth of the fungi. Additionally, we sought to assess the
anti-inflammatory properties of ZIF-8 by analyzing changes in proinflammatory factors in the messenger RNA and
protein levels. Finally, the therapeutic effects of ZIF-8 were evaluated based on clinical scores and corneal fungal load in
mice infected with fungal keratitis. The objective is to identify a more efficacious therapeutic agent for treating fungal
keratitis and to explore novel avenues for the subsequent utilization of ZIF-8 as either a carrier or a drug in fungal
infectious diseases.

In this paper, ZIF-8 was synthesized, and the antifungal and anti-inflammatory effects of ZIF-8 were verified in vivo
and in vitro. In vitro assessment, we confirmed its toxicity and examine the effect of ZIF-8 to TNF-a, IL-1p and IL-6. We
also verified its inhibitory ability against Aspergillus fumigatus through its effect on hyphae growth inhibitory, hyphae
destruction, biofilm growth destruction and cell wall growth inhibitory, and cell membrane destruction. In vivo evalua-
tions, after treatment with ZIF-8, the keratitis was alleviated, the fungal load was reduced, the tissue edema was
alleviated, and the inflammatory cell infiltration was reduced, which effectively reduced the infiltration of inflammatory
factors in the mouse cornea (Scheme 1). In short, this paper researched the anti-fungal and anti-inflammatory properties

of ZIF-8 and provides a new field and idea for the treatment of fungal keratitis.

Material and Methods

Material

Zn (NOs3) ,-6H,0 was bought from Aladdin (Shanghai, China). Methanol and 2-methylimidazole were purchased from
Macklin (Shanghai, China). The phosphate-buffered saline (PBS) solution was purchased from BI Corporation (Beit
Haemek, Israel). NATA was ordered by MedChemExpress (MCE; NJ, USA). Cell Counting Kit-8 (CCK-8) was acquired
from MCE. Elisa mouse TNF-a kit, Elisa mouse IL-6, and Elisa mouse IL-1p kit were bought from Biolegend (USA). PI
(DA0022) was procured from Leagene Biotechnology (China). Calcofluor white (18909) was obtained from Sigma-
Aldrich (USA). Crystal violet and RIPA were obtained from Solarbio (China).
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Scheme | Schematic diagram of the synthesis of ZIF-8 and its effects in vitro and in vivo.

Synthesis and Characterization of ZIF-8

The synthesis process was commenced by preparing a methanol solution (1#) of Zn (NO;) ,-6H,0 with 5.58 grams in
150 milliliters. Simultaneously, 6.16 grams of 2-methylimidazole was added into a separate beaker containing 150
milliliters of methanol, ensuring thorough homogenization (2#). Subsequently, the 1# and 2# were gradually poured in
under continuous stirring. The composite was agitated comprehensively for a duration of 24 hours. The ZIF-8 product is
obtained by executing centrifugation, followed by ethanol washing, and concluding with vacuum drying at 60°C for
10 hours. The stoichiometric ratio of 2-methylimidazole to zinc was 4:1 throughout the synthetic procedure. After the
synthesis process, the synthesized ZIF-8 powder was uniformly dispersed onto a conductive adhesive tape (C-tape),
followed by the removal of any unattached powder using an ear wash ball and subsequently examined under a Scanning
electron microscope (SEM; JSM-7001F; Acceleration voltage: 500V-30 kV, resolution: 1.0 nm; JEOL, Tokyo, Japan),
and EDS-mapping was used to analyze element composition of these powder. X-ray diffraction (XRD; Smart Lab > 3
KW; > 60 kV; > 60 mA, Rigaku, Japan) was used for qualitative analysis of synthesized powders. Zeta potential (DLS-
Zeta potential, particle size range: 3.8 nm-100 um, Nano ZSE, Malvern, Britain) was to check the stability of the
material, we tested the material by dispersing it uniformly in deionized water.

Cck-8

To assess the impact of ZIF-8 on cell viability, the CCK-8 assay was employed to measure the viability of human
corneal epithelial cells (HCECs, gained from Xiamen Eye Center of Xia Men University) and mice mononuclear
macrophage cells (RAW 264.7 cells, gained from Academy of Sciences in Shanghai) after ZIF-8 treatment. The study
on HCECs was approved by the Ethics Review Committee of the Affiliated Hospital of Qingdao University, Qingdao,
Shandong, China (QYFYWZLL 28813). HCECs and RAW 264.7 cell suspensions (1x10* cells/mL) were separately
seeded in a 96-well plate at 100uL per well and cultured for approximately 24 hours at 37°C with 5% CO,. Then ZIF-8
was diluted using a serial dilution method to achieve different concentrations (2, 4, 8, 16, 32, 64, 128, 256 pg/mL),
which were added to the culture medium with each concentration group replicated 6 times. The control group was an
equal volume medium with HCECs or RAW 264.7 cells. After the 24-hour incubation period, 10 uL of CCK-8 reagent
was added to each well, followed by a 2-hour incubation. The Optical density (OD) values were measured using
enzyme labeling at 450 nm. These experimental procedures were conducted to thoroughly elucidate the potential
impact of ZIF-8 on cellular viability.
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Draize Test

