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Nanomaterials exhibit a promising new avenue for treating infectious keratitis, having garnered consider-
able interest in the ophthalmic medical community due to their unique properties including higher target
specificity, enhanced bioactivity of loaded agents, reduced drug dosage, and stimulus-responsive drug
release. These stimulus-responsive nanomaterial-mediated therapeutic strategies offer innovative
approaches for managing ocular antimicrobial diseases. In this review, we aim to summarize current
applications of stimulus-responsive nanotherapeutics for ocular antimicrobial therapy. We briefly intro-
duce the basic ocular structure, ocular barrier, infectious keratitis classification, and its microenvironment.
Following this, we summarize the nanotherapeutic antimicrobial strategies employed in treating ocular
infections including endogenous stimulus-responsive ocular nanodrugs, sonodynamic therapy, and wear-
able device-based therapy, focusing on their design principles, developmental progress, and advantages
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and limitations. Finally, we critically evaluate the biosafety profiles of responsive nanomaterials, specifically
addressing cytotoxicity and immune interactions. To conclude, we discuss key challenges in this research
field and future opportunities with explicit emphasis on clinical translation and practical medical
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1. Introduction

The Eye of Horus is an emblem deeply woven into the fabric of
ancient Egyptian culture. It embodies reverence for deities and
symbolizes the pursuit of longevity, well-being, and renewal of
life." The human eye is a remarkable organ with a complex
physiological structure that enables us to perceive the world.
Such structural sophistication also renders it susceptible to
pathological threats. Unfortunately, infectious keratitis is
increasing globally, affecting approximately 800 people per
100 000. Eye infections and inflammation are now the fifth
leading cause of blindness worldwide, highlighting the urgent
need for prevention, diagnosis, and therapeutic strategies to
protect this vital sense organ.”

Bacterial and fungal infections are the most common
causes of infectious keratitis. Broad-spectrum topical anti-
biotics are often used as the first line of treatment for these
infections. However, this practice usually leads to failure
caused by antibiotic-resistant strains.>* These dual challenges
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of pathogen resistance and suboptimal drug delivery collec-
tively undermine conventional therapeutic efficacy. Despite
advances in ocular drug delivery, several challenges remain.
For example, topically administered drugs often struggle with
low bioavailability due to their lower penetration. Fortunately,
the recent surge in nanomedicine presents a promising path
forward, potentially paving the way for both early diagnosis
and effective treatment of infectious keratitis.>® The versatility
of nanotechnology allows tailored designs to overcome ocular
barriers while countering microbial resistance. Thus, many
nanomedicine platforms which are compatible with the patho-
logical environment of ocular infections have been developed,
such as liposomes,” nanoenzymes,®® polymer micelles,"
microneedles, hydrogels and so on."*

Among these platforms, stimulus-responsive delivery
systems have emerged as a promising type of drug delivery
platform due to their outstanding abilities, achieving precise
drug release and regulating reactive oxygen species (ROS)

scavenging/generation  in  response to  endogenous
signaling molecules present in ocular infectious
microenvironments.">'®  Incorporating stimulus-responsive

properties into ocular drug delivery systems improves drug tar-
geting and reduces biotoxicity. Ocular nanoplatforms show the
potential to halt disease progression and mitigate vision loss
in infectious keratitis."*'*> These nanomedicines offer unique
physicochemical properties due to their ultra-small dimen-
sions, providing an effective alternative to clinical therapies.
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Unlike macroscopic materials, nanomaterials have better
photothermal and electro-mechanical conversion capabilities,
providing a rich choice for stimulus-responsive ocular drug
delivery systems.'®'” Furthermore, compared to conventional
antimicrobial agents, this concept can also be applied in the
design of nanodrugs for treating infectious keratitis. The
loaded drugs are designed to release at specific sites which
can be triggered by external stimuli, including light, ultra-
sound, magnetism, X-rays, and endogenous stimuli such as
anterior segment pathology markers, pH, and endogenous
ROS.’®' Such innovative nanomedicines show immense
potential for clinical applications such as treatment of infec-
tious keratitis with minimal side effects.

