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Background: Bacterial endophthalmitis is an acute progressive visual threatening disease and one of the most important causes of
blindness worldwide. Current treatments are unsatisfactory due to the emergence of drug-resistant bacteria and the formation of
biofilm.

Purpose: The aim of our research was to construct a novel nano-delivery system with better antimicrobial and antibiofilm effects.
Methods: This study developed a novel antibiotic nanoparticle delivery system (MXF@UiO-UBI-PEGTK), which is composed of (i)
moxifloxacin (MXF)-loaded UiO-66 nanoparticle as the core, (ii) bacteria-targeting peptide ubiquicidin (UBI,9_4;) immobilized on
Ui0-66, and (iii) ROS-responsive poly (ethylene glycol)-thioketal (PEG-TK) as the surface shell. Then the important properties of the
newly developed delivery system, including biocompatibility, toxicity, release percentage, thermal stability, ability of targeting
bacteria, and synergistic antibacterial effects on bacterial biofilms and endophthalmitis, were evaluated.

Results: In vitro, MXF@UiO-UBI-PEGTK exhibited significant antibiotic effects including the excellent antibiofilm property against
Staphylococcus aureus, Pseudomonas aeruginosa, and methicillin-resistant Staphylococcus aureus at high levels of ROS. Moreover,
MXF@UiO-UBI-PEGTK demonstrated outstanding efficacy in treating bacterial endophthalmitis in vivo.

Conclusion: This novel nanoparticle delivery system with ROS-responsive and bacteria-targeted properties promotes the precise and
effective release of drugs and has significant potential for clinical application of treating bacterial endophthalmitis.
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Introduction

Endophthalmitis, which is a severe inflammation of intraocular fluids (vitreous and aqueous) and tissues, generally leads
to total loss of vision or atrophy of the eyeball. The most prevalent causes of endophthalmitis are intraocular surgery,
trauma, and endogenous infection.! Furthermore, the most common microorganism that causes such inflammation is
bacteria.” Currently, bacterial endophthalmitis is generally treated with an intravitreal injection of antibiotics with or
without vitrectomy.®> Despite these efforts and the development of new antibiotics, most patients with bacterial
endophthalmitis have a very poor visual prognosis (20/400 or worse).” The main reasons for these unfavorable results

include the formation of biofilms and the emergence of drug-resistant bacteria.*
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Bacterial biofilms are a type of membrane formed by bacteria and constitute encysted complexes secreted by bacteria
after adsorption onto active or inactive surfaces, including polysaccharide matrix, fibronectin, lipoprotein, and other
polysaccharide proteins.® By decreasing the permeability of antibiotics, bacterial biofilms significantly increase the
pathogenicity and drug resistance of bacteria.” To address the issue of biofilm formation, several strategies have been
applied, including chemotherapy, such as those using new antibiotics, and non-chemotherapy, such as those involving
targeted antibacterial systems.® '® Ideal intravitreal antibiotics should exhibit low toxicity and broad-spectrum antibac-
terial properties. Moxifloxacin (MXF) is a fourth-generation quinolone that inhibits deoxyribonucleic acid (DNA) gyrase
and topoisomerase in microorganisms and exhibits satisfactory antibacterial activity against both gram-positive
(Staphylococcus aureus (S. aureus)) and gram-negative bacteria (Escherichia coli, (E. coli))."" A previous study showed
that MXF has the advantage of minimal toxicity compared to vancomycin and cefuroxime.'?

In addition, various attempts have been made to develop targeted antibacterial systems, and nanoparticles (NPs) are
promising candidates.'*> !> NPs can efficiently load antibiotics. Furthermore, various targeting materials can be added or
immobilized into it. Metal-organic framework (MOF), one of the NPs, which are a class of porous crystalline materials
formed by the self-assembly of metal ions with one or more multifunctional organic ligands via coordination
interactions.'® The diverse ligand structures of MOFs provides them flexible structures with excellent properties,
including large specific surface areas, adjustable pore sizes, and good thermal stability.!”'® These characteristics render
MOFs suitable candidates for biomedical applications.'” UiO-66 is a typical MOF composed of [ZrsO4(OH)4] octahe-
dron clusters linked with 1,4-benzene dicarboxylic acid ligands and exhibits low toxicity, porosity, and good
biocompatibility.?’ In this study, we synthesized UiO-66 as a carrier for MXF loading.

There are several strategies to achieve the targeting effect, one of which is using the microenvironment-responsive

21723 temperature-sensitive,”* enzyme-sensitive,” and light-sensitive®®?’ methods. In

method, such as pH-sensitive,
inflammatory tissues, reactive oxygen species (ROS) is 10 times higher than that in the normal tissues.”® Therefore,

the difference in ROS levels between normal and inflammatory tissues provides a potential advantage in creating an
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ROS-sensitive delivery system with site-specific drug release properties. Researchers have applied ROS-responsive NP-
based drug delivery systems in the targeted therapy of several diseases, including cancer, osteoarthritis, thrombosis, and
wound healing.'***? However, few studies have focused on its application in ophthalmic medicine. Polyethylene
glycol-thioketal (PEG-TK) is a typical ROS-responsive compound. In particular, the thioketal (TK bond) is one of the
most effective ROS-responsive moieties because of its stability under biological conditions as well as its rapid
decomposition into acetone and thiol moieties triggered by high levels of ROS.**** Li et al reported that PEG-TK can
increase antibacterial efficacy by controlling the release of vancomycin.*> Although the ROS-responsive delivery system
can increase the local concentration of antibiotics in the infectious area, it lacks target specificity to the bacteria and
biofilms.