Moreover, 5 pul of ZIF-8 at 640 pg/mL was instilled into the conjunctival sac of the right eye of mice (female 8-week-old
C57BL/6 mice were supplied by Pengyue Co. Ltd)., while the left eye was treated with PBS solution as the control
group. On days 1, 3, and 5 post ZIF-8 administration, the corneal surface of the mice was observed under cobalt-blue
light using a slit lamp to detect fluorescein sodium staining. The scoring criteria for fluorescein staining (CFS) were
determined according to the guidelines outlined by the OECD,***> providing a quantitative evaluation of the severity of
adverse reactions.

Minimum Inhibitory Concentration (MIC)

We utilized Sabouraud liquid medium containing spores of Aspergillus (strain 3.0772, China General Microbiological
Culture Collection Center), at a concentration of 3x10° CFU/mL to dilute ZIF-8. ZIF-8 was diluted into different
concentrations (2, 4, 8, 16, 32, 64, 128, 256 pug/mL). The control group was Sabouraud liquid medium with 3x10° CFU/
mL spores. Subsequently, the samples of various concentrations were added to a 96-well plate with each sample replicated 6
times, followed by a 36-hour incubation. Finally, the OD values at 540 nm were measured using an enzyme labeling.

Biofilm Inhibition Experiment

The biofilm experiment is based on the steps of MIC experiment. The surface of the hyphae is removed, each hole is
gently rinsed with PBS for 3 times, and then dried at room temperature. Then anhydrous ethanol is added to fix the
biofilm, and then rinsed with deionized water. After air drying at room temperature, crystal violet dye was added for
15 minutes, crystal violet was removed, and the unbound crystal violet was fully rinsed with sterilized PBS, then
decolorized with 95% ethanol for 10 minutes, and 100 pL of the mixture was absorbed and transferred to a new 96-well
plate. The OD values at 570 nm were measured by enzyme labeling.

Propidium lodide (Pl) Testing

To explore the effect of ZIF-8 on fungal viability, live/dead staining was conducted. 1 mL of Aspergillus spore
suspension (concentration of 10° CFU/mL) was added to each well of a 6-well plate and cultured for 24 hours in
a constant temperature incubator (37°C, 5% CO,). Upon forming a thin layer of hyphae on the surface, the hyphae were
collected, washed 3 times, and centrifuged at 12000 rpm for 10 minutes. Then, the hyphae were treated with ZIF-8
(32 pg/mL and 64 ng/mL) Sabouraud liquid medium and natamycin (NATA) (8 pg/mL) Sabouraud liquid medium. The
mycelia of the control group were added with Sabouraud solution. After another 24 hours of incubation, propidium
iodide (PI) dye (50 pg/mL, 1 mL per well) was introduced. Following a 15-minute duration at room temperature without
light, fluorescent images were captured under green excitation light using a fluorescence microscope. The entire
procedure was repeated 3 times to ensure reliability.

Calcofluor White Staining

A calcofluor white staining experiment was conducted to investigate the impact of ZIF-8 on fungal cell wall integrity.
ZIF-8 (16, 32 and 64 pg/mL) and NATA (8 pg/mL) were introduced into the Sabouraud liquid medium containing spores
(1x10° CFU/mL). Sabouraud liquid medium containing spores (1x10° CFU/mL) was added to control group. The
resulting mixture was added to a 12-well plate (1 mL per well) and placed in a constant temperature incubator (37°C, 5%
CO,) for 24 hours. The mixed solution was added to a 12-well plate (ImL per well) and incubated for 24 hours at 37°C
with 5% CO,. Subsequently, fungal hyphae were collected, washed 3 times with PBS, and stained with calcofluor white
dye. After a 15-minute incubation in dark, observations of good conditions were made using a fluorescence microscope,
and corresponding images were captured.

Hyphae Scanning Electron Microscopy
To assess the structural alterations in fungal hyphae after ZIF-8 treatment, Scanning Electron Microscopy (SEM) was
used to observe the drug-treated hyphae. A spore suspension (3x10° CFU/mL) of Aspergillus was added at 1 mL per well
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in a 12-well plate and incubated for 24 hours in a constant temperature chamber (37°C, 5% CO,). After centrifugation
(12000 rpm for 10 minutes), the Sabouraud liquid medium was aspirated. A new medium containing PBS (control group)
and 64pug/mL of ZIF-8 was introduced. Subsequent incubation occurred for an additional 24 hours in the constant
temperature chamber. The fungal hyphae were then collected, fixed with 2.5% glutaraldehyde, and left in a refrigerator at
4°C for 24 hours. After critical point drying and gold sputter coating, the morphological features of the fungal hyphae
were observed under electron microscopy.

Establishment of Animal Disease Mode
The mice were anesthetized with 8% chloral hydrate (0.4 mL/kg). Using a 1 mL empty needle gently lifted the near
central part of the mice cornea, which emerged as a punctate pattern with a depth reaching the stromal layer and further
extended laterally to form a tunnel. A 2 pL suspension of fungal spores (3 x 10’ CFU/mL) was injected along the tunnel
into the stromal layer of the right eye while the left eye remained untreated.*-’

The method of mice euthanasia is as follows: the mice were placed in a carbon dioxide anesthesia tank, waited for
loss of consciousness, and then killed by cervical dislocation.

Corneal Colony Count

Corneas from mice infected with Aspergillus fumigatus for 3 days were collected in pairs. The experimental group was
ZIF-8 treatment group, and the control group was PBS treatment group. They were homogenized in 200 pL of sterile
PBS using ultrasound and then cultured on Sabouraud agar medium. After 36 hours of incubation (37°C), colony counts
of Aspergillus fumigatus were recorded, and photographs were taken.

Hematoxylin and Eosin (HE) Staining

Mouse eyeballs were excised and fixed with 4% paraformaldehyde at 4°C for 3 days. The mouse eyeballs were then cut
into 10um thick histological sections after paraffin embedding. After deparaffinization in xylene and dehydration with an
ethanol concentration gradient, the tissue sections were stained with hematoxylin and eosin. They were observed and
photographed under a microscope with a magnification of 400x.

Immunofluorescence Staining (IF)

The mice eyeballs were taken and placed in an optimal cutting temperature compound (OCT) embedding agent,
and the slices (10 um) of the eyeballs were cut by freezing microtome after quick freezing with liquid nitrogen.
After baking (37°C, 8 hours), the specimen was fixed with methanol (4°C, 30 minutes) and soaked with PBS
(room temperature, 5 minutes, 3 times). After drying, the serum from the second antibody was added and sealed
(room temperature, 30 minutes), and the sealing liquid was absorbed and dried. The primary antibody was
incubated (4°C, overnight) and soaked with PBS (room temperature, 5 minutes, 3 times). The second antibody
was incubated (away from light, 37°C, 1 hour) and soaked with PBS (away from light, room temperature,
5 minutes, 3 times). DAPI incubation (away from light, room temperature, 10 minutes), PBS immersion (away
from light, room temperature, 5 minutes, 3 times). After drying away from light, the film is sealed with an anti-
fluorescence attenuating tablet. The fluorescence of neutrophils was viewed and photographed under a fluorescence
microscope (400x).

Quantitative Real-Time PCR Experiments

RAW 264.7 cells were inoculated in 12-well plates and allowed to grow to 80%-90% confluency. Subsequently,
they were stimulated with inactivated Aspergillus fumigatus for 1 hour, and then treated with ZIF-8 (32 pg/mL) for
7 hours after stimulation. Total ribonucleic acid (RNA) was collected for quantitative real-time polymerase chain
reaction (QRT-PCR). The qRT-PCR procedure examined the nucleic acid levels of inflammatory factors IL-6, TNF-
a, IL-1B, TLR-4, HO-1, and NLRP3. The mice primers sequence of these inflammatory factors can be found in
Table 1.
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Table | Mice Primers Sequence for Reverse Transcription

Gene Primer Gen Bank 5’ to 3’ Primer Sequences

GAPDH NM_008084.2 F: AAATGGTGAAGGTCGGTGTG

R: TGAAGGGGTCGTTGATGG

IL-6 NM_031168.1 F: CACAAGTCCGGAGAGGAGAC

R: CAGAATTGCCATTGCACAAC

TNF-a NM_013693.2 F: ACCCTCACACTCAGATCATCTT

R: GGTTGTCTTTGAGATCCATGC

IL-1B NM_008361.3 F: CGCAGCAGCACATCAACAAGAGC

R: TGTCCTCATCCTGGAAGGTCCACG

TLR-4 NM_021297.2 F: CGCTTTCACCTCTGCCTTCACTACAG

R: ACACTACCACAATAACCTTCCGGCTC

HO-I NC_000074.7 F: CCAGGTCCTCAAGAAGATTGCTCAG

R: GGGTCATCTCCAGAGTGTTCATTCG

NLRP3 NM_145827.3 F: TGCCTGTTCTTCCAGACTGGTGA

R: CACAGCACCCTCATGCCCGG

Enzyme-Linked Immunosorbent Assay (Elisa)