While most existing reviews on stimulus-responsive nano-
materials for ocular diseases predominantly focus on singular
material categories (e.g., polymers or hydrogels) or specific
infection types (bacterial or fungal), the field has recently wit-
nessed exponential growth in publications exploring various
stimulus-responsive nano-systems for ocular anti-infective
applications.>**" Thus, our review specifically examines infec-
tious keratitis through systematic analysis of emerging respon-
sive nanomaterial platforms. The discussion is structured
through three critical dimensions: (1) classification of func-
tional nanomaterials with therapeutic potential, (2) mecha-
nisms of endogenous/exogenous activation, and (3) structure-
function relationships in material design. By consolidating
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recent advances in stimulus-responsive drug delivery systems
(SPR-DDS), we particularly emphasize their therapeutic
implementations for ocular infections. Through rigorous ana-
lysis of design principles and performance benchmarks, this
work establishes a foundational framework connecting struc-
tural parameters to antimicrobial efficacy. The proposed struc-
ture-performance correlation model ultimately advances the
development of nanomedicines for improved clinical out-
comes in keratitis treatment (Fig. 1).

2. Overview of eye infections
2.1 Ocular structure and the ocular barrier

Eye drops account for around 90% of clinical drug delivery.
This route of administration can avoid hepatic toxicity, a
concern with oral drug delivery.*>*® Yet, precise drug targeting
across the ocular barrier is a challenge in clinics. Human eyes
have natural barriers to prevent external bacteria and viruses,
but these also impede traditional drug delivery. These barriers
consist of eyeball walls and contents. In addition, the cornea’s
monolayer of fibers and posterior wall create a sealed outer
wall to protect eyes and ensure their optimal function.

When eyes are infected, drugs must overcome various bar-
riers to reach the infection site. The physiological barriers
include the tear and mucus barriers. The tear film (~3 pm
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Fig. 1 Diverse applications of stimulus-responsive drug delivery systems for ocular infectious keratitis. (a) Schematic diagram of corneal anatomy.
(b) Schematic diagram of the stimulus-response strategy used to treat corneal infections.

thick) has a lipid layer to prevent water loss and an aqueous
layer for lubrication (Fig. 1a). Eye drops are quickly excreted
via nasolacrimal drainage, and the tear barrier’s mucin binds
with foreign substances, further hindering drug access.>**

2.2 Infectious keratitis classification and microenvironment

Infection keratitis can be categorized into bacterial keratitis
(caused by Staphylococcus aureus and Pseudomonas aerugi-
nosa),”® fungal keratitis (due to Candida albicans, Fusarium,
Aspergillus, and Cryptococcus),”” and viral keratitis (induced by
Herpesvirus).”® The pathological microenvironment of bacterial
keratitis is a complex and delicate system. When foreign patho-
genic microorganisms attack and damage corneas, corneal
limbal blood vessels dilate and constrict, forming greyish-
white cloudy foci with indistinct borders. As inflammation pro-
gresses, inflammatory infiltration is further aggravated, result-
ing in dark-greyish or greyish-yellow opacified foci with darker
edges. Corneal epithelial cells proliferate quickly to cover the
ulcerated surface. At this point, the collagen I/III ratio
increases, compromising the biomechanical properties of the
repaired skin, leading to scarring and compromising vision
recovery. Bacterial biofilm formation represents a further
serious characteristic of bacterial and fungal keratitis.>
Biofilms are typically constituted by extracellular polymers,
which coalesce to facilitate settlement at the biotic/abiotic
interface, particularly in applications of ocular implantable
and non-implantable devices (e.g., intraocular lenses, contact
lenses, lacrimal duct cannulas, and orbital implants).** The
formation of bacterial biofilms effectively shields bacteria
within the biofilm from external interference. More impor-
tantly, the bacterial biofilm has characteristics of reduced
internal O, levels,’® low pH,*"** and high GSH/H,0,
expression.*** Besides, bacteria and fungi often exhibit elev-
ated levels of MMP-9,%>° HAase, lipase, and gelatinase. Other
specific enzymes are essential for the successful invasion,
expansion, and colonization of bacteria against the host.*”*°