Ubiquicidin (UBl,94;), which is a cationic human antimicrobial peptide fragment with six positively charged
residues, showed high specificity and target accuracy for bacterial infection owing to the interaction between the cationic
domain of UBI,g9_4; with positive charge and the bacterial surface with negative charge.3 ® This property renders UBlIyg_4,
an ideal bacteria-targeting ligand.

To address the challenge of biofilm formation, UiO-66 was used to absorb MXF, followed by the immobilization of
UBl,9.41. Subsequently, we introduced PEG-TK to modify the surface of the NPs to construct an ROS-sensitive drug
delivery system—the final complex NPs (MXF@UiO-UBI-PEGTK) (Scheme 1). When the NPs were injected into the
vitreous cavity, PEG-TK outside the NPs degraded rapidly around the inflammation area with a high level of ROS. Next,
the UBl,94; groups actively guided the NPs to the area wherein the bacteria were aggregated, such as a biofilm. We
hypothesized that this ROS-sensitive, bacterial-targeted MXF delivery system might achieve the goal of “1 + 1 >2”. In
this study, important properties of the newly developed delivery system, including biocompatibility, toxicity, release
percentage, thermal stability, targeting ability, and synergistic antibacterial effects on bacterial biofilms and endophthal-

mitis, were evaluated.
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Scheme | Schematic illustration of the construction of MXF@UiO-UBI-PEGTK system and its therapeutic mechanisms in endophthalmitis.
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Materials and Methods
Synthesis of UiO-66

First, 90 mg of amino terephthalic acid, 115 mg of zirconium chloride, 1.8 g of benzoic acid, and 80 pL of concentrated
hydrochloric acid were added into 35 mL of dimethylformamide (DMF) and stirred until fully dissolved and then placed
in a hydrothermal kettle at 120 °C for 10 h. After the kettle was completely cooled, the mixture was centrifuged at
15,000 rpm for 30 min and washed three times with ethanol. Finally, the obtained material was soaked in an ethanol
solution for three days to remove the unreacted organic solvent. The materials were centrifuged and freeze-dried before
further use.

Adsorption of MXF
MXF (100 mg) and UiO-66 (50 mg) were dispersed in 200 mL of ethanol and stirred for 24 h. Subsequently, the resulting
solution was centrifuged, freeze-dried, and reserved for further use.

Introduction of the UBIl,9.4, Target

First, the carboxyl group of UBIl,9_4; was activated by adding UBl,94; (1 mg/mL, dissolved in deionized water) to
ethylcarbodiimide hydrochloride (EDC) (pH 5.6, 5 mg/mL) and stirring the solution for 2 h at 37 °C. Next, an equal
volume of 2 mg/mL of UiO-66 adsorbed with MXF was added, and later, 5 mg/mL of N-hydroxysuccinimide (NHS)
solution was added and stirred at 25°C for 24 h to attach the amino group of UiO-66 with the carboxyl group of UBI,9_4;.
Thereafter, the material was freeze-dried for further use.

Preparation of PEGTK Layers

First, the carboxyl group of PEG-TK was activated by adding PEG-TK (1 mg/mL, dissolved in deionized water) to
ethylcarbodiimide hydrochloride (EDC) (pH 5.6, 5 mg/mL) and stirring the solution for 2 h at 37 °C. Next, an equal
volume of 2 mg/mL of MXF@UiO-UBI was added, and later, 5 mg/mL of N-hydroxysuccinimide (NHS) solution was
added and stirred at 25°C for 24 h to attach the amino group of MXF@UiO-UBI with the carboxyl group of UBIyg_4;.
Thereafter, the material was freeze-dried for further use.

Characterization of Nanoparticles

The ultrastructure of UiO-66, MXF@UiO, and MXF@UiO-UBI-PEGTK was examined by transmission electron
microscopy (TEM). The nanoparticles were dissolved in ethanol to a concentration of 5 mg/mL, and 5 pL of the
solution was aspirated and transferred to a carbon-coated copper TEM grid. After air-drying, the samples were imaged
using the high-resolution TEM (JEOL JEM2100F, Tokyo, Japan). The diameter of the NPs (UiO-66, MXF@UiO, and
MXF@UiO-UBI-PEGTK) dissolved in potassium phosphate buffer and 10% diluted fetal bovine serum was determined
using the dynamic light scattering (DLS) method (Brookhaven Instrument, USA, BI-200SM). TGA was carried out with
an STA 6000 simultaneous thermal analyzer (PerkinElmer, Waltham, MA, USA) from 30 to 850 °C to check the thermal
stability in air.

To obtain the release profiles of MXF from MXF@UiO-UBI-PEGTK, MXF@UiO-UBI-PEGTK (50 pg/mL)
immersed in PBS (2 mL) without or with different concentrations of H,O, (0.01 mM, 0.25 mM, 1.0 mM) with an
optical density (OD) at 600 nm of 1.0 was introduced into the centrifuge tube at 37 °C. At predetermined time points, 300
uL of the solution was purified using an Amicon Ultra-0.5 mL centrifugal filter (Millipore, Billerica, MA, USA). The
MXF concentration in the filtrate was determined by measuring the maximum ultraviolet-visible (UV-vis) light absor-
bance of MXF at A = 288 nm using a Multimode Reader equipped with a UV-vis detector (Infinite 200 PRO; TECAN,
Ma nnedorf, Switzerland).