The cornea was harvested from mice and placed in PBS containing phenylmethylsulfonyl fluoride (PMSF). The corneal
tissues were then pulverized using a Tissue Lyser. After lysing and centrifugation of the corneal tissues, the supernatant
was collected for Elisa kit analysis. For RAW 264.7 cells, the supernatant were collected directly for testing. Protein

concentration was determined by measuring absorbance at 450 nm and 570 nm.

Statistical Analysis

The difference between the two groups was statistically significant using the Student’s #-test. The significance among the
three or more groups was tested by one-way analysis of variance. All data are expressed as mean + standard deviation
(SD) in statistical analysis. These experiments were repeated more than 3 times.

Results and Discussion

Synthesis and Characterization of ZIF-8

ZIF-8 was synthesized via the room temperature synthesis.*® In this way, 2-methylimidazole is linked to zinc ions by
a coordination bond. It is worth noting that this method is simple and fast. SEM (Figure 1A and B) and energy dispersive
spectrometer (EDS) mapping (Figure 1C—F) showed that ZIF-8 had a polyhedral structure, and its constituent elements
included Zn, N, and C. The size of 92 ZIF-8 particles were measured, exhibiting a size range from 128 nm to 411 nm,
with varying particle dimensions. Moreover, the average particle diameter of ZIF-8 was measured to be about 279 nm
(Figure 1G). The value of Zeta potential showed the average potential of ZIF-8 particles is about +32 mV (Figure 1H),
indicating that the solution system is relatively stable Powder X-ray diffraction (PXRD) diagrams (Figure 1I) showed the
characteristic peak (011), (002), (112), (022), (013), (222), and the outcome is consistent with the XRD results of ZIF-8
in previous studies.’'***° In summary, we synthesized a stable ZIF-8.
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Figure | Characteristic of ZIF-8. (A) SEM image with 200 nm scale of ZIF-8. (B) SEM image with |um scale of ZIF-8. (C—F) EDS elemental mapping of ZIF-8. (G)
Distribution histogram of 92 particles. (H) Zeta Potential of ZIF-8. (I) Powder X-ray diffraction (PXRD) picture of ZIF-8.

Toxicity of ZIF-8 in vivo and in vitro
As the outermost layer of the cornea, HCECs are highly resistant to microbial invasion and act as a protective barrier in the
deeper layers of the cornea.*'** Macrophages play a role in killing pathogens and protecting the cornea in the early stage of
FK infection.**** Cytotoxicity assays using the CCK-8 method were conducted in vitro to evaluate the impact of varying
ZIF-8 concentrations (2, 4, 8, 16, 32, 64, 128, 256 pg/mL) on RAW 264.7 cells and HCECs. Moreover, the ocular toxicity of
ZIF-8 at a strength of 640 pg/mL was examined in vivo using the Draize corneal toxicity assay in C57BL/6 mice. The results
of the CCK-8 cell viability assay indicated that ZIF-8 exhibits safety on RAW 264.7 cells and HCECs at low concentrations
(Figure 2). No toxicity was observed for RAW 264.7 cells at 2, 4, 8, 16, 32 ug/mL. Noticeable toxicity was noted for RAW
264.7 cells at 64, 128, 256 pg/mL (Figure 2A, p < 0.0001). While no toxicity was observed for HCECs at 2, 4, 8, 16, 32,
64 ng/mL, cytotoxicity was noted for HCECs at 128, 256 pg/mL (Figure 2B, p < 0.0001). Thus, the dosage levels of ZIF-8
for subsequent experiments involving RAW 264.7 cells and HCECs were selected 32 pg/mL and 64 pg/mL, respectively.

The Draize corneal toxicity test was employed to assess whether ZIF-8 and 5% NATA caused damage to mice corneas
after ocular application. The damage of corneal epithelium was recorded under cobalt blue light using a slit lamp. Compared
to the PBS group, there was no epithelial damage on days 1, 3, and 5 following ocular administration of ZIF-8 and 5% NATA
(Figure 2C). Draize scores showed that 640 pg/mL ZIF-8 and 5% NATA had no damage to the corneal epithelium of mice on
days 1, 3, and 5 (Figure 2D). Consequently, we selected 640 pg/mL ZIF-8 and 5% NATA for vivo experiments.