This journal is © The Royal Society of Chemistry 2025

2.3 Bacterial biofilm formation and infection in ocular
implants

It is estimated that two-thirds of human infections are biofilm-
associated. The formation of bacterial biofilms plays a vital
role in ocular diseases, particularly on the ocular surface,
where microbial abundance is relatively low compared to other
body parts. This apparent paradox—biofilm predominance in
a low-biomass niche—may arise from the ocular surface’s
unique immunological tolerance, which inadvertently creates
permissive conditions for biofilm initiation. The limited
number of bacteria also contributes to maintaining ocular
health by competing with potential pathogens in the external
environment and modulating immune response.’®*!
Moreover, when the ocular surface is stimulated by other high-
risk factors, such as surgery, trauma, and other ocular devices,
such as contact lenses, bacteria breach ocular surface defenses
and increase rapidly in clusters. Such environmental pertur-
bations destabilize the ocular surface microbiota equilibrium,
triggering quorum sensing pathways that accelerate biofilm
developmental phases. This process is characterized by highly
dynamic regulation of adherence, colony formation, extracellu-
lar matrix production, maturation, and dispersal.*"** The for-
mation of bacterial biofilms is regulated by external factors
(mechanical vibration, temperature, ionic concentration, and
nutrients) and internal factors (genetic factors and signaling
molecules). Synergistic interactions between these regulatory
factors promote preferential colonization of abiotic surfaces,
as exemplified by the accelerated biofilm formation on contact
lenses—a process initiated by pathogen adhesion to surface
irregularities in ocular implants.**

Since the Second World War, the successful introduction of
poly(methyl methacrylate) intraocular lenses (PMMA IOLs) has
revolutionized conventional treatments.** Since then, ophthal-
mic implants have undergone significant advancements,
offering patients benefits through innovative ocular implants,
including contact lenses, drainage valves, corneal stromal
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rings, and intraocular lenses. Furthermore, bacteria at the
biotic/non-biotic interface have constrained the application
and design of ocular implants. The prevailing view on biofilm
formation is that surface properties of solid objects provide
conditions for colonization by specific microorganisms. For
example, Pseudomonas aeruginosa has a highly hydrophobic
surface, while Staphylococcus aureus has a highly hydrophilic
surface. The surface hydrophilicity of a solid implant influ-
ences its adsorption of specific proteins. For instance, lyso-
zyme in tear film is preferentially adsorbed by contact lenses
with hydrophilic interfaces, while contact lenses with hydro-
phobic interfaces accumulate more lipoproteins and
lactoferrin.

In addition, bacterial biofilms play a significant role in
ocular infections. These biofilms have been confirmed in
various ocular implants, including IOLs, vitreous globules,
corneal stromal rings, and prosthetic lenses. In the U.S.,
around 56% of corneal ulcers are linked to contact lens wear.**
Bacterial adhesion and biofilm formation can be divided into
two main stages. Initially, an abiotic/abiotic interface is estab-
lished, which enables bacteria to bind to each other through
bacterial adhesion. This process is mediated by bacterial sur-
faces, such as autolysin protein. Secondly, biofilm formation is
partially controlled by colony sensing. This process involves
bacteria interacting with each other and utilizing a range of
intercellular communication and colony sensing systems to
facilitate collective behavior in vivo, such as biofilm formation
and colony escape.**"*¢

3. Stimulus-responsive ocular
nanodrug
3.1 Endogenous stimulus-responsive ocular nanodrugs

3.1.1 Enzyme/pH-based nanodrug therapy. As is known,
the level of matrix metalloprotein (MMP), nitroreductase
(NTR), and ROS is increased at bacterial keratitis sites.>* Thus,
MMP-9 responsive nanocarriers can be exploited as a novel
nanoplatform for ocular infection treatment. In 2020, Han
et al.”’ developed a photosensitive supramolecular nano-
composite (MMP-S NPs) responding to MMP-9 for keratitis
treatments (Fig. 2a). Triggered by the high expression of
MMP-9 in the keratitis microenvironment, the protective poly-
peptide shell of MMP-S NPs was removed. The internal cat-
ionic peptide was exposed, thus achieving efficient penetration
into the bacterial biofilm and efficient binding of bacteria.
This MMP-S NP exhibited excellent antibacterial activity
through a time-dependent antibacterial behavior test (Fig. 2b).