Similarly, the drug loading and encapsulation rate were determined using the UV-vis detector at 288 nm. The amount
of encapsulated drug was calculated from the absorbance of the supernatant of the unencapsulated drug using the
following equation.
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weight of moxifloxacin in nanoparticles

Encapsulation rate = - ; -
P weight of moxifloxacin used

. weight of moxifloxacin in nanoparticles
Drug loading rate = g P

total weight of moxifloxacin and excipients

Cellular Compatibility of MXF, UiO-66, and MXF@UiO-UBI-PEGTK

Retinal pigment epithelium cells (RPEs) and retinal microvascular endothelial cells (RMECs) were seeded in mixed
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U mL™" penicillin, and
100 pg mL™" streptomycin in a 5% CO, incubator at 37 °C. After incubation with different concentrations of MXF, UiO-
66, and MXF@UiO-UBI-PEGTK, the medium of RPEs and RMECs was replaced with a new medium (100 pL)
containing CCK-8 (10 uL, Beyotime, China). Water-soluble formazan was formed after 2 h incubation at 37 °C,
which was aspirated to a new 96-well plate for absorbance measurement using microplate reader (Spark, TECAN) at
450 nm. To assess live and dead cells, RPEs and RMECs treated by MXF, UiO-66, or MXF@UiO-UBI-PEGTK were
detected with a live/dead assay using calcein-AM and propidium iodide (PI) (catalog # C-3099 and P-3566, Invitrogen,
Carlsbad, CA, USA). Both stains (100 uL, 5% calcein-AM, and 10% PI in DMEM) were applied to each well of confocal
glass-bottom 96-well plates. Calcein-AM was hydrolyzed by an esterase in live cells with intact cell membranes to form
fluorescent calcein, whereas PI stained the cells with compromised cell membranes. Approximately 40 min after staining,

the cells were examined using Confocal laser scanning microscopy (CLSM).

Determination of MIC and MBC

To measure the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), S. aureus,
methicillin-resistant S. aureus (MRSA), and Pseudomonas aeruginosa (P. aeruginosa) were cultured using the broth
microdilution method. MXF, UiO-66, or MXF@UiO-UBI-PEGTK (100 pL) was prepared in Mueller-Hinton broth
(MHB). MXF and MXF@UiO-UBI-PEGTK were added at different MXF equivalent concentrations (0—64 pg/mL),
while the UiO-66 concentration was the same with that used for MXF@UiO-UBI-PEGTK. Subsequently, 100 pL of
S. aureus, P. aeruginosa, or MRSA (1 x 10° cells mL™") in MHB with or without 0.5 mM H,0, was added to each well.
The microplate was incubated for 24 h at 37 °C. The MIC values were obtained at the lowest concentrations at which no
bacterial growth was visible to the naked eye. Thereafter, 10 uL of each clear suspension was plated onto blood agar. The
plates were incubated at 37 °C for 24 h. MBC values were obtained at the lowest concentration at which no visible
growth was observed on the agar plates. After exposure to MXF or MXF@UiO-UBI-PEGTK, the growth inhibition
curve of the bacteria was evaluated (OD=600 nm) using a microplate reader (Spark, TECAN) every 2 h for 24 h. The

experiments were repeated three times.

Evaluation of Targeting Effect

The bacterial affinity of MXF@UiO and MXF@UiO-UBI-PEGTK for three kinds of bacteria was investigated by SEM.
24-h-old S. aureus, MRSA and P. aeruginosa biofilms in 48-well plates were treated with MXF@UiO and MXF@UiO-
UBI-PEGTK at MXF (equivalent) concentrations of 2 mg mL™" for 1 h. After exposure, biofilms were scrapped from the
bottom of the well and subsequently subjected to centrifugation at a speed ranging from 3000 to 4000 rpm. The
supernatant was then discarded, and the samples were washed three times with 1X PBS at a pH of 7.2-7.4. During
the washing process, the cells were gently resuspended, followed by another round of centrifugation and removal of the
supernatant. The biofilms were then fixed with a 2.5% glutaraldehyde solution for a duration of 2 hours. Subsequently,
the biofilms were sequentially dehydrated using solutions of 30%, 50%, 70%, 90%, 95%, and 100% ethanol (v/v in
water), as well as 50% ethanol in acetone, each for a period of 10 minutes. Finally, the biofilms were dehydrated twice
with pure acetone for 15 minutes each time. After air-drying, the samples were imaged at an accelerating voltage of
15 kV.
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Exposure of Biofilm to Antimicrobials

For biofilm penetration assessment, S. aureus and MRSA were cultured in confocal glass-bottom 96-well plates under
static conditions at 37°C for 24 hours. The culture medium consisted of Tryptic Soy Broth (TSB) supplemented with 2%
glucose to facilitate biofilm formation. After biofilm formation, the culture medium was aspirated, and the biofilms were
washed three times using sterile water to eliminate planktonic cells and residual media. Subsequently, 24-h-old S. aureus
and MRSA biofilms in confocal glass-bottom 96-well plates were exposed to MXF and MXF@UiO-UBI-PEGTK at
MXF (equivalent) concentrations of 1 ug mL™" for 6 h with or without 0.25 mM H,O,. After exposure, the culture
medium was aspirated, and the biofilms underwent three washes with sterile water to eliminate planktonic cells and
residual media. The biofilms were stained in the dark for 15 minutes with the LIVE/DEAD BacLight bacterial viability
kit (L-7012, Invitrogen). Subsequently, the confocal glass-bottom 96-well plates were promptly subjected to imaging
using CLSM, and three-dimensional (3D)-CLSM images were obtained.

To assess the eradication of bacterial biofilms, 24-h-old S. aureus, MRSA, and P. aeruginosa biofilms in 96-well
plates were exposed to MXF and MXF@UiO-UBI-PEGTK at MXF (equivalent) concentrations of 10 and 50 pg mL™"
for 24 h with or without 0.25 mM H,O,. After exposure, the culture medium was aspirated, and the biofilms underwent
three washes with sterile water to eliminate planktonic cells and residual media. The biofilms were stained with a LIVE/
DEAD BacLight bacterial viability kit (L-7012, Invitrogen) for 15 min in the dark before they were imaged using CLSM
as described in detail above. Furthermore, in a separate experiment, after exposure to the antimicrobials as described
above, biofilms were resuspended by scraping from the bottom of the well, after which a plastic sterile sticker was placed
over the plate, and the plate was washed for 8 min to further disperse the biofilm. Next, the suspension was serially
diluted in PBS, and 100 pL of each dilution was spread onto plate count agar plates and incubated at 37 °C for 24
h. Finally, the number of colony forming units (CFUs) was counted and expressed as CFU cm 2.

For validating the eradication of bacterial biofilms using SEM, S. aureus, MRSA, and P. aeruginosa were cultured on
gelatin-coated cell coverslips within 6-well plates to cultivate 24-hour-old biofilms. Subsequently, the biofilms were
exposed to MXF and MXF@UiO-UBI-PEGTK at MXF (equivalent) concentrations of 50 pug mL™' for 24 h with or
without 0.25 mM H,O,. After exposure, the culture medium was aspirated, and the biofilms were washed three times
using sterile water to eliminate planktonic cells and residual media fixed with a 2.5% glutaraldehyde solution for 2
h. With 30, 50, 70, 90, 95, and 100% (v/v, in water), and 50% ethanol in acetone for 10 min each time, and finally
dehydrated them twice with pure acetone for 15 min. After air-drying. the samples were imaged at an accelerating
voltage of 15 kV using SEM.

In vivo Antibacterial Tests
For the in vivo antibacterial property evaluation, New Zealand white rabbits (3 months old, weighing 2.0-2.5 kg) were
purchased from Slaccas Co. (Shanghai, China) and used to establish the bacterial endophthalmitis model before drug
intervention. All experimental procedures in the study were approved by the Animal Ethics Committee of the Eye and
Ear Nose Throat Hospital of Fudan University and complied with Association for Research in Vision and followed
National Institutes of Health guide for the care and use of Laboratory animals. Rabbits were evenly separated into three
groups and treated with PBS, MXF, or MXF@UiO-UBI-PEGTK. The suspension was prepared with serial dilutions to
achieve a concentration of 10* CFUs mL™'. After the pupil of the rabbit was dilated, and the rabbit was administered
general and topical anesthesia, anterior chamber paracentesis was performed to avoid excessive intraocular pressure.
Using an operating microscope (Zeiss, Oberkochen, Germany), 100 uL of S. aureus, P. aeruginosa, or MRSA suspension
was slowly injected into the vitreous cavity (mid-vitreous) via the pars plana, 2 mm posterior to the temporal bulbar
limbus, using a 30-gauge needle, 1 mL tuberculin syringe, with the bevel of the needle facing the lens to keep it away
from it. On the second day, the formation of endophthalmitis was observed using a slit-lamp and indirect
ophthalmoscopy.

After the successful construction of the bacterial endophthalmitis model, 0.1 mL of PBS, MXF, or MXF@UiO-UBI-
PEGTK (500 pg mL™" MXF (equivalent)) was injected into the vitreous cavity. Changes in the anterior segment of the
eye were observed using slit lamps and indirect ophthalmoscopes at 1, 3, 7, and 10 d, respectively. After taking pictures
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on the 10™ day, approximately 0.1 mL of vitreous fluid was aspirated from the eyes. Next, the suspension was serially
diluted in PBS, and 100 pL of each dilution was spread onto plate count agar plates and incubated at 37 °C for 24
h. Finally, the number of CFUs was counted and expressed as CFU cm 2. The animals were sacrificed, and the eyeballs
were removed. The eyeballs were placed in a fixative solution for at least 24 h. After embedding in paraffin, the eyeballs
were cut into tissue sections (thickness: 5 mm). The tissues were then mounted onto slides for H&E staining. Images
were obtained using an optical microscope. For estimating the inflammation score of bacterial infections after different
treatments, the clinical inflammation degree score was calculated according to the Peyman’s method. A slit lamp and
ophthalmoscope were used to observe the ocular inflammation reaction at 0, 1, 3, 7, and 10 d after modeling.

Results and Discussion

Characterization of MXF@UiO-UBI-PEGTK

TEM was used to visualize the morphologies of UiO-66, MXF@UiO, and MXF@UiO-UBI-PEGTK. The results
confirmed that all NPs were spherical and homogeneous (Figure 1A). The elemental mapping and the quantitative
elemental compositions spectrum of UiO-66 was derived using the TEM-energy dispersive spectroscopy and SEM-
energy dispersive spectroscopy elemental analysis (Figure 1B and C). Dynamic light scattering (DLS) measurements
showed that UiO-66, MXF@UiO, and MXF@UiO-UBI-PEGTK had mean diameters of 78, 100, and 115 nm, respec-
tively (Figure 1D). Thermal stability was investigated using thermogravimetric analysis (TGA). The decomposition of
MXF with a gradual loss of weight was initially observed between 36 and 98 °C, and a secondary weight loss occurred at
231 °C. With further increase in temperature, MXF decomposed completely. Compared to MXF, MXF@UiO-UBI-
PEGTK was more thermally stable and showed a weight loss plateau up to 850 °C, where only 40% of its original weight
was lost (Figure 1E). The drug loading and entrapment efficiency of UiO-66 for moxifloxacin is 39% and 59%. Based on
the chemical molecular structure of moxifloxacin as well as UiO-66, it is hypothesized that the driving force for loading
is the hydrogen-bonding and ionic bonds between the secondary and tertiary amine groups in moxifloxacin and the
carboxyl of UiO-66. Additionally, previous studies suggest that n-m interactions between the aromatic rings of the drug

and the MOF material facilitate the physical adsorption of the drug.®’*®

Release of MXF and Detection of ROS Generation

The MXF release behavior of MXF@UiO-UBI-PEGTK was investigated. The release of MXF from MXF@UiO-UBI-
PEGTK in phosphate buffer solution (PBS) was 17% at 24 h. Furthermore, this release increased to 25%, 50%, and 85%
with 0.01, 0.25, and 1 mM of H,O,; at 24 h, respectively (Figure 1F). This result suggests that the release of MFX from
MXF@UiO-UBI-PEGTK was relatively stable under physiological conditions, and H,O, significantly promoted the
release of MXF. The TK bond is ROS-cleavable, and easier to decompose in a microenvironment with high degrees of
ROS-like inflammation. The more rapid degradation of MXF@UiO-UBI-PEGTK and the increase in the release of MXF
with an increase in the H,O, concentration could be potential advantages in the clinical setting.

ROS generation was detected using the fluorescent probe-Dichlorodihydrofluorescein diacetate (DCFH-DA) in RPEs
and RMECs (Figure S1). The intensity of fluorescence in cells represents the level of ROS. Fluorescence intensity was
very weak in PBS-treated RPEs and RMECs. When treated with lipopolysaccharides (LPS), the fluorescence intensity
increased significantly in an LPS concentration-dependent manner. This result is consistent with other reports, confirming

that inflammation could induce a microenvironment of excessive ROS in tissues and cells.>* !

Evaluation of Cellular Biocompatibility

The biocompatibility of MXF@UiO-UBI-PEGTK was explored by evaluating the relative cell viability using a cell
counting kit and apoptosis detection using a fluorescent staining method and flow cytometric analysis. The relative cell
viability of RMECs and RPEs significantly decreased when the MXF concentration was increased to 100 and 350 pg/mL,
respectively. MXF@UiO-UBI-PEGTK started to inhibit the viability of RMECs and RPEs when the MXF equivalent
concentration reached 350 and 500 ug/mL, respectively (Figure 2A and B). The fluorescence images of live/dead cell
staining showed that the number of live RMECs and RPEs decreased when the MXF concentration was increased to 100
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Figure 2 Evaluation of cellular biocompatibility of UiO-66, MXF, and MXF@UiO-UBI-PEGTK for RMECs and RPEs. Relative cell viability of (A) RMECs and (B) RPEs
incubated with UiO-66, MXF, and MXF@UIO-UBI-PEGTK for 24 h (¥p, #p < 0.05; *p, *p < 0.01) (*p, MXF vs UiO-66; *p, MXF@UiO-UBI-PEGTK vs UiO-66).
Fluorescence images of live/dead staining on (C) RMECs and (D) RPEs after the incubation with UiO-66, MXF, and MXF@UiO-UBI-PEGTK for 24 h. Scale bar: 500 um. The
apoptosis rate of (E) RMECs and (F) RPEs incubated with UiO-66, MXF, and MXF@UiO-UBI-PEGTK for 24 h (*p, #p < 0.05; *p, *p < 0.01) (*p, MXF vs UiO-66; “p,
MXF@UIiO-UBI-PEGTK vs UiO-66).

and 350 pg/mL, respectively. After treatment with MXF@UiO-UBI-PEGTK, the number of these two types of live cells
started to decrease when the MXF equivalent concentration was higher than 350 and 500 pg/mL, respectively (Figure 2C
and D). Flow cytometric analysis showed that the dead cell rates of RMECs and RPEs significantly increased when the
MXF concentration was increased to 50 and 350 pg/mL, respectively. After the administration of MXF@UiO-UBI-
PEGTK, the dead cell rate of RMECs and RPEs started to increase when the MXF equivalent concentration reached 100
and 350 ug/mL, respectively (Figure 2E and F). These results indicated that MXF@UiO-UBI-PEGTK was less toxic to
retinal cells than free MXF, even when a high dosage was used.

A high dosage of antibiotics has been considered an option in the treatment of endophthalmitis. However, it was
reported that high doses of antibiotics, including MXF, can cause retinal toxicity.** In our study, a high dose of
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MXF@UiO-UBI-PEGTK still showed excellent cellular biocompatibility, which could reduce the potential retinal tissue
damage in clinical applications.

In vitro Antibacterial Test

The MIC and MBC of MXF@UiO-UBI-PEGTK were determined. Gram-positive (S. aureus), gram-negative
(P. aeruginosa), and drug-resistant bacteria (MRSA) were selected for testing. The MIC and MBC of blank UiO-66
were higher than 64 pg/mL for all bacteria. The MIC and MBC of MXF were 0.25 and 1 pg/mL for S. aureus, 0.125 and
0.5 pg/mL for MRSA, and 1 and 4 pg/mL for P. aeruginosa, respectively. The addition of H,O, (0.01 and 0.25 mM) did
not affect the MIC and MBC of MXF. The MIC and MBC of MXF@UiO-UBI-PEGTK (at the same MXF equivalent
concentration) were 0.25 and 1 pg/mL for S. aureus, 0.125 and 0.5 pg/mL for MRSA, and 2 and 8 pg/mL for
P. aeruginosa, respectively. The addition of 0.25 mM H,0, significantly decreased the MIC and MBC of MXF@UiO-
UBI-PEGTK for S. aureus (0.0156 and 0.025 pg/mL, respectively) and MRSA (0.0315 and 0.025 pg/mL, respectively)
(Tables 1-3). MXF@UiO-UBI-PEGTK inhibited the growth of three types of bacteria in an ROS-dependent manner
(Figure S2). The above results show that the addition of H,O, did not change the antibacterial effect of MXF. However, it
enhanced the antibacterial and bacterial inhibitory efficiency of MXF@UiO-UBI-PEGTK. These results were attributed
to the ROS-dependent MXF release from MXF@UiO-UBI-PEGTK.

Table | Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) of MXF,
UiO-66 and MXF@UiO-UBI-PEGTK Against S. Aureus with Different Concentration of H,O,

Staphylococcus aureus H,0, 0 MM H,0, 0.0l mM H,0, 0.25 mM
MIC MBC MIC MBC MIC MBC
UiO-66 >64 >64 >64 >64 >64 >64
MXF 0.25 | 0.25 | 0.25 |
MXF@UiO-UBI-PEGTK 0.25 | 0.25 | 0.0156* 0.025*

Note: Unit: ug mL™". (¥p < 0.05, MXF vs MXF@UiO-UBI-PEGTK)

Table 2 Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) of MXF
UiO-66 and MXF@UiO-UBI-PEGTK Against MRSA with Different Concentration of H,O,

MRSA H,0, 0 mM H,0, 0.01 mM H,0, 0.25 mM
MIC MBC MIC MBC MIC MBC
UiO-66 >64 >64 >64 >64 >64 >64
MXF 0.125 0.5 0.125 0.5 0.125 0.5
MXF@UiO-UBI-PEGTK 0.125 0.5 0.125 0.5 0.03125% 0.025*

Note: Unit: pg mL™'. (*p < 0.05, MXF vs MXF@UiO-UBI-PEGTK)

Table 3 Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) of MXF
UiO-66 and MXF@UIiO-UBI-PEGTK Against P. Aeruginosa with Different Concentration of H,O,

Pseudomonas H,0, 0 mM H,0, 0.0l mM H,0, 0.25 mM
acruginosa MIC MBC MIC MBC MIC MBC
UiO-66 >64 >64 >64 >64 >64 >64
MXF | 4 | 4 | 4
MXF@UiO-UBI-PEGTK 2 8 2 8 2 8

Note: Unit: pg mL ™.
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Targeting Effect Toward Bacteria

The target specificity of MXF@UiO-UBI-PEGTK against three types of bacteria (S. aureus, MRSA, and P. aeruginosa)
was investigated using scanning electron microscopy (SEM). MXF-UiO was used as a control without modification with
UBl,9.4; and PEGTK. The SEM results showed that only a small number of MXF-UiO NPs were in contact with these
three types of bacteria. After modification with UBl,9.4; and PEGTK, the number of NPs combined with bacteria
increased significantly. MXF@UiO-UBI-PEGTK was wrapped around the surface of bacteria and incorporated into the
bacterial membrane (Figure 3). Additionally, in the former results, MXF@UiO-UBI-PEGTK showed a superior antibiotic
effect over MXF. These indicate that UBl,9 4, plays a synergistic role through target binding to bacteria with high
specificity and affinity. This is consistent with the results of previous studies that considered UBI,9.4; as a targeting

molecule against bacteria owing to the attraction between the mutual charges.****

Penetration of Bacterial Biofilms in vitro

Biofilms with 24-h-old S. aureus and MRSA were treated with 1 pg/mL of MXF or MXF@UiO-UBI-PEGTK. CLSM
images of live/dead bacterial staining revealed that MXF killed only S. aureus and MRSA at the surface of the biofilm,
and an addition of 0.25 mM H,0, had no significant effects. MXF@UiO-UBI-PEGTK killed S. aureus and MRSA
beyond the surface, and the addition of H,O, (0.25 mM) significantly increased biofilm penetration and antibacterial
effect up to a depth of 9 um (Figure 4). Statistical analyses showed that MXF@UiO-UBI-PEGTK with 0.25 mM H,0,
killed more bacteria than other groups (MXF, MXF + 0.25 mM H,0,; MXF@UiO-UBI-PEGTK) at the same depth (all
p <0.05) (Tables S1 and S2). Considering the biofilm of S. aureus, the mortality rate of bacteria in the MXF group was
close to zero when the depth of biofilm reached 6 um, in which only 0.57% of the bacteria were killed. However, in the
MXF@UiO-UBI-PEGTK group, 49.80% and 13.08% of the bacteria were killed at the same depth with or without 0.25
mM H,0,, respectively. Similarly, for the biofilm of MRSA, the antibacterial effect of MXF decreased and reached
a plateau stage when the depth of biofilm reached 4 um, wherein only 5.41% of the bacteria were killed. However, in the
MXF@UiO-UBI-PEGTK group, 27.80% and 19.71% of the bacteria were killed at the same depth with or without 0.25
mM H,0,, respectively.

Staphylococcus aureus Pseudomonas aeruginosa

MXF@UiO

10 5.0kV 7.7mm x50.0k SE (U2}

MXF@UiO-UBI-PEGTK

Figure 3 SEM images showing the targeting effect of (A—C) MXF@UIiO and (D-F) MXF@UiO-UBI-PEGTK toward S. aureus, MRSA, and P. geruginosa. Scale bar: | pm.
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Figure 4 Penetration of bacterial biofilm in vitro. (A) Three-dimensional CLSM images of calcein/Pl-stained S. aureus/MRSA biofilms treated with MXF or MXF@UiO-UBI-
PEGTK with or without 0.25 mM H,O,, respectively. Red fluorescence intensity reflected the number of dead bacteria at different depths of (B) S. aureus and (C) MRSA
biofilms in the above images (A).

Eradication of Bacterial Biofilms in vitro

To further evaluate their effect on bacterial biofilm eradication, the bacterial live/dead immunofluorescence
staining and the flat counting methods were used to distinguish the remaining living bacteria in the biofilm.
Using the bacterial live/dead staining method, a significant reduction in green fluorescence intensity (living
bacteria) was observed in the biofilms treated with MXF@UiO-UBI-PEGTK and 0.25 mM H,0, when compared
with the other groups (Figure 5A). These results were confirmed using the flat counting method, as shown in
Figure 5B. For all three bacterial biofilms, the number of CFUs in the MXF@UiO-UBI-PEGTK + 0.25 mM
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Figure 5 Eradication of bacterial biofilms in vitro. (A) Calcein/Pl-stained images represented the live/dead bacteria on the S. aureus biofilm, MRSA biofilm and P. aeruginosa
biofilm. Scale bar: 5 um. (B) Photographs of the agar plates of S. aureus, MRSA, and P. aeruginosa colonies in corresponding biofilms after treatments with PBS, MXF, or
MXF@UiO-UBI-PEGTK, respectively. (C-E) Quantitative analysis of CFUs in the corresponding agar plates in the above figure (B) (*p, “p < 0.05) (*p, MXF vs MXF@UIiO-
UBI-PEGTK or MXF + H,0, vs MXF@UiO-UBI-PEGTK + H,05; *p, MXF@UiO-UBI-PEGTK vs MXF@UiO-UBI-PEGTK + H,0,).

H,0O, group was the lowest among all four groups (all p < 0.05) (Figure 5C-E). These results indicated that
MXF@UiO-UBI-PEGTK showed a stronger biofilm eradication effect than MXF, particularly with the addition
of H,O,. To further verify the biofilm removal efficiency, SEM images were analyzed. The MXF@UiO-UBI-
PEGTK + 0.25 mM H,0, group showed excellent biofilm eradication efficacy as the bacteria adhering to the
surface were significantly reduced (Figure 6).

These results indicated the excellent biofilm penetration and eradication effects of MXF@UiO-UBI-PEGTK
and confirmed the desired properties of MXF@UiO-UBI-PEGTK. The effective ROS-responsive moieties
(PEGTK) of MXF@UiO-UBI-PEGTK will decompose into acetone and thiol moieties when triggered by high
levels of ROS (eg, H,O,, OH.) generated by inflammation. Subsequently, via the attractive interaction between
the positively charged domain of UBIl,g9_4; and the negatively charged surface of the bacteria, the NPs, as well as
the released MXF, accumulated at the bacterial infection sites. Besides our nanoparticle, two-tailed antimicrobial
amphiphiles were reported to eradicate biofilms with excellent efficacy, which may be another option to load

antibiotics.??
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Staphylococcus aureus

Pseudomonas aeruginosa

Figure 6 SEM images showing the antibiofilm properties of MXF and MXF@QUiO-UBI-PEGTK with 0.25mM H,0O, against (A—C) S. aureus and (D-E) P aeruginosa,
respectively. Scale bar: 5 pm.

In vivo Antibacterial Tests

A bacterial endophthalmitis model was successfully constructed in New Zealand White rabbits through the
intraocular injection of three types of bacterial solutions (S. aureus, MRSA, and P. aeruginosa). One day after
injection, in the blank control group, the cornea and conjunctiva were clear, and no glint or exudation was
observed in the anterior chamber, while anterior chamber empyema, conjunctival hyperemia, and purulent
secretion were observed in the model groups. The eyes were treated with PBS, MXF, or MXF@UiO-UBI-
PEGTK. In the endophthalmitis model of all three bacteria, in the eyes treated with MXF and MXF@UiO-UBI-
PEGTK, secretions, bulbar conjunctival hyperemia, corneal edema, and anterior chamber inflammation were
alleviated during the first 7 days after treatment. The signs and degree of inflammation in the MXF- and
MXF@UiO-UBI-PEGTK-treated eyes were significantly milder than those in the PBS group (all p < 0.05). At
the 10™ day, the inflammation degree scores were the lowest in the MXF@UiO-UBI-PEGTK-treated group (all
p < 0.05), compared to the PBS and MXF groups (Figure 7).

At the 10" day, the rabbits were euthanized, the eyeball was removed for further examination, and the
vitreous humor was cultured on an agar plate for the flat counting of bacteria. Results showed that the number of
CFUs of the three types of bacteria in the MXF@UiO-UBI-PEGTK-treated eyes (S. aureus: 5.2x10* CFUs,
MRSA: 6.0x10* CFUs, and P aeruginosa: 1.5x10° CFUs,) were lower than that in the MXF-treated group
(S. aureus: 3.2x10° CFUs, MRSA: 2.0x10* CFUs, and P aeruginosa: 1.0x10* CFUs,) (all p < 0.05).
Hematoxylin and eosin (H&E) staining also indicated that the retina from the PBS- and MXF-treated eyes
was almost destroyed, and the infiltration of inflammatory cells was severe (PBS: 54 + 23 cells/HP; MXF: 15 +
12 cells/HP), while the retinal structure from MXF@UiO-UBI-PEGTK-treated eyes was intact; the infiltration of
inflammatory cells was mild (8 + 3 cells/HP) and was significantly less than that of the PBS- and MXF-treated
eyes (all p < 0.05) (Figure 8).

The in vivo antibacterial study confirmed the good antibacterial effect of MXF@UiO-UBI-PEGTK. The ROS-
responsive release and targeting properties of the novel NPs, together with MXF, worked synergistically and

2952 e International Journal of Nanomedicine 2024:19
Dove


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

Dove Yu et al

1 3 7 10 10-slit lamp (D) . -©- PBS
-0~ MXF
MXF@UiO-UBI-PEGTK

-
(=]

-
N

Staphylococcus aureus
MX|
Inflammation Degree Scores
& ®
* |
"y

é * * #
2
Qg -
E“ Time(days)o 1 2 3 4 5 6 7 8 9 10 11
Staphylococcus aureus
Days
E
(B) 1 3 7 10 10-slit lamp ( ) -©- PBS
» 167
2 g -o- MXF
o 8 MXF@UiO-UBI-PEGTK
o 121
e
g
K o
g| = 2
- g
o
) £
ok g
2
oc =
= Time(day)o 1 2 3 4 5 6 7 8 9 10 11
MRSA
Days
C F
( ) 1 3 7 10 10-slit lamp ( ) 16 -©- PBS
- MXF

MXF@UiO-UBI-PEGT

-
N

-

Inflammation Degree Scores
» =)

Pseudomonas aeruginosa

> -
~

Time(day) 0 1 2 3 4 5 6 7 8 9 10 11
Pseudomonas aeruginosa

o
2
e
2
®
w
x
=

Figure 7 Evaluation of the antibacterial effects in vivo. Diffuse and slit lamp micrographs as well as the inflammation degree in corresponding endophthalmitis induced by
(A and D) S. aureus, (B and E) MRSA, and (C and F) P. aeruginosa upon treatment with PBS, MXF, and MXF@QUiO-UBI-PEGTK for 1, 3, 7, and 10 d, respectively (*p, #p <
0.05) (*p, MXF or MXF@UIO-UBI-PEGTK vs PBS; #p, MXF vs MXF@UiO-UBI-PEGTK).

successfully against the infection. Besides, the excretion pathway of nanoparticles used in vivo is a major
concern. Given the well-characterized and established hydrophilic nature of UiO-66, it is postulated that the
primary excretion pathway in the eye is likely to follow the conventional route of aqueous humor drainage
through a series of anatomical structures, including the trabecular meshwork, Schlemm’s canal, collector
channels, and the episcleral venous system, ultimately converging into the circulation system. Secondly, it has
been reported that the UiO-66 material can enter the bloodstream and subsequently reach both the renal and
digestive systems, including organs such as the liver, stomach, and small intestine, from which it is excreted
through urine or feces. Notably, no adverse effects on liver or kidney function were observed during the

excretion process, suggesting the biological safety of the UiO-66 nanomaterial system.*’
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Figure 8 Histopathological evaluation of the antibacterial effects on endophthalmitis. (A) HE-staining photographs of the retinal tissues in endophthalmitis induced by
S. aureus, MRSA, and P. aeruginosa treated with PBS, MXF, or MXF@UiO-UBI-PEGTK, respectively. Scale bar: 100 um. (B) Photographs of the agar plates of S. aureus, MRSA,
and P. aeruginosa colonies in vitreous fluid after treatments with PBS, MXF or MXF@QUiO-UBI-PEGTK, respectively. (C—E) Quantitative analysis of CFUs in the
corresponding agar plates in the above figure (B) (*p, *p < 0.05) (¥p, MXF or MXF@UiO-UBI-PEGTK vs PBS; *p, MXF vs MXF@UiO-UBI-PEGTK).

Conclusions
Bacterial endophthalmitis is one of the most devastating diseases that leads to eye blindness. Biofilm formation is

a critical issue in the therapy of endophthalmitis because it prevents the antibiotics from reaching microorganisms. NPs
have been explored for the delivery of antibiotics in the treatment of endophthalmitis. In this study, we successfully
developed MXF-loaded UiO-66 NPs harboring the bacteria-targeting peptide UBl,94; and coated them with ROS-
responsive PEG-TK. The coating of PEG-TK outside the NPs acted as a gate that prevented drug release until the
particles reached the infectious tissue with a high level of ROS; therefore, the site-specific release of the drug could be
achieved. The UBI,9.4; provided bacteria-targeting properties to the NPs. In vitro, MXF@UiO-UBI-PEGTK showed
significant antibiotic effects as well as excellent biofilm penetration and eradication properties against S. aureus,
P aeruginosa, and MRSA under high ROS conditions. In vivo, MXF@UiO-UBI-PEGTK demonstrated outstanding
efficacy in treating bacterial endophthalmitis. This novel NP system with ROS-responsive and bacteria-targeted proper-
ties promotes the precise and effective release of drugs and has significant potential for clinical application.
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