ZIF-8 is composed of imidazole and zinc ions.?' Zinc ions are trace elements within the human system, while
imidazole represents an amino acid constituent that can be metabolized by the body.*> Previous experiments have shown
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Figure 2 The biological toxicity of ZIF-8 in vitro and in vivo. (A and B) Cell viability of RAW 264.7 cells and HCECs in the presence of different concentrations of ZIF-8.
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that ZIF-8 has been widely used as a carrier in the biomedical field,>***” such as ZIF-8 exhibited cell viability
exceeding 90% in human cervical cells at a concentration of 30 ug/mL.* It is highly biocompatible with therapeutic
drugs/enzymes in combination with the cells and has been used in animal experiments, which is in line with our

experimental results.

Anti-Inflammatory Effect of ZIF-8 in vitro
As typical inflammatory markers, elevated levels of IL-6, IL-1B, and TNF-a can represent an enhanced inflammatory
response.“gf50

Macrophages (RAW 264.7 cells) were stimulated with inactivated hyphae to mimic fungal exposure, followed by
a 1 hour incubation period. After stimulation, medication was administered and maintained for 7 hours. Subsequently,
quantitative polymerase chain reaction (QPCR) was employed to assess changes of inflammatory factors and related
factors. Our results showed that there was a considerable rise in inflammatory markers IL-6, IL-1B and TNF-a in RAW
264.7cells stimulated by Aspergillus fumigatus hyphae. Conversely, the expression of IL-6 (Figure 3A, p < 0.0001), IL-
1B (Figure 3B, p <0.0001), and TNF-a (Figure 3C, p < 0.0001) decreased in the treatment group with ZIF-8 (32 pg/mL),
indicating the anti-inflammatory effect of ZIF-8.

Previous studies have shown that activation of HO-1 can inhibit the expression of pro-inflammatory factors.>'>* The
gqPCR results indicated that the expression of HO-1 increased in RAW 264.7 cells stimulated by Aspergillus fumigatus
hyphae after ZIF-8 treatment (Figure 3D, p < 0.0001).

The increase of TLR-4 can promote the release of inflammatory factors and induce an inflammatory response.>
Following ZIF-8 treatment, the mRNA levels of TLR-4 showed an obviously decrease (Figure 3E, p < 0.001) compared
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Figure 3 Anti-inflammatory effect of ZIF-8 in RAW 264.7 cells. ZIF-8 decreases the expression of pro-inflammatory factors (A) IL-6, (B) IL-1p, (C) TNF-q, (D) TLR-4, and
Inflammasome (E) NLRP3 mRNA and increases the expression of anti-inflammatory factor (F) HO-I in RAW 264.7 cells. (*** p<0.001, *** p<0.0001).

to the untreated group after fungal infection. Our results showed that ZIF-8 can reduce the expression of pro-
inflammatory factors.

Activation of NLRP3 can induce the production and release of the pro-inflammatory cytokine IL-1f, leading to the
enhancement of the pro-inflammatory response. NLRP3 played a crucial role as an inflammasome in the inflammatory
response. Compared to the fungal infection group, the ZIF-8 treatment group showed a significant decrease in mRNA
levels of NLRP3 (Figure 3F, p < 0.0001). ZIF-8 could decrease the expression of pro-inflammatory factors. Due to ZIF-8
can diminish the content of inflammatory factors, and the reduction of inflammatory factors can lower the inflammatory
response, the experimental results once again proved that ZIF-8 can lessen the inflammatory response.

Previous experiments have shown that the addition of zinc to aflatoxin B1-contaminated feed reduces the levels of the
inflammatory factors TNF-o. and IL-1f in the serum of roosters.’® In addition, 2-aryl-4-bis-amide imidazoles (ABAI)
containing an imidazole moiety reduced the levels of IL-6, TNF-a, and IL-1B in LPS-stimulated macrophages, and ABAI
also reduced the expression of TLR-4 and NLRP3.”> However, the anti-inflammatory properties of ZIF-8, which is
widely used to anti-infective, have rarely been explored. Therefore, we demonstrated that ZIF-8 also had the effect of
decreasing TLR-4, NLRP3, increasing the content of the inhibitory anti-inflammatory factor HO-1, thus confirming the
anti-inflammatory ability of ZIF-8.
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Effect of ZIF-8 on Aspergillus Fumigatus

The antibacterial properties of ZIF-8 have been demonstrated, with inhibition of E. coli and S. aureus at 250 ug/mL.*’
Furthermore, Du et al have verified that ZIF-8 can clearly inhibit the growth of the black poplar-associated community of
the aquatic fungi,’' so we verified its effect on the growth of Aspergillus fumigatus.

The MIC experiment results revealed (Figure 4A) that ZIF-8 exhibited notable inhibition of Aspergillus fumigatus
growth at 16 pg/mL (p < 0.0001). Moreover, the antifungal effect presented a concentration-dependent relationship, with
over 90% inhibition recorded at 64 pg/mL (p < 0.0001). Biofilm formation is an important factor contributing to
Aspergillus fumigatus resistance. The experiment suggested that ZIF-8 could inhibit biofilm growth at 16 pg/mL (p <
0.0001), and its resistance against fungal biofilms was dose-dependent (Figure 4B). The fluorescence intensity was also
dependent on dosage, which proved the evident disruptive effect of ZIF-8 on fungal cell membranes. The integrity of
Aspergillus fumigatus cell walls was evaluated through calcofluor white staining experiments (Figure 5B). The intensity
of blue fluorescence in the images signified that the integrity of the cell wall decreased with the increasing concentrations
of ZIF-8.

To directly evaluate the disruptive impact of ZIF-8 on hyphae, scanning electron microscopy (SEM) was conducted
on Aspergillus fumigatus hyphae treated with ZIF-8 (Figure 4C and D). The SEM figures disclosed evident alterations in
the smoothness and integrity of the hyphae in the ZIF-8-treated group compared to the normal group, suggesting distinct
disruption caused by ZIF-8 (64 pg/mL) to Aspergillus fumigatus hyphae.

The results of the PI staining experiment (Figure 5A) showed that when the concentration of ZIF-8 reached 32 pg/
mL, the PI dye bound to the nuclei of Aspergillus fumigatus cells, emitting red fluorescence. The fluorescence intensity
also exhibited a dose-dependent relationship, which proved the evident disruptive effect of ZIF-8 on fungal cell
membranes. At the same time, we also investigated the effect of natamycin, the clinical first-line drug for fungal
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Figure 4 Anti-fungal activity of ZIF-8 against Aspergillus fumigatus. (A) MIC of ZIF-8 for A. fumigatus. (B) Inhibitory effect of ZIF-8 on biofilm. Hyphae treated with (C) PBS
and (D) ZIF-8. (ns, no significance, **** p<0.0001).
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Figure 5 (A) PI staining reflects the disruptive effects of ZIF-8 and natamycin on hyphae cell membranes. (B) Calcofluor White Staining reveals the impact of ZIF-8 and
natamycin on the hyphal cell wall.

keratitis, on the destruction of cell membranes, which, as a polyene drug, also plays a fungicidal role by destroying
fungal cell membranes.>® The experimental results showed that its cell-damaging effect was obvious at 8 pg/mL.

By inhibiting lanosterol 14a-demethylase, azoles prevent the synthesis of ergosterol, a major component of fungal cell
membranes, causing cell death due to disturbed cell permeability.’”>® In addition, positively charged Zn>" tends to
adhere to the surface of microbial cell walls, and electrostatic interactions can occur between Zn>" and cell walls.>® The
above experimental results and theories proved that ZIF-8 inhibits the growth of Aspergillus fumigatus and the formation
of fungal cell walls.

The Therapeutic Effect of ZIF-8 on Mice Aspergillus Fumigatus Keratitis

Due to its high specific surface area and good stability, ZIF-8 has been widely utilized as a nanocarrier for targeted
therapy of bacterial diseases and photodynamic therapy.®®®' However, its therapeutic potential against fungal diseases
remains unexplored. Ding et al developed a pH-responsive citrulline delivery system using zeolitic imidazolate frame-
work-8 (ZIF-8) and investigated its fungicidal activity against M. oryzae, B. dothidea, and F. oxysporum.'” Nevertheless,
their study did not address the direct fungicidal effect of ZIF-8 itself. Limited research has been conducted on the
application of ZIF-8 in the treatment of fungal infectious diseases. Previous experiments have demonstrated the
inhibitory effect of ZIF-8 on the growth of Aspergillus fumigatus. Consequently, further investigation is warranted to
ascertain the therapeutic efficacy of ZIF-8 against fungal keratitis. In addition, we compared its therapeutic efficacy with
the clinical first-line drug natamycin (NATA) eye drops.

The successful establishment of mouse models of Aspergillus fumigatus keratitis was achieved through stromal
injections. The infected eyes were given ZIF-8 and NATA, respectively, and the uninfected eyes were given PBS. This
procedure was repeated 4 times a day for 5 consecutive days.The mice corneas were photographed on days 1, 3, and 5
post-infections (Figure 6A) with a slit-lamp camera. On the 3 day after infection, in the PBS group, the cornea was
cloudy and the iris was not visible in the cloudy area, and the corneal neovascularization. The corneas of the ZIF-8 and
NATA groups were cloudy, but iris can be seen through the cloud. However, the NATA group had significant
neovascularization compared to the ZIF-8 group. On the 5 day post-infection, the severity of corneal clouding was
lower in the ZIF-8-treated group compared to the PBS and NATA-treated groups. Additionally, the ZIF-8 group exhibited
significantly fewer instances of iris neovascularization compared to the PBS and NATA-treated groups. According to the

clinical scores (Figure 6B), the efficacy of ZIF-8 treatment was apparently better than that of PBS management (p <
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0.001) and NATA treatment (p < 0.05). In the treatment of mice fungal keratitis, ZIF-8 has demonstrated superior
therapeutic efficacy over NATA, attributed to its enhanced dispersibility and corneal permeability.

Corneal homogenates collected on the third day post-infection were cultured on Sabouraud agar medium to
assess fungal loads, the corneal homogenates from the PBS and NATA intervention group cultured a large number
of Aspergillus fumigatus colonies (Figure 6C). While the number of Aspergillus fumigatus colonies in the ZIF-8
care group was obviously lower than in the PBS (Figure 6D, p < 0.001) and NATA (5%) treatment group (p <
0.001). The findings from the experiments demonstrated that ZIF-8 outperformed NATA in treating fungal

keratitis.

Pathological Changes of Cornea in Mice Infected with Aspergillus Fumigatus Keratitis
After ZIF-8 Treatment

Histological changes can reflect the therapeutic effect of ZIF-8 on fungal keratitis in mice. The results of HE staining
attested that on the third day after infection, the infiltration of inflammatory cells in the corneal and stroma layers was
remarkably reduced in the ZIF-8 therapeutic group compared to the control group and the NATA treatment group
(Figure 7A). This result indicates that ZIF-8 can improve the keratitis caused by Aspergillus fumigatus.
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Figure 6 ZIF-8 therapeutic approach ameliorates the prognosis of FK in mice. (A) Photographs of corneas of FK-infected mice after the ZIF-8 regimen and (B) scoring and
corneas of Aspergillus fumigatus infected mice after natamycin management. (C) Plates of viable fungus in the cornea 3 days after infection. (D) Quantitative analysis of fungal
load. (ns, no significance; * p<0.05, *** p<0.001, *** p<0.0001).
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Figure 7 Pathological changes of corneas after ZIF-8 medical intervention. (A) HE staining of corneas of different groups of Aspergillus fumigatus keratitis mice 3 days after
infection (magnification: 400x). (B) Immunofluorescence staining of PBS and ZIF-8-treated neutrophils (magnification: 400x).

Neutrophils play an important role in the Inflammation process of fungal keratitis, several studies have demonstrated
high levels of neutrophil produced pro-inflammatory and chemotactic cytokines.®***> Our results of corneal immuno-
fluorescence localization in mice showed that neutrophil infiltration was less in the ZIF-8 treated group than in the
control group and in the NATA group (Figure 7B). This result displays that ZIF-8 can mitigate the inflammatory response
of the cornea, and has therapeutic effect on fungal keratitis.

Z|F-8 Decreases Proinflammatory Proteins in RAW 264.7 Cells and in Mice Corneas

After Fungal Infection
To further verify the anti-inflammatory effect of ZIF-8 and whether it has a pro-inflammatory effect, we used Elisa to
verify the protein level of the inflammatory factors TNF-a, IL-1B, and IL-6. RAW 264.7 cells stimulated by Aspergillus
fumigatus hyphae were treated with ZIF-8 (32 pug/mL) for 24 hours to detect changes in the expression of IL-6, IL-1,
and TNF-a protein levels. The Elisa results showed that compared with the normal group, the expression of inflammatory
factors was not affected by ZIF-8, and compared with the group stimulated by addition of Aspergillus fumigatus hyphae,
the addition of ZIF-8 could effectively reduce the expression of inflammatory factors IL-6 (Figure 8A, p<0.0001), IL-1
(Figure 8B, p<0.0001), and TNF-a (Figure 8C, p<0.0001) protein levels.

Owing to excessive inflammatory response may damage the corneal stroma and even lead to corneal perforation,®*
appropriate control of the inflammatory response caused by Aspergillus fumigatus infection is essential. Mice with

International Journal of Nanomedicine 2024:19 hetps: 11175
Dove!


https://www.dovepress.com
https://www.dovepress.com

Fu et al Dove

(A)  TNF-a of RAW 264.7 cells (B)  11p of RAW264.7 cells (C)  IL-6 of RAW 264.7 cells
2500 150 600
g = 2000 S =5 emes e E
T E T E 100~ 53
g > 1500 g€ ¢ g 400+
es £e )
] IE 1000 £% 50 E s
2z = 7] ns S
° o= ] 200
& F 5001 ns & 3 =
o
0 T T T 0- ns
3 & > & 0-
S A NI A > op & B
< <& < < &€ & v &
¥ v s Vv &
v.
TNF-a of mice corneas IL-1B of mice corneas IL-6 of mice corneas
150 400+ 300
E — Tk
2 & 5 — 300+ S -
g 5 1004 SE ' E 200
Es E E
€5 £ £ 200+ £
= c 2 < ©
ko 50 3 < '@ 5 100
o E © = 1004 o=
o ns o ns o ns
0- 0- 0-
> ® 3 2 > 3 ® > 3 ®
SR SR & & F & & ¥
s v Qx1’ & » Q,;D & » Q,:ﬁ
v v v

Figure 8 The effect of ZIF-8 on reducing inflammatory proteins in RAW 264.7 cells and mice corneas. ZIF-8 decreases the expression of pro-inflammatory proteins (A)
TNF-0, (B) IL-1B, and (C) IL-6 in cells after hyphae stimulation. ZIF-8 reduces the expression of proinflammatory proteins (D) TNF-o, (E) IL-IB, and (F) IL-6 in the cornea of
mice infected with Aspergillus fumigatus 3 days after infection (ns, no significance, *** p<0.0001).

Aspergillus fumigatus Keratitis were treated with ZIF-8, and the changes in the expression of IL-6, IL-1f3, and TNF-a
proteins were also detected. The Elisa results showed that compared to the control group, ZIF-8 eye drops alone did not
promote the production of inflammatory cytokines. Compared with mice with Aspergillus fumigatus keratitis, the
application of ZIF-8 could effectively reduce the expression of the inflammatory factors IL-6 (Figure 8D, p< 0.0001),
IL-1B (Figure 8E, p<0.0001), and TNF-a (Figure 8F, p<0.0001) protein expression. Taken together, this suggests that
ZIF-8 can exert anti-inflammatory effects.

An unregulated inflammatory response may cause damage to the corneal stroma, resulting in heightened opacity,
structural impairment, and potentially corneal perforation. Thus, the regulation of excessive inflammation is imperative to
mitigate corneal injury during fungal infections. Our experimental findings demonstrate the efficacy of ZIF-8 in
modulating the inflammatory factors, as evidenced by both in vivo and in vitro analyses. As a potential therapeutic
agent, ZIF-8 inhibits the inflammatory response in Aspergillus fumigatus keratitis.

Compared with natamycin, ZIF-8 reveals good bioavailability, superb dispersion, and excellent permeability, making
it more efficient.”> Compared with other nanocarriers, the antifungal and anti-inflammatory effects of ZIF-8 make it
a unique advantage in the treatment of fungal infectious diseases.®>°® In a word, the advantages of antibacterial and anti-
inflammatory properties and good bioavailability, superb dispersion, and excellent permeability make ZIF-8 play a more
efficient role in the treatment of fungal keratitis.

In summary, ZIF-8 can achieve the purpose of antifungal by destroying the cell wall and membrane of Aspergillus
fungi and inhibiting the formation of biofilm. In addition, ZIF-8 can avoid excessive inflammatory responses by reducing
the levels of pro-inflammatory factors. Previous studies have shown that ZIF-8 can regulate tumor immunity by
regulating the NLRP3 pathway.®’ This pathway also plays a role in fungal keratitis.°® So, we think that ZIF-8 might
have an impact on the NLRP3 pathway.
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Conclusion

This research synthesized ZIF-8 using a room-temperature stirring method. The results of the vivo and vitro experiments
indicated that ZIF-8 exhibited anti-inflammatory properties while maintaining cell viability. ZIF-8 could treat the corneas
of mice infected with Aspergillus fumigatus keratitis, reduce the inflammatory reaction, the fungal load, and the content
of inflammatory cells in the cornea of fungi-infected mice. To our best knowledge, this study is the first to investigate the
therapeutic effect of ZIF-8 in fungal infectious diseases and implies the new application of nanocarriers like ZIF-8 in
fungal infectious diseases. In the future, we will further compare and discuss the detailed antifungal mechanism of ZIF-8
and its therapeutic effect on fungal keratitis after drug loading. This includes evaluating the effects of ZIF-8 on fungus-
specific genes and fungal mitochondria, as well as investigating the therapeutic potential of ZIF-8 combined with clinical
drugs such as natamycin for fungal keratitis. These studies can make a more profound study of ZIF-8, which may open
up the application of ZIF-8 in more different fields.
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