Nitroreductase is a predominantly bacterial enzyme also
found in some eukaryotes. Thus, it can also be employed in
designing novel delivery systems. In 2024, Xiang et al*®
designed a novel nanoplatform, named Cu,_,Se@BSA@NTRP,
for combinational diagnostic and therapeutic applications,
exhibiting effective antibacterial activity (Fig. 2c and d). This
nanoplatform facilitated corneal wound epithelization in vivo
by leveraging bacterial endogenous nitroreductase probes
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(NTRP) to generate responsive signals within bacterial cells.
This endogenous enzyme response nanoplatform effectively
reduced potential biological toxicity and was expected to
achieve clinical applications. However, the main pathogenic
microorganisms of keratitis infection are very different; screen-
ing more endogenous enzyme response platforms with high
targeting and low toxicity has become more challenging.

The environment of infectious corneal trauma exhibits
acidic pH, which has been widely applied to design smart
nanotherapeutics. Low pH plays a key role in corneal epi-
thelium regeneration, inflammation progression, neovasculari-
zation, and scarring during wound healing.?” For example, in
2022, He et al proposed an integrated nanoplatform
(MSNs@lyticase-PDA-Ga, MLPGa) based on lyticase and Ga®*
for eradication of both planktonic Candida albicans and
mature biofilms (Fig. 2e and f).** After degrading the dense
extracellular polysaccharide produced by fungi, Ga®" is
released in the acidic biofilm microenvironment of fungi (pH
6.5). This nanoplatform achieved excellent antibacterial per-
formance in vivo and real-time monitoring of Ga** release,
demonstrating promising potential in clinical practice. In
another study, under an endogenous stimulus of pH 5.5, Wang
et al. developed a novel low-temperature photothermal antibac-
terial agent for E. coli-induced mouse keratitis treatment, con-
firming that pH could trigger nanoreactors for keratitis
biofilm disruption and deep biofilm penetration.>®

3.1.2 ROS-based nanodrug therapy. ROS can effectively
eliminate pathogens through various mechanisms involving
oxidative and non-oxidative stress pathways. Oxidative stress
damage occurs upon direct interaction with bacteria, whereas
non-oxidative stress damage is associated with ROS-mediated
signaling vig pattern recognition receptors, autophagy pro-
cesses, neutrophil extracellular traps, and T cell
infiltration.”* > However, certain pathogenic microorganisms
have developed adaptive strategies in response to the host’s
immune-mediated production of ROS. This persistent adap-
tation demands precise control of ROS levels. Consequently,
focusing on the regulation of ROS is considered a novel anti-
biotic alternative therapy.>*™>® Current antimicrobial therapies
via ROS can be categorized into two types: those triggered
endogenously and those activated exogenously. Endogenous
ROS-based antimicrobial strategies involve chemical reactions
facilitated by ROS within the disease microenvironment or
through intrinsic chemical processes inherent to materials.

Thus, triggering a dramatic increase in endogenous ROS in
keratitis therapy is considered to be a more promising anti-
biotic replacement therapy.’” For example, in 2024, Huang
et al. constructed a collagen nanosheet loaded with the anti-
bacterial peptide Tet213 in the treatment of keratitis by up-reg-
ulating intracellular ROS generation.”® In another study,
Zhang et al. also harnessed the up-regulated ROS at infection
sites to effectively address bacterial keratitis.>> By employing
poly( phenylboronic acid-(3,4-dihydropyrimidin-2(1H)-one))-co-
(2-lactobionamidoethyl methacrylate) glycopolymeric micelles,
the PBA-DHPM moiety serves as a targeting ligand, which
facilitates penetration through the corneal epithelium while

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Representative enzyme/pH-responsive nanoplatform for keratitis infection treatment. (a and b) Schematic diagram of MMP-9 sensitive nano-
particle and corresponding anti-bacterial assay. Reproduced with permission from ref. 47. Copyright© 2020 Elsevier. (c and d) Nitroreductase-sensi-
tive nanoparticle and corresponding anti-bacterial test. Reproduced with permission from ref. 48. Copyright© 2024 Elsevier. (e) Schematic diagram
of visualized gallium-based antifungal strategy. (f) Corresponding antifungal biofilm assay of MSNs@lyticase-PDA-Ga. Reproduced with permission

from ref. 49. Copyright© 2022 Willy.

simultaneously eliminating local ROS at infected areas. This
approach not only promoted bacterial eradication but also
aided in ROS removal, enhancing wound healing processes.

3.2 Exogenous stimulus-responsive ocular nanodrugs

3.2.1 PDT & PTT-based therapy. Photodynamic therapy
(PDT) effectively eliminates bacterial cells by generating highly
toxic ROS species. Typically, PDT comprises three essential
components: the photosensitizer, light, and oxygen. Based on
the distinct mechanisms of ROS generation, photosensitizers
can be categorized into Type I and Type II. Under light exci-
tation, Type II photosensitizers generate singlet oxygen (*O,)
through an energy transfer mechanism, whereas Type I photo-
sensitizers produce ‘OH, O, ", and H,0, via an electron trans-
fer process. However, the therapeutic efficacy of PDT is con-
strained by the limited light penetration depth and suboptimal
levels of tissue oxygenation.®*®

Photosensitizers are a key factor of PDT. Porphyrin deriva-
tives, methylene blue, riboflavin, and rose red are most com-
monly applied in ophthalmology (Fig. 3a-c).**®* Under
irradiation with light, typically small organic molecule photo-

This journal is © The Royal Society of Chemistry 2025

sensitizers can generate high-yield ROS that can rapidly and
effectively eliminate bacteria and exhibit low toxicity to normal
tissues. However, due to the inadequate regulation of ROS, the
excessive cross-linking of corneal collagen fibers and the
blocking of photosensitizers to bacterial membranes restrict
the applications of photodynamic therapy (PDT) in eye
infections.®

Therefore, combining photosensitizers with other targeted
functional components is applied to achieve specific bacterial
capture and enhance photodynamic therapy. For example, in
2002, Zhu et al. obtained a series of block-specific diblock
copolymers PaGalso-b-PGRB,, via reversible addition-break
chain transfer polymerization (RAFT) for killing internal bac-
teria through carbohydrate-protein interactions to disperse
the biofilm (Fig. 3d).%° In another study, Chen et al. developed
an intelligent phage eye drop that combined the phage with a
type I photosensitizer to overcome the oxygen-deficient depen-
dence of the bacterial biofilm of the eye and subsequently
penetrate and destroy the biofilm, effectively clearing the bac-
terial biofilm of the cornea (Fig. 3a and b).®* Similarly, the
difference in membrane structure between G~ and G' bacteria

Nanoscale, 2025, 17,13653-13667 | 13657
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bacterial extracellular polymers. Reproduced with permission from ref. 66. Copyright®© 2022 Willy. (e) Butterfly-shaped aggregation-induced lumi-
nescent polymeric assemblies for the treatment of keratitis bacterial biofilms. Reproduced with permission from ref. 72. Copyright®© 2023 American
Chemical Society. (f) V,C MXene nanoplatforms for PTT and CDT therapy. Reproduced with permission from ref. 77. Copyright© 2024 Willy.

means that the membrane of G~ bacteria comprises LPS (lipo-
polysaccharide), which restricts the adhesion and deep pene-
tration of photosensitizers. For instance, Zhou et al. developed
a peptide-photosensitizer conjugate by conjugating a hydro-
phobic cationic short peptide and a hydrophobic AIE photo-
sensitizer for anti-skin infection and anti-keratitis infection,
demonstrating an effective degradation of the structural integ-
rity of bacterial outer membranes in vivo by the nanoconju-
gate-mediated PDT effect (Fig. 3¢).**

Photothermal therapy (PTT), by converting absorbed light
energy into heat, produces a thermal effect in the disease area
and destroys the integrity of bacterial membrane, disrupting
the normal physiological function of bacteria.®”*® Specifically,
photothermal preparations do not require endocytosis, endow-
ing them as a strong competitor to antibiotic replacement
therapy. To improve small molecule-based photothermal con-
version efficiency, there are two strategies: (I) increase the
molar absorption coefficient®®’® and (II) excited intra-
molecular motion.”" For instance, in 2023, Yan et al. designed
three butterfly-shaped aggregation-induced luminophores

13658 | Nanoscale, 2025, 17, 13653-13667

(AIEgens) with balanced non-radiative and radiative attenu-
ation for imaging-assisted photothermal killing of bacterial
biofilms (Fig. 3e).”” In another study, Lochenie et al. designed
a benzothiazole-paired material by combining non-photosensi-
tive and photosensitive benzothiazoles and modularized this
material into a pathogen-binding peptide, achieving broad-
spectrum antimicrobial activity.”

On the other hand, hypoxia is a common state of bacterial
infection, which limits the application of photosensitizing
agents in an anoxic microenvironment at infectious sites.
Hypoxia-triggered drug releasing systems also have been
applied in bacterial infections. For example, in 2021, Bai et al.
developed an oxygen-self-supplied nanoplatform based on a
fluoridated BODIPY sugar simulator through RAFT polymeriz-
ation.” This platform could alleviate the anoxic microenvi-
ronment in keratitis and interfere with bacterial biofilm colo-
nization. In in vivo studies, target inactivation of nanodrugs
was achieved under visible light irradiation, thus enhancing
the photodynamic therapy effect on bacterial infections. For
another example, in 2022, Wang et al. used the spontaneous

This journal is © The Royal Society of Chemistry 2025
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oxygen-producing capacity of cyanophytes as carriers for deli-
vering photosensitizers Ce6 and ultra-small Cu,sO nano-
particles with catalase activity for relieving hypoxia.”> Under
laser irradiation, this nano complex showed enhanced photo-
dynamic therapy on refractory Kkeratitis by reversing the
inherent  oxidative  stress state of the keratitis
microenvironment.

Among inorganic nanomaterials, MXene-based nano-
materials exhibit excellent photothermal conversion efficiency
(PCE).”® However, MXene has a limited response to laser
irradiation in the NIR-II region. Thus, constructing an MXene-
based heterojunction is an effective strategy to improve its
therapeutic efficacy. For instance, in 2024, He et al. modified
platinum nanoparticles onto V,C nanosheets to obtain a novel
artificial nanoplatform (Pt@V,C) for eliminating methicillin-
resistant Staphylococcus aureus. This nanocomposite showed
enhanced photothermal conversion efficiency, NIR-II region
light absorption, and NIR-II region enhanced POD-like and
OXD-like activities (Fig. 3f).”” In another study, they con-
structed monolayer high-entropy MXenes (HE MXenes) for
anti-infection treatment by implementing transition metals
with high entropy and low Gibbs free energy to fill the gap.”®
By exposing the active site of the high-entropy atomic layer, HE
MXenes realized NIR-II enhanced intrinsic oxidase mimic
activity for eliminating Staphylococcus aureus and quickly
removing the biofilm in vivo.

Nanoenzyme or PDT, PTT-mediated antibacterial nano-
materials with high catalytic activity have advantages against
skin and corneal infections.””®" Under the stimulation of an
external light source and endogenous factors, the photo-
catalytic and enzymic catalytic nanomaterials exhibit an advan-
tage in low cost and easy manipulation, which may provide a
promising potential for clinical applications.®**

3.2.2 SDT-based therapy. As a non-invasive and highly
penetrating cancer treatment, sonodynamic therapy (SDT) can
overcome the insufficient penetration depth of light-triggered
therapy.®*®® The main mechanisms of SDT include inertial
cavitation triggering sonosensitizer-mediated generation of
ROS species and pyrolysis bubble rupture generating ROS.%”-%%
Some photosensitizers also can be activated by ultrasound,
such as porphyrin monomethyl ether, indocyanine green, and
phthalocyanine.®®®! Inorganic sonosensitizers (piezoelectric
materials, metal oxide nanomaterials, etc.) and organic sono-
sensitizers (porphyrin derivatives, phthalocyanine derivatives,
etc.) are the primary sources. More importantly, sonodynamic
antibacterial therapy could enhance the permeability of sono-
sensitizers into bacterial biofilms.

In the realm of ophthalmic ultrasound medicine, ultra-
sound-based imaging leverages unique properties of sound
waves because they traverse ocular tissues to furnish ophthal-
mologists with critical diagnostic insights regarding eye
morphology.®>®® This technique is characterized by its rapid
execution, non-invasive nature, and absence of radiation
exposure. However, SDT is infrequently employed in ophthal-
mology, potentially due to hypoxic conditions prevalent in the
ocular microenvironment. The intricate structure of ocular

This journal is © The Royal Society of Chemistry 2025
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anatomy combined with high-intensity ultrasound can gene-
rate heat that leads to irreversible damage to ocular tissues,
subsequently impairing patients’ vision. Conversely, thera-
peutic ultrasound has significant advantages in high-intensity
focused ultrasound (HIFU) treatment of glaucoma and ultra-
sound-mediated drug delivery.’® On the other hand, due to the
ocular barriers, local ultrasound-mediated drug delivery is a
promising strategy for treating ocular infectious diseases.”"®
As a nano-therapy platform, the ultrasound-responsive hydro-
gel patch is designed to fit seamlessly into the eye, offering an
excellent choice for antibacterial treatment of keratitis. For
instance, in 2024, Kong et al. developed a composite antibac-
terial patch that integrated near-field electrospinning microfi-
bers with gold nanoparticle-modified barium piezoelectric tita-
nate nanoparticles (Au@BTO) and human collagen (RHC)
hydrogel (Fig. 4a).”” This platform simulated the natural struc-
ture of corneal tissue, enhancing adhesion and delivering
effective ocular antibacterial therapy. After being treated with
an ultrasound patch, the corneal defect of mice was signifi-
cantly relieved, and the wound was recovered (Fig. 4b). Thus,
sonodynamic therapy combined with new drug delivery
vehicles could achieve multifunctional and full-cycle treat-
ments of anti-keratitis.

3.2.3 Wearable device-based therapy. Wearable devices
provide a new therapeutic paradigm for treating ocular infec-
tious diseases.”® % Three wearable devices (microneedles,
hydrogels, and contact lenses) are considered closely related to
ophthalmology for treating keratitis. While these innovations
offer targeted delivery advantages, conventional ocular thera-
pies confront fundamental limitations. Local administration
of eye drops requires multiple administrations due to their low
bioavailability. Thus, microneedles have gained continuous
attention and significant progress as an innovative ocular drug
delivery method in the past decades.

To date, due to the pain caused by microneedles in the
eye’s cornea, miniaturization and degradable microneedles
have been developed as a promising approach for the treat-
ment of ocular infections. For instance, in 2022, Park et al
designed a novel ocular drug delivery platform integrating
silicon nanoneedles with a tear-soluble contact lens.'”" The
silicon nanoneedles penetrated the cornea in a minimally
invasive manner and achieved long-term sustained anti-
inflammatory ocular drug delivery. This platform showed a
new way to deliver drugs to the eye and played a role in eye
tumors or infections (Fig. 5a-c). Another representative
example is the topical delivery of predatory bacteria to fight eye
bacterial infections. In 2021, Cui et al. developed frozen micro-
needles filled with bacterial suspension of glycerin, PBS, and
predatory bacterium B. bacteriovorus for treatments of ocular
surface disorders.'® These frozen MNs can release
B. bacteriovorus to remove Gram-negative bacteria and achieve
an excellent antibacterial effect in a rodent eye infection model
(Fig. 5d-f).

Loading nano-enzymes with antibacterial activity into wear-
able devices is a promising antimicrobial strategy. In 2023,
Kong et al. designed frozen reinforced microneedles loaded
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Fig. 4 Representative SDT-based therapy. (a and b) Schema of representative SDT anti-keratitis therapy and related antibacterial effect in the bac-
terial keratitis model. Reproduced with permission from ref. 97. Copyright© 2024 Willy.

with an iron ion-based nano-enzyme, tannic acid (TA), and
polyethylpyrrolidone (PVP) for keratitis treatments (Fig. 5g)."%*
This microneedle showed a superior therapeutic effect in rat
eye infections compared with conventional eye drops, owing to
the photothermal effect and peroxidase-mimetic activities.
However, the preparation progress of this microneedle treat-
ment is complicated, limiting its further clinical applications.
In another example, Liu et al. developed Mn oxide nano-
cluster-modified graphene nanosheets (MnOx/GDY) as multi-
enzyme-like nanoenzymes.'' These nanosheets were then
loaded into hyaluronic acid (HA) and polymethyl methacrylate
ocular microneedles (MGMN) to treat bacterial and fungal ker-
atitis (Fig. 5h). This MGMN platform potently eliminated
pathogens, prevented biofilm formation, reduced inflam-
mation, and alleviated ocular hypoxia in vitro and in vivo.
Hydrogel, a promising drug carrier and sustained drug
release system, has received extensive attention in treating
corneal infection and promoting corneal wound repair.
Recently, hydrogels have mainly been applied to combat severe
infectious keratitis. For example, in 2023, Meng et al. intro-
duced a hybrid hydrogel composed of silk fibroin protein
and chitosan for treