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ABSTRACT: Artificial corneal (AC) implants offer hope to millions with
corneal blindness, including 5 million in China. Titanium is one of the materials
commonly used in the fabrication of artificial corneal scaffolders because of its
light texture, high mechanical properties, and high biosafety. However,
postoperative bacterial infections, especially from Pseudomonas aeruginosa and
Staphylococcus aureus (S. aureus), remain a significant challenge due to the
bioinert nature of titanium materials, leading to high infection rates. In this
study, we introduce an innovative in situ photodynamic coating technology
designed to manage postoperative infections in artificial corneas. Inspired by
mussel adhesive proteins, this coating employs a composite of APTES-TA
formed by Schiff base and Michael addition reactions between 3-amino-
propyltriethoxysilane (APTES) and tannic acid (TA), integrated with the
bacterial targeting capabilities of 4-carboxyphenylboronic acid (CPBA) and the
photo-Fenton activity of FeOOH (iron(III) hydroxide). The design of the AC@
APTES-TA-CPBA-FeOOH coating leverages the dynamic boronate ester bonds, which interact specifically with bacteria in tears,
effectively capturing them on the surface of the artificial cornea. The coating exhibits a photocatalytic Fenton-like effect, which
confers it with an exceptional bactericidal efficiency of over 99% in vitro. Furthermore, it demonstrates excellent protective
functionality for mouse corneas in vivo experiments.

1. INTRODUCTION
Artificial corneal (AC) implants are a crucial advancement in
medical technology, providing an alternative treatment for
patients at risk of vision loss due to corneal diseases.1

According to the World Health Organization (WHO),
approximately 60 million people worldwide suffer from corneal
blindness, with China accounting for about 5 million of these
cases.2,3 If the retina and optic nerve function are basically
normal, artificial cornea becomes an important means to
restore vision for patients with high-risk corneal trans-
plantation, such as ocular burns, whose conventional
penetrating corneal transplantation is difficult to succeed.4

Titanium is one of the materials commonly used in the
fabrication of artificial corneal scaffolders because of its light
texture, high mechanical properties and high biosafety.5

However, such implants often face challenges, particularly
with bacterial infections that limit their broader clinical use.
Postoperative complications include infections due to gaps

at the implantation site, which allow bacteria such as
Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus
aureus (S. aureus) to enter, significantly increasing infection
risks.6 The rate of postoperative infectious endophthalmitis, a
severe complication, is around 6.1%.7 This high infection rate
is attributed to the bioinert properties of the titanium-based

materials used, which support bacterial adhesion and growth.8

Despite antibiotics, the infection rate after implantation
remains high at nearly 3%, partly due to bacterial accumulation
on the implant surface.9

To combat these issues, surface modification techniques
such as antibacterial coatings inspired by mussel have been
developed. These coatings utilize mussel protein sequences
that exhibit strong bacterial adhesion and antimicrobial
properties.10−14 They function through contact-mediated and
oxidative killing mechanisms, significantly enhancing the
effectiveness of artificial corneas against infections.15 There-
fore, this contact-based oxidation bactericidal strategy can be
an effective candidate for the surface modification strategy of
artificial cornea.
Photodynamic therapy (PDT), which uses light-activated

photosensitizers to generate reactive oxygen species (ROS)
that kill bacteria, fungi, and viruses effectively.16 This includes
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the use of polyphenol-metal complexes that form strong
chelating networks capable of producing substantial ROS
through the photo-Fenton effect, enhancing antimicrobial
efficacy.17 Photosensitizers activated by light of specific
wavelengths generate ROS, which can destroy various
biomolecules within cells, including proteins, lipids, and
nucleic acids, effectively killing bacteria, fungi, and viruses.
Researchers have explored various phototherapeutic nanoma-
terials for antibacterial applications, such as pyridyl-porphyrin
based, thiazine dye based, carbon-based, and polymer-based
nanomaterials.8,18−21 Among these, polyphenol-metal com-
plexes have attracted increasing attention due to their unique
antibacterial potential. In particular, the emerging field of
polyphenol-metal coordination chemistry offers new ap-
proaches for functionalizing implant materials.22 For instance,
tannic acid (TA), containing catechol or galloyl groups, can
form strong chelating polyphenol-metal coordination networks
with various metal ions (M). These networks, upon
mineralization, can produce substantial amounts of ROS
through the photo-Fenton effect, thereby enhancing their
antimicrobial efficacy.17 Since Caruso et al. first reported the
one-step rapid membrane assembly technique for TA-M
coordination complexes, polyphenol-metal coordination chem-
istry has been successfully applied to the antimicrobial design
of implant surfaces.23 However, the short half-life of reactive
oxygen radicals limits their effective duration, particularly in
open application scenarios such as the eye, where it is
challenging to precisely control the action of ROS within the
infected area.24 Therefore, enhancing the capture capability of
artificial corneas for planktonic bacteria becomes particularly
critical. This not only reduces the distance between ROS and
bacterial cells, thereby increasing the bacterial killing efficiency,
but also effectively lowers the risk of postoperative infections.
The dynamic noncovalent bonds of boronic esters provide a

robust molecular theoretical basis for the development of
bacterial capture technologies in artificial corneas. Phenyl-
boronic acid (PBA), have shown promise in bacterial capture
technologies.22

CPBA binds specifically to diol-containing saccharides found
in the cell walls of bacteria, enhancing the capture, and killing
of bacteria on the corneal surface. This reduces the distance
between ROS and bacterial cells, increasing the bactericidal
efficacy and lowering postoperative infection risks.
In this study, we introduce an innovative in situ photo-

dynamic coating technology designed to manage postoperative
infections in artificial corneas (Scheme 1). Inspired by mussel
adhesive proteins, this coating employs a composite of APTES-
TA as a base, integrated with the bacterial targeting capabilities
of CPBA and the photo-Fenton activity of FeOOH (iron(III)
hydroxide). The design of the AC@APTES-TA-CPBA-
FeOOH coating leverages the dynamic boronate ester bonds,
which interact specifically with bacteria in tears, effectively
capturing them on the surface of the artificial cornea. Once
bacteria are captured, the FeOOH component within the
coating, under exposure to sunlight or visible light, catalyzes
the production of ROS, which possess potent bactericidal
properties capable of rapidly eliminating the captured bacteria,
thereby effectively preventing. In addition, hydroxyl radicals
have a short half-life and cannot freely pass through cell
membranes. They only exist on the eye surface. Antioxidants
such as ascorbic acid, lactoferrin, uric acid and cysteine exist in
tears, which can protect the eye surface from the damage of
some free radicals. It can control the risk of infection following

corneal implantation without damaging the normal physio-
logical environment of the eye.25 Overall, the AC@APTES-
TA-CPBA-FeOOH coating technology provides an innovative
strategy for preventing and controlling infections postartificial
corneal implantation, showcasing the immense potential of
solving clinical problems through advancements in materials
science and biomedical engineering.

2. MATERIALS AND METHODS
2.1. Materials. Artificial corneas were purchased from

Guangdong Jiayue Meishi Biotechnology Co., Ltd. Tannic acid
(TA, > 99%), 3-Aminopropyltriethoxysilane (APTES, > 99%),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, >
99%), N-hydroxysuccinimide (NHS, > 99%), Iron(III)
chloride hexahydrate (FeCl3·3H2O), Fetal Bovine Serum
(FBS), and antibiotics (penicillin-streptomycin) were pur-
chased from Sinopharm Chemical Reagent Ltd. (Shanghai,
China). 4-Carboxyphenylboronic acid (CPBA, 97%), and
Tris(hydroxymethyl)aminomethane (>99%) were purchased
from Shanghai Maclin Biochemical Technology Co., LT.
Phosphate buffer solution PBS was purchased from Shandong
Sikejie Biotechnology Co., Ltd. NaOH (95%) was purchased
from Shandong Keyuan Biochemical Co., Ltd. H2O2 (3%) was
purchased from Xiamen Emimani Biotechnology Co., Ltd.
Bacterial viability assay kit was purchased from Abcam Ltd.
(America). LIVE/DEAD cell viability assay kit was purchase
from Merck KGaA (Germany). Trypsi and SYTOX Green
nucleic acid dye (>99%) were purchased from Thermo Fisher
Scientific (America). Staphylococcus aureus (S. aureus, KCTC
1621) and Pseudomonas aeruginosa (P. aeruginosa, PKE117)
were purchased from China General Microbiological Culture

Scheme 1. Schematic Illustration of the Application
Scenarios, Fabrication Process, and Antibacterial
Mechanism of Artificial Corneas with in Situ Photodynamic
Antibacterial Coating.
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Collection Center (CGMCC). All chemical reagents and
solvents were obtained from commercial suppliers and used
without further purification.

2.2. Preparation and Characterization of AC@APTES-
TA-CPBA-FeOOH. 2.2.1. Surface Alkali Treatment of
Artificial Corneas. Artificial corneas were subjected to surface
alkali treatment by initially immersing them in anhydrous
ethanol followed by ultrasonic cleaning for 15 min. The
samples were then dried and subsequently immersed in a 2 M
NaOH solution and heated at 80 °C for 2 h. Post-treatment,
the corneas were thoroughly cleansed with ultrapure water and
anhydrous ethanol via ultrasonic cleaning, then dried and
reserved for further use.

2.2.2. Preparation of APTES-TA Coating on Artificial
Corneas. For the preparation of the APTES-TA coating on
artificial corneas, we dissolve Tannic acid (TA) and 3-
Aminopropyltriethoxysilane (APTES) separately in a Tris
buffer solution (pH 8.5) to achieve concentrations of 2 mg/mL
for TA and 10 mg/mL for APTES. These solutions are then
mixed in equal volumes to ensure a balanced reaction between
TA and APTES. The mixture is gently. The alkali-treated
artificial corneas (AC−OH) were immersed in this solution,
wrapped in aluminum foil, and placed on a constant
temperature shaker for 24 h at 37 °C and 180 rpm. Following
the reaction, the samples were cleansed with ultrapure water
and anhydrous ethanol using ultrasonic cleaning, then dried
and reserved.

2.2.3. CPBA Grafting. CPBA (0.09 g) and EDC (0.07 g)
were dissolved in 60 mL anhydrous ethanol. The AC@
APTES-TA was then immersed in this solution and reacted at
37 °C and 180 rpm for 1 h. Subsequently, NHS (0.01 g) was
added to mixed solution, and the reaction continued under the
same conditions for an additional 24 h. After completion, the
samples were cleansed with ultrapure water and anhydrous
ethanol using ultrasonic cleaning, then dried and reserved.

2.2.4. Surface Mineralization. FeCl3·3H2O (0.48 g) was
dissolved in a mixture of 30 mL HCl (0.01M) and 60 mL
ultrapure water. The AC@ APTES-TA-CPBA was immersed
in this solution, wrapped in aluminum foil, and reacted in an
oven at 60 °C for 24 h to obtain AC@ APTES-TA-CPBA@
FeOOH. Following the reaction, the samples were similarly
cleansed and dried for further use.

2.2.5. Characterization. The morphological characteristics
of the samples were observed using a field emission scanning
electron microscope (FESEM, Hitachi S4800, Japan). Surface
elemental analysis was conducted using X-ray photoelectron
spectroscopy (XPS, PerkinElmer, Waltham, MA). Chemical
bonding was identified through Fourier-transform infrared
spectroscopy (FTIR, Nicolet 6700). The optical absorption
properties were assessed using UV−visible spectroscopy (UV−
vis, UV 2450, Shimadzu, Japan). Photocatalytic performance of
the coatings was evaluated using a photoluminescence
spectrometer (FLS920, Edinburgh Instruments) equipped
with a Xe lamp (450 W, 325 nm) as the excitation source.
The surface potentiometer (SurPASS3, Austria) was used to
measure the surface potential of the sample before and after
modification.

2.3. Hydrophilicity. To evaluate the wettability of the
surface coatings on artificial corneas, a DSA100 dynamic water
contact angle (WCA) instrument was utilized. This instrument
precisely measures the angle formed between a liquid and a
solid surface, which reflects the surface’s hydrophilic or
hydrophobic characteristics. Initially, the samples were

thoroughly dried in a controlled environment and carefully
placed on the testing stage of the WCA instrument.
Subsequently, the droplet volume was set to 2 μL to ensure
the accuracy and reproducibility of the measurements. Once
the droplet formed and appeared as a perfectly smooth
spherical shape, the measurement process was initiated. To
enhance the reliability of the data, three independent contact
angle measurements were conducted at different locations on
each sample. The average of these measurements was
calculated to determine the final wettability parameters.

2.4. Durability. The dissolution rate and longevity of
artificial corneas are pivotal for evaluating their safety and
efficacy. Surface coatings are a focus of research to improve
these properties. This study investigates the durability of
variously coated artificial corneas through experimental
characterization.AC−OH (surface-alkalized Ti metal), AC@
APTES-TA (APTES-grafted), AC@APTES-TA-CPBA
(CPBA-modified), and AC@ APTES-TA-CPBA-FeOOH (in
situ mineralized)� in artificial tear fluid mimicking physio-
logical conditions. Dissolution was monitored by sampling and
testing ultraviolet absorption spectroscopy every 7 days.

2.5. Photocatalytic Performance Measurement. This
experiment aimed to evaluate the photocatalytic activity of
modified artificial corneas by degrading various dyes in water.
A 500 W xenon lamp equipped with a 420 nm cutoff filter
served as the visible light source. Before irradiation, the
artificial corneas were immersed in a dye-containing aqueous
solution (25 mL, concentration of 20 mg/L, pH adjusted to 3)
and agitated in the dark for 30 min to achieve adsorption−
desorption equilibrium.
Before the experiment commenced, the initial concentration

of the dye solution (C0) was recorded. H2O2 was then added
to the solution to achieve a final concentration of 9.8 mM,
initiating the photo-Fenton reaction. During the visible light
irradiation, 1 mL samples were periodically extracted from the
solution, diluted to 3 mL, and analyzed to measure changes in
dye concentration (Ct). This monitoring allowed for the
calculation of dye degradation efficiency. By comparing
degradation efficiencies under different conditions, the photo-
catalytic performance of the artificial corneas could be
assessed, providing insights into their effectiveness in catalytic
processes under simulated environmental conditions.

2.6. In Vitro Antimicrobial Performance Character-
ization. For this study, P. aeruginosa and S. aureus were
prepared with the concentration of 109 CFU/mL. Bacterial
suspension with a volume of 500 μL was applied to the
surfaces of different experimental groups, including AC−OH,
AC@APTES-TA, AC@APTES-TA-CPBA, and AC@APTES-
TA-CPBA-FeOOH. These samples were incubated for 1.5 h to
simulate bacterial infection. After incubation, 150 μL of 0.5 M
H2O2 solution was added to each group. The samples in the
phototreatment group were then exposed to blue light (20 W,
420−430 nm wavelength) for 30 min, while the control group
was kept in darkness for the same duration. After incubation,
each sample was gently rinsed three times with 2 mL of PBS
buffer. This was done to remove any loosely adherent bacteria
or debris. The gentle nature of the rinsing was to prevent any
disruption to the surface coating while ensuring that
nonadherent bacteria were removed. Postincubation, the
LIVE/DEAD BacLight Bacterial Viability Kit from Thermo-
Fisher was used according to the manufacturer’s instructions
by adding SYTO-9/PI dyes to the culture systems. After a 20
min incubation, the samples were washed three times with PBS
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buffer to remove unbound dye. The treated bacteria were then
observed under a Zeiss LSM 880 confocal laser scanning
microscope (CLSM) manufactured in Germany, to analyze
their viability.
Sterilization rate of bacteria on the surface of artificial cornea

was also assessed. Bacterial suspensions (109 CFU/mL) were
applied to the surfaces of the experimental groups and
incubated for 3 h. After incubation, the surfaces were
thoroughly rinsed with 2 mL of PBS buffer, and 100 μL of
the rinse was used for plating. Agar plates were then incubated
for 24 h, followed by colony counting to quantitatively analyze
the bactericidal effects. By comparing the colony-forming units
(CFU) across different experimental groups, the antibacterial
performance of the artificial corneal surfaces was evaluated.

2.7. Cytotoxicity Assessment. 2.7.1. Cell Viability
Assessment. Before plating, Human Corneal Epithelial Cells
(HCEC) were washed, digested, and centrifuged. Cells were
resuspended in 4 mL of complete culture medium and
counted. Based on the cell concentration, they were diluted to
5 × 104 cells/mL. Three 96-well plates were prepared, with 0.1
mL of PBS added to the outer wells to create a humidity
barrier. Cell suspension was then distributed into the 96-well
plates, setting up blank wells, control wells, and test wells with
five replicates each. Medium without cells was added to the
blank wells, while cell suspension was added to control and test
wells. Plates were gently shaken for even distribution and then

placed in a 37 °C incubator to form a semiconfluent
monolayer.

2.7.2. Artificial Cornea Sample Pretreatment and
Coculture. Artificial cornea samples from different exper-
imental groups were sterilized under UV light for 3 h on a
clean bench. After sterilization, variously coated artificial
corneas were immersed in 10 mL of complete culture medium
and sealed. They were then placed on a shaker at 60 rpm for 4
h to allow leachables to release. The leachate was then
sterilized under UV light for 1 h. After removing the original
medium from the 96-well plates, it was replaced with an equal
volume of sterilized gel leachate for coculture over 24 h.

2.7.3. Cell Viability Evaluation. To assess cell viability, the
Cell Counting Kit-8 (CCK-8) assay was employed. In a light-
protected environment, CCK-8 reagent was mixed with the
medium at a 1:9 ratio to prepare the CCK-8 working solution.
After aspirating the medium from the wells and gently washing
the cells twice with fresh medium to remove residual medium,
100 μL of CCK-8 working solution was added to each well.
The treated 96-well plate was then incubated for 2 h in the
dark. Postincubation, the absorbance of each well was
measured at 450 nm using a spectrophotometer to evaluate
the relative cell viability

2.8. In Vivo Experiments. In this study, we utilized a
C57BL/6 mouse model to simulate corneal damage and
subsequent infection processes. Initially, surface anesthesia was
applied to the mice’s eyes using a drop of 0.5% proparacaine

Figure 1. (A) The surface color of the artificial cornea evolves with the progression of modifications, (B) SEM photos, and (C) Mapping of AC−
OH, AC@APTES-TA, AC@APTES-TA-CPBA, and AC@APTES-TA-CPBA-FeOOH.
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hydrochloride. A corneal epithelial scraper was then used to
randomly create injuries on the corneas of the mice to mimic
corneal damage. To simulate the application of artificial
corneas, circular titanium discs treated differently (CA−OH,
CA@APTES-TA, CA@APTES-TA-CPBA, CA@APTES-TA-
CPBA-FeOOH) were placed on the damaged corneal areas.
Subsequently, a microliter syringe was used to slowly inject 4

μL of a P. aeruginosa suspension (109 CFU/mL) at the
interface between the titanium disc and the cornea to simulate
bacterial infection. Additionally, to replicate oxidative stress
conditions, 9.8 mM of H2O2 was added. The mice were
divided into two groups: one subjected to 30 min of visible
light exposure (30 min), and the other cultured in darkness.
Corneal cloudiness was monitored by photographing the
mice’s corneas every 24 h. Initial photographs were taken using
a slit lamp microscope (Model: AX7000297) before the
experimental procedures. For clear imaging, the light was
adjusted to white, magnification set to 25 × , and both angle
and slit width were fine-tuned to ensure the corneal reflection
point was centered on the pupil. Subsequent photographs were
taken every 24 h over three consecutive days. Each photograph
was meticulously cataloged by date, mouse number, and
whether it was the left or right eye. After the third set of
photographs, the mice were euthanized by cervical dislocation,
and their eyeballs were harvested. After removing extraocular
muscles and optic nerves, the eyeballs were embedded in 1.5
mL of OCT compound (Brand: SAKURA), labeled, and
numbered before being stored at −80 °C for further analysis.

2.9. Immunohistochemical Analysis. For histological
examination, eyeball tissues embedded in OCT were removed
from 1.5 mL centrifuge tubes. The tissues were then placed on
the cryostat’s freezing stage and fix the sample directly to the
sample holder. The holder was attached to the cryostat’s
sample stage to ensure stability during slicing. The cutting
blade was then mounted on the blade holder and fixed in place.
The initial slicing thickness was set at 100 μm on the control
panel, and the wheel was turned to remove excess OCT until
the tissue was fully exposed. Once exposed, the slicing
thickness was adjusted to 8 μm for finer cuts. During the
slicing process, intact slices were selected and mounted onto
the front of glass slides. Finally, tissue-mounted slides were
stained with Hematoxylin and Eosin (H&E) for microscopic
examination of tissue morphology.

2.10. Statistical Analysis. The statistical analysis and
graphical presentation of experimental data were done by one-
way analysis of variance (one-way ANOVA), and all data were
presented as the means and standard deviations, indicated as
the mean ± SD.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of AC@APTES-

TA-CPBA-FeOOH. The application of layer-by-layer self-
assembly technology has facilitated progressive modifications
in the surface properties of artificial corneas, manifesting not
only in macroscopic changes, such as color alterations, but also
in microscopic compositional and structural transformations.
TA oxidizes to quinone under weak base conditions, and
APTES hydrolyzes to chain segment compounds containing
amino groups. Michael addition and Schiff base react between
the two to form TA-APtes coating, and interact with AC
surface through hydrogen bonding. A disordered nanospherical
structure (100−300 nm) is formed and uniformly distributed
on the surface of the artificial cornea to form AC@APTES-TA.

The carboxyl group of CPBA forms borate bond with the
hydroxyl group of tannic acid to form AC@APTES-TA-CPBA
on APTES-TA. Fe3+ forms AC@APTES-TA-CPBA-FeOOH
by chelating coordination mineralization with TA. As depicted
in Figure 1A, the surface color of the artificial cornea evolves
with the progression of modifications, culminating in a specific
brownness. As shown in Figure 1B, following alkali treatment,
the AC−OH surface exhibits a porous and rough micro-
structure with pore sizes ranging between 100−300 nm
(Figure S3). The corrosive action of NaOH increases the
−OH content on the AC surface, thereby enhancing its
compatibility with subsequent modification techniques. The
integration of TA introduces catechol groups (−OH)2, which,
upon oxidation (=O), can form dynamic covalent Schiff base
(-N = C−) linkages with the amine groups (−NH2) on
APTES and interact with AC surfaces through hydrogen
bonding, resulting in the formation of disordered nano
spherical structures (100−300 nm). These structures are
uniformly distributed over the artificial cornea surface. This
reaction is indeed fundamental to the successful application of
the APTES-TA coating on the artificial cornea surface, as it
ensures a robust attachment and creates a platform for further
modifications.To further elaborate, the Schiff base formation is
a dynamic process that allows for the reversible linkage
between the aldehyde groups from the oxidized catechol
structures of tannic acid and the primary amine groups of
APTES. This dynamic nature is advantageous for the coating’s
adaptability and responsiveness in various physiological
conditions.
Exposed amine groups on the APTES-TA coating serve as

reactive sites for the introduction of CPBA. Catalyzed by NHS
and EDC, the phenylboronic acid groups covalently bond to
the APTES-TA surface. This step not only enhances the
adhesion of the coating to the surface but also strengthens
various physicochemical mechanisms such as π−π stacking and
conformational rearrangements induced by oxidative side-
chain isomerization of catechol, thereby ensuring robust
attachment of the APTES-TA-CPBA coating to the artificial
cornea surface. Ultimately, in situ mineralization of FeOOH
(iron(III) hydroxide) nanorods occurs on the APTES-TA-
CPBA coated substrate through a hydrolysis reaction. In this
process, the APTES-TA-CPBA layer plays a critical role in
capturing Fe ions through chelation with catechol, forming
nucleation sites that not only promote the mineralization
process but also aid in the stabilization of the coating, resulting
in the formation of a disordered distribution of nanospherical
morphologies on the artificial cornea surface. The NaOH
treatment etches away impurities and possibly breaks some
surface bonds, leading to an increase in surface roughness. This
roughness, along with the introduction of additional −OH
groups, enhances the surface’s reactivity. The increased surface
roughness and the presence of more −OH groups improve the
compatibility of the AC surface for subsequent chemical
modifications. This oxidation step is crucial for the formation
of the TA-APTES coating, as it allows for the creation of
dynamic covalent Schiff base linkages with the amine groups
on APTES, enhancing the coating’s stability and functionality
on the artificial cornea surface.
The surface elemental composition of the artificial cornea

also underwent significant changes, as illustrated in Figure 1C.
Following alkali treatment, the surface of the artificial cornea
exhibited a pronounced presence of Ti elements, constituting
98% of the surface, while the signals for O were relatively weak,
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recorded at 2%. At this stage, elements such as Fe and B were
not detected. With the sequential introduction of APTES and
CPBA, the chemical composition of the artificial cornea surface
was considerably enriched. The modification with APTES-TA
notably increased the presence of hydroxyl (−OH), siloxane
(−Si-O−), and carbonyl (-C = O−) groups on the surface.
Tannic acid’s inherent phenolic groups, including catechol
moieties, play a pivotal role in the surface modification process
due to their reactivity. The addition of CPBA further
introduced boron (-B-) bonds, resulting in increased contents
of O and B to 13% and 2% respectively. Subsequent in situ
mineralization processes, through hydrolysis reactions led to
the formation of FeOOH nanoparticles on the surface of
APTES-TA- CPBA. This step significantly enhanced the
surface concentration of Fe on the AC, with the detected
percentage rising to 5% (Table 1). This comprehensive

alteration in surface chemistry not only reflects the layered
modifications but also underscores the potential for tailored
functionalization in biomaterial applications.
During the surface modification process of the AC,

significant alterations were observed in the surface charge, as
evidenced by changes in the zeta potential (Figure S1). The
AC−OH surface exhibited electronegativity, with a measured
zeta potential of −5 mV. The introduction of the APTES-TA
coating led to an increase in the zeta potential to 8.3 mV, a
change primarily attributed to the presence of amine groups
(−NH2) within the APTES molecules. Subsequently, the
hydroxyl (−OH) functional groups of the CPBA molecules
further reduced the surface charge density of the coating (3.6
mV). Ultimately, the in situ mineralization process, resulting in
the formation of FeOOH, endowed the AC with a near-neutral
surface charge (0.5 mV). This adjustment is anticipated to
positively influence the biocompatibility of the coating and
enhance its performance in subsequent biological applications.
This progression underscores the critical role of controlled
surface charge modifications in tailoring the interface proper-
ties of biomaterials for optimized interactions in a physiological
environment.
To further analyze the AC@APTES-TA-CPBA-FeOOH,

ATR-FTIR was employed (Figure S2). Compared to the
unmodified AC, the modified AC@APTES-TA surface
displayed new absorption bands. Notably, the peaks at 1100
and 1708 cm−1 can be attributed to the vibrational modes of
the −Si-O-bond and -C = O bond, respectively. The CPBA
spectrum showed increasingly broad and intense absorption
peaks at 1200 cm−1, likely due to the overlapping of different
chemical bonds such as −Si-O- and -B-. A broad absorption
peak observed at 3400 cm−1 was likely due to the stretching
vibrations of −N-H bonds. Peaks at 3300 and 800 cm−1 are
attributed to the stretching vibrations of O−H and Fe−O
bonds in β-FeOOH, indicating successful coating formation.
These findings were further corroborated by XPS data (Figure

2A and 2B). In the XPS analysis, the APTES-TA coating, the Si
2p peak was significantly enhanced. Within the APTES-TA
coating, characteristic peaks at 286.1 eV for the C 1s peak, 401
eV for the N 1s, and 540.2 eV for the O 1s were observed,
corresponding to the products of Schiff base and Michael
addition reactions. On the surface of the APTES-TA coating,
signals for Fe 2p and B 1s peaks (724.2 and 201.1 eV) were not
overserved. However, APTES-TA-CPBA showed the obvious
peak of B 1s at 198.5 eV, due to the introduction of CPBA.
Finally, signals at 724.2 and 710.8 eV correspond to
characteristic peaks for Fe 2p1/2 and Fe 2p3/2, indicating that
β-FeOOH nanoparticles have been successfully mineralized on
the APTES-TA-CPBA coating. Therefore, these results
confirm the successful fabrication of the APTES-TA-CPBA-
FeOOH on the surface of AC.

3.2. Hydrophilicity of AC@APTES-TA-CPBA-FeOOH.
The operational conditions of AC in the ocular environment
necessitate exemplary hydrophilicity, as they must maintain
close contact with ocular tissues and operate within a highly
hydrated environment. The hydrophilicity of the AC@APTES-
TA-CPBA-FeOOH is characterized by measuring the water
contact angle, a critical parameter for assessing the surface
hydrophilicity of materials. As shown in Figure 3A and 3B, the
alkali-treated artificial cornea AC−OH exhibited a water
contact angle of 84°, indicating relatively weak initial
hydrophilicity. However, when the surface is covered with
APTES-TA, the water contact angle decreased to 47°,
demonstrating a significant enhancement in hydrophilicity.
This enhanced hydrophilicity is attributed to the chemical
reaction between TA and APTES, which forms nanospherical
structures enriched with hydrophilic groups on the surface of
the AC.
Further, the introduction of CPBA into the coating

increased the water contact angle to 70°, suggesting a
reduction in hydrophilicity. This change could be due to the
introduction of CPBA increasing the proportion of hydro-
phobic structures on the coating’s surface. Finally, the in situ
mineralization of FeOOH reduced the water contact angle to
20°, benefiting from the inherent excellent hydrophilicity of
FeOOH. These variations not only reflect the impact of
coating composition on hydrophilicity but also are of
significant relevance for the biocompatibility and long-term
stability of AC. By precisely controlling the chemical
composition and structure of the coating, the hydrophilicity
of artificial corneas can be optimized, thereby enhancing their
performance in the ocular environment, and improving patient
comfort. This strategic approach to surface engineering
underscores the critical importance of surface properties in
the successful integration and functionality of biomaterials
within biological systems

3.3. Durability of the AC@APTES-TA-CPBA-FeOOH.
The dissolution rate and longevity of artificial corneas are
pivotal for evaluating their safety and efficacy. Surface coatings
are a focus of research to improve these properties. This study
investigates the durability of variously coated artificial corneas
through experimental characterization. We submerged samples
of artificial corneas with distinct surface treatments�AC−OH
(surface-alkalized Ti metal), AC@APTES-TA (APTES-
grafted), AC@APTES-TA-CPBA (CPBA-modified), and
AC@APTES-TA- CPBA-FeOOH (in situ mineralized)� in
artificial tear fluid mimicking physiological conditions.
Dissolution was monitored by sampling and ultraviolet
absorption spectroscopy every 7 days.

Table 1. Elemental Analysis of AC−OH, AC@APTES-TA,
AC@APTES-TA-CPBA, and AC@APTES-TA-CPBA-
FeOOH

Type of AC Ti (%) O (%) B (%) Fe (%)

AC−OH 98 2 0 0
AC@APTES-TA 90 10 0 0
AC@APTES-TA-CPBA 85 13 2 0
AC@APTES-TA-CPBA-FeOOH 70 20 5 5
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Figure 3C illustrates that the AC@APTES-TA-CPBA-
FeOOH sample showed negligible changes after 35 days,
signifying superior stability. Conversely, the untreated AC−
OH sample, as shown in Figure 3D, exhibited a low dissolution
rate, expected due to its basic surface treatment. The AC@
APTES-TA and AC@APTES-TA-CPBA samples, however,
displayed a complete dissolution rate after 35 days, suggesting
that their coatings are not stable enough for long-term
immersion, likely due to hydrogen bonding and dynamic
covalent interactions within the coatings. In contrast, the AC@
APTES-TA-CPBA-FeOOH sample, which incorporated Fe
ions, demonstrated enhanced stability through coordination
and mineralization, maintaining its integrity under simulated
physiological conditions. These results highlight the signifi-
cance of coating stability and substrate bonding in artificial
cornea design for long-term implant functionality. The
exceptional performance of the AC@APTES-TA-CPBA-
FeOOH sample offers a scientific basis for developing durable
antibacterial artificial corneas, with potential for future clinical
use.

3.4. Photocatalytic Performance of AC@APTES-TA-
CPBA-FeOOH. APTES-TA-CPBA-FeOOH coating displays
strong and broad absorption peaks within the visible light
range of 400 to 600 nm (Figure S4). This suggests that the
incorporation of FeOOH enables the AC to absorb more
visible light, potentially enhancing its photocatalytic activity
under visible light exposure (Figure 4A). To validate the
photo-Fenton performance of the APTES-TA- CPBA-FeOOH,
methylene blue (MB) was selected as a model organic
pollutant. As shown in Figure 4B, the standard curve for MB
was characterized. The degradation kinetics curve of MB under
light exposure demonstrates near-complete degradation within
120 min (Figure 4C). As shown in Figure 4D, the
concentration of MB decreased by 21.5% after 120 min in
the absence of light, whereas the degradation efficiency
reached 90% under visible light irradiation treated with AC@
APTES-TA-CPBA-FeOOH. Concurrently, digital photographs
of the MB concentration change over time also demonstrate
that AC@APTES-TA-CPBA-FeOOH can transform the MB
solution to an almost colorless state under light exposure
(Figure 4E). Although H2O2 itself can decompose organic

Figure 2. (A) XPS spectra of the APTES-TA, APTES-TA-CPBA, and APTES-TA- CPBA-FeOOH. (B) Fe, O, C, B core-level XPS spectra of the
APTES-TA, APTES-TA- CPBA, and APTES-TA-CPBA-FeOOH.
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substances, its use alone as a consumable would not sustain the
rapid generation of hydroxyl radicals (•OH), leading to
inefficient and costly treatment. The photocatalytic and Fenton
catalytic actions within the APTES-TA-CPBA-FeOOH
synergistically accelerate the production of •OH. The
characteristic signal of hydroxyl radicals, indicated by four
peaks with a ratio of 1:2:2:1 in the Electron Spin Resonance
(ESR) spectrum (Figure 4F), further confirms the outstanding
photo-Fenton catalytic activity of the coating. Specifically, β-
FeOOH play a crucial role in the self-cleaning process. Under
visible light, β-FeOOH generate photoinduced electrons (e−)
and holes (h+), catalyzing the production of a significant
amount of •OH. These highly oxidative hydroxyl radicals
effectively eradicate bacteria adhering to the surface of the
artificial cornea.
FeOOH (iron(III) hydroxide) plays a pivotal role in the

photo-Fenton process due to its ability to act as a catalyst
under light exposure. FeOOH can absorb photons and
generate electron−hole pairs, where the photoinduced
electrons reduce Fe(III) to Fe(II), and the holes (h+) can
oxidize water molecules or hydroxide ions to generate hydroxyl
radicals (•OH). The presence of H2O2 in the environment
further enhances the generation of hydroxyl radicals. Fe(II)
ions, produced either by the photoreduction of FeOOH or by
the reaction of Fe(III) with H2O2, can react with H2O2 in a
Fenton-like reaction to produce more hydroxyl radicals. This
reaction is accelerated under light conditions due to the
continuous regeneration of Fe(II) ions. The composite
structure of APTES-TA provides a stable platform. CPBA,
with its boronic acid groups, selectively captures bacteria,
bringing them into close proximity with the FeOOH
nanoparticles. This targeted adsorption reduces the distance
between the bacteria and the reactive oxygen species, thereby

increasing the bactericidal efficiency. The disordered nano-
spherical morphology of the coating, as characterized by SEM,
creates a large surface area for the interaction between
FeOOH, H2O2, and bacteria. This large surface area,
combined with the light absorption properties of FeOOH,
contributes to the efficient generation of hydroxyl radicals and
the overall photocatalytic performance of the coating.

3.5. In Vitro Antibacterial Performance of AC@APTES-
TA-CPBA-FeOOH. Following the modification with the
APTES-TA-CPBA-FeOOH, the antibacterial properties of
the artificial cornea were significantly enhanced. To assess
this performance, SYTO-9 and propidium iodide (PI)
fluorescent dyes were used for live/dead bacterial staining,
where green fluorescence represents live bacteria and red
fluorescence indicates dead bacteria. The antibacterial
capability of the artificial cornea was initially characterized
under dark conditions. As shown in Figure 5A, the unmodified
AC−OH group displayed weak green fluorescence and no red
fluorescence, indicating that the unmodified artificial cornea
does not possess antibacterial properties. After the surface
modification with APTES-TA, there was an increase in green
fluorescence and a slight appearance of red fluorescence
(accounting for 12%), which might be due to the introduced
amine groups from APTES increasing the surface’s positive
charge, promoting bacterial adhesion, and potentially disrupt-
ing some bacterial cells.
With the further introduction of CPBA the intensity of green

fluorescence on the artificial cornea surface continued to
increase, but there was no significant change in red
fluorescence (Figure 5B and 5C). This phenomenon might
be attributed to the boronic acid groups in CPBAspecifically
binding to bacterial cell walls, enabling the artificial cornea
surface to actively capture bacteria, thus providing an effective

Figure 3. (A) Microscopic images and (B) measured data of the water contact angle in AC−OH, AC@APTES-TA, AC@APTES-TA-CPBA, and
AC@APTES-TA-CPBA-FeOOH. (C) UV absorption spectral analysis of the eluate from AC@APTES-TA-CPBA-FeOOH over 30 days. (D) The
elution rate of AC−OH, AC@APTES-TA, AC@APTES-TA-CPBA, and AC@APTES-TA-CPBA-FeOOH over 30 days.
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antibacterial barrier posteye implantation. Under dark
conditions, AC@APTES-TA-CPBA-FeOOH did not exhibit
significant antibacterial effects. However, upon light exposure,
the AC@APTES-TA-CPBA-FeOOH coating exhibited ex-
cellent bactericidal performance, with extensive red fluores-
cence (100%) and disappearance of green fluorescence,
indicating that nearly all bacteria were killed. This is attributed
to the decomposition of H2O2 by FeOOH in the coating under
photocatalytic conditions, generating a large amount of
hydroxyl radicals. These radicals, under the targeted adsorption
by CPBA, efficiently disrupt bacterial cell structures, achieving
broad-spectrum bactericidal effects.
Further exploration of this bactericidal mechanism was

conducted using SEM to characterize Pseudomonas aeruginosa
and Staphylococcus aureus. As shown in Figure 5D, under dark
conditions, Pseudomonas aeruginosa maintained its full rod-
shaped structure. However, after light exposure, due to the
destructive action of hydroxyl radicals, the cells of Pseudomonas
aeruginosa showed significant fragmentation and collapse, with
Staphylococcus aureus exhibiting similar destructive phenomena.
This detailed characterization highlights the potent antibacte-
rial capabilities of the APTES-TA-CPBA-FeOOH coating,

particularly under light conditions, providing an effective
strategy for enhancing the microbial resistance of biomaterials
used in ocular applications
To quantitatively assess the antibacterial efficacy of the

AC@APTES-TA-CPBA-FeOOH on artificial corneas, we
employed the spread plate counting method (Figure 6A).
The experimental results revealed that under dark conditions,
the survival rates of P. aeruginosa were relatively high (60−
100%) across all experimental groups, indicating limited
antibacterial activity of the coating in the absence of light
(Figure 6B and 6C). However, upon exposure to light, a
dramatic reduction in bacterial viability was observed. The
colony counts of P. aeruginosa in the groups treated with the
AC@APTES-TA-CPBA-FeOOH coating decreased signifi-
cantly, with survival rates plummeting to 1%, demonstrating
the coating’s high bactericidal efficiency under illuminated
conditions. Similarly, S. aureus exhibited a high level of
bacterial reduction, with the coating achieving an impressive
99% kill rate against both bacteria.
This marked antibacterial effect can be attributed to the

targeted action mechanism within the coating system. The
presence of CPBA groups in the coating enables specific

Figure 4. (A) Schematic illustration of antibacterial mechanism of AC@APTES-TA- CPBA-FeOOH. (B) Standard curve of MB. (C) UV
Absorbance changes of MB treated with AC@APTES-TA-CPBA-FeOOH over 120 min. (D) Concentration changes of MB treated with AC−OH,
AC@APTES-TA, AC@APTES-TA-CPBA, and AC@APTES-TA-CPBA-FeOOH. (E) Digital photos of MB concentration changes treated with
AC−OH, AC@APTES-TA, AC@APTES-TA-CPBA, and AC@APTES-TA- CPBA-FeOOH. (F) The Electron Spin Resonance (ESR) spectrum of
AC@APTES-TA-CPBA-FeOOH.
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capture of planktonic bacteria, thereby decreasing the distance
between reactive oxygen species (•OH) and the bacteria,
which enhances the bactericidal efficiency. The selective
binding of CPBA to bacterial cell walls is attributed to the
presence of these diols in the cell wall components. The
boronic acid groups in CPBA can form stable complexes with
the cis-diols, which are commonly found in the polysaccharide
chains of bacterial cell walls. This interaction is highly specific
and does not occur with other cellular components that lack
the appropriate diol structures. The binding of CPBA to
bacterial cell walls not only facilitates the initial adsorption of
bacteria to the artificial cornea surface but also increases the
local concentration of bacteria at the surface. This concen-
tration effect enhances the efficiency of the subsequent
photocatalytic disinfection by FeOOH, as the generated
reactive oxygen species (ROS) can more effectively interact
with the bacteria. The specific interaction between CPBA and
bacterial cell walls is crucial for the antimicrobial activity of our

coating. By targeting the cell wall, CPBA weakens the bacterial
structure, making it more susceptible to the oxidative stress
induced by the photocatalytic activity of FeOOH under light
exposure. Under light conditions, the photocatalytic activity of
the FeOOH component is activated, promoting the decom-
position of H2O2 and generating a substantial quantity of
reactive oxygen species. These radicals are highly effective at
disrupting bacterial cell structures, leading to bacterial death.
In summary, the AC@APTES-TA-CPBA-FeOOH on

artificial corneas demonstrates exceptional antibacterial per-
formance under illuminated conditions, which is significant for
enhancing the safety and efficacy of artificial corneas in clinical
applications. This study underscores the potential of
integrating photocatalytic materials into AC to create surfaces
that are not only biocompatible but also actively antimicrobial
when exposed to light, thereby offering a promising strategy for
infection control in ocular prosthetics

Figure 5. (A) Live/Dead staining of bacteria with different treatment. Analysis of the ratio of live to dead (B) P. aeruginosa and (C) S. aureus. (D)
SEM photo of bacteria treated with AC@APTES-TA-CPBA-FeOOH with/without light.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08700
ACS Omega 2025, 10, 3676−3690

3685

https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.6. Cytotoxicity of AC@APTES-TA-CPBA-FeOOH. In
evaluating the biocompatibility of variously modified artificial
corneas, namely AC−OH, AC@APTES-TA, AC@APTES-TA-
CPBA, and AC@APTES-TA-CPBA-FeOOH, all demonstrated
excellent biocompatibility under both illuminated and dark
conditions. We confirmed that these artificial corneas exhibited
no cytotoxic effects during operation, indicating no adverse
impact on the growth and survival of normal cells. This
exemplary biocompatibility can be attributed to the targeted
action mechanism within the artificial cornea modification
system (Figure 6D and 6E).
Particularly, the introduction of CPBA groups provided the

artificial corneas with a specific targeting functionality capable
of selectively capturing planktonic bacteria. This targeting not
only enhanced the efficiency of bacterial killing but also
minimized the potential side effects of reactive •OH on
surrounding normal cells by shortening the trajectory of these
radicals. This means that under the same operational time and
intensity, the oxidative stress damage to normal cells is
reduced, thus preserving cell vitality and function.
In summary, through carefully designed surface modifica-

tions, the artificial corneas are not only capable of effectively
killing bacteria and enhancing their antimicrobial performance
but also maintain high biocompatibility with normal cells. This
balance is crucial for the clinical application of artificial corneas
and the long-term health of patients, highlighting the
significance of integrating advanced biomaterial technologies

in ocular prosthetics. This approach ensures that while
proactive measures are taken to prevent infections, cellular
health within the ocular environment is not compromised,
supporting overall ocular health and patient wellbeing

3.7. In Vivo Experiments. In our in vivo studies, we
explored the potential of artificial corneas as the first reported
antimicrobial corneal implants. Results indicated that un-
modified artificial corneas (AC−OH group) swiftly exhibited
severe signs of infection upon exposure to Pseudomonas
aeruginosa, characterized by a milky opacity and loss of
inherent transparency (Figure 7A and 7B). Similarly, mice with
the unmodified AC@APTES-TA implants also suffered severe
infections.
However, a significant reduction in infection severity was

observed with the introduction of CPBA modifications. The
AC@APTES-TA-CPBA group exhibited only mild cloudiness,
with most areas of the cornea remaining clear. Further, in situ
mineralization of the artificial cornea surfaces led to additional
alleviation of infection, with even fewer areas of cloudiness
observed. Most notably, the AC@APTES-TA-CPBA-FeOOH
group exposed to light showed no signs of bacterial infection,
maintaining clear and transparent corneas throughout the
study.
Over time, by the third day, the infection symptoms in the

AC−OH group worsened, leading to hypopyon formation and
almost complete loss of vision in the mice. In contrast, while
the AC@APTES-TA group did experience severe infection, it

Figure 6. (A) Digital photos of bacterial agar plates with different treatments. Analysis of the bacterial viability of (B) P. aeruginosa and (C) S.
aureus. (D) Digital photos of corneal epithelial cells with different treatment. (E) Cytotoxicity of AC−OH, AC@APTES-TA, AC@APTES-TA-
CPBA, and AC@APTES-TA-CPBA-FeOOH with/without light.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08700
ACS Omega 2025, 10, 3676−3690

3686

https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08700?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


did not progress to hypopyon formation. The AC@ APTES-
TA-CPBA and AC@ APTES-TA-CPBA-FeOOH groups
showed a self-healing trend over the three-day observation
period, with conditions improving from day one and corneas
nearing a transparent state. Throughout the experiment, the
corneas of the AC@ APTES-TA-CPBA-FeOOH with light
group remained clear and transparent.
These results reveal the inability of artificial corneas without

antimicrobial modification (AC−OH and AC@ APTES-TA)
to inhibit bacterial invasion. When bacterial inoculum
contacted the ocular surface of the mice, bacteria quickly
penetrated the gaps between the cornea and the ocular surface,
entering any abrasions and causing deep infections. In contrast,
artificial corneas modified with CPBA and subsequent in situ
mineralization (AC@ APTES-TA-CPBA and AC@ APTES-
TA- CPBA-FeOOH) demonstrated effective bacterial-targeting
adsorption properties, significantly limiting the invasion by P.
aeruginosa and substantially slowing the progression of
infection. Ultimately, light activation of the mineralized
surfaces triggered the photo-Fenton effect, generating a
substantial amount of ROS that effectively killed the adsorbed
bacteria, thereby protecting the cornea from infection. This
highlights the profound impact of integrating targeted
antimicrobial features and photocatalytic capabilities in
artificial corneas for enhanced clinical outcomes.

3.8. Immunohistochemical Analysis. Immunohisto-
chemical analysis of the cornea provided conclusive evidence
to further validate the antimicrobial properties of specially
modified artificial corneas. On the third day of the experiment,
mouse corneal tissues were homogenized, and spread plate
assays were performed to assess the bacterial infection status.
As depicted in Figure 8A, the unmodified AC−OH group and
the minimally treated AC@APTES-TA group exhibited the
highest bacterial survival rates, at 100% and 90% respectively.
In contrast, the bacterial survival rate within the corneas of the
AC@ APTES-TA-CPBA group significantly reduced to 25%.
Notably, the corneas of the in situ mineralized AC@APTES-
TA-CPBA-FeOOH group and the light-exposed AC@ APTES-
TA- CPBA-FeOOH with light group showed nearly undetect-
able levels of bacterial infection, with infection rates of 5% and
0% respectively. These findings are consistent with observa-
tions of the degree of corneal inflammatory infiltration (Figure
8B). The most severe inflammatory infiltration was observed in
the AC−OH and AC@ APTES-TA groups. The degree of
inflammation in the AC@ APTES-TA-CPBA group decreased
to 40%, and further reduced to 20% in the AC@ APTES-TA-
CPBA-FeOOH group. Particularly, in the AC@ APTES-TA-
CPBA-FeOOH with light group, almost all inflammatory
factors were eliminated from the cornea, with an inflammatory
infiltration level of 0%.

Figure 7. (A) Schematic illustration of in vivo antibacterial experiment of AC@APTES-TA- CPBA-FeOOH. (B) Digital photos of corneal after
bacterial infection under different treatments.
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Results from the immunofluorescence experiments also
aligned with these observations (refer to Figure 8C), where the
distribution patterns of TNF-α within the mouse corneas
closely correlated with the extent of inflammatory infiltration.
Additionally, the bacterial survival rates (Figure 8D),
inflammatory infiltration (Figure 8E), and distribution of
TNF-α (Figure 8F) all demonstrated that under light
conditions, AC@ APTES-TA-CPBA-FeOOH exhibited excep-
tional ability in suppressing bacterial invasion. The low
bacterial survival rates and inflammatory responses achieved
through AC@ APTES-TA-CPBA-FeOOH treatment under
light exposure mark a significant breakthrough in the design of
artificial corneal implants. This discovery not only provides
new directions for the clinical application of artificial corneas
but could also significantly impact future therapeutic strategies
for corneal implant surgery, offering safer and more effective
treatment options for patients with corneal diseases.

4. CONCLUSION
The research on the AC@ APTES-TA-CPBA-FeOOH for
artificial corneas has yielded promising results, demonstrating
substantial improvements in antimicrobial efficacy, biocompat-
ibility, and in vivo performance, making it a potential game-
changer in ocular prosthetics. The modified artificial corneas
exhibited significant antimicrobial properties, particularly
under light exposure, where the incorporation of CPBA and
in situ mineralization with FeOOH nanoparticles dramatically
enhanced bactericidal capabilities. Notably, under illuminated
conditions, the AC@ APTES-TA-CPBA-FeOOH coating
achieved nearly complete eradication of bacteria, showcasing
the effectiveness of the photocatalytic and photo-Fenton
reactions. Cytotoxicity assays confirmed that these coatings
were nontoxic to normal cells, maintaining high cell viability
and showing no adverse effects on cell proliferation, indicating
that the modifications effectively target microbial threats while
preserving the integrity of surrounding ocular tissues. In vivo
experiments further validated the superior performance of the
modified coatings, as mice implanted with these corneas

Figure 8. (A) Digital photos of bacterial agar plates, (B) immunohistochemistry staining photos, and (C) TNF-α fluorescence localization photos
of mouse corneal tissue with different treatment. (D), (E), and (F) Relative analysis.
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displayed minimal signs of infection and inflammation,
particularly those treated under light conditions, where
inflammatory infiltration was virtually nonexistent. Immuno-
histochemical analysis aligned with these results, showing
reduced levels of inflammatory markers such as IL-6,
suggesting that the coating’s active properties prevent micro-
bial colonization and mitigate inflammatory responses. The
integration of APTES-TA, CPBA, and FeOOH into the surface
coating of artificial corneas provides a multifunctional
approach that enhances antimicrobial activity while ensuring
biocompatibility and reducing inflammatory responses. This
innovative treatment offers a promising solution to the risks
associated with corneal implants, particularly infections and
inflammation, thereby potentially revolutionizing the field of
ophthalmic prosthetics. The findings from this study pave the
way for future clinical trials and the eventual clinical
application of AC@ APTES-TA-CPBA-FeOOH coated
artificial corneas, aiming to improve patient outcomes in
corneal transplantation and rehabilitation.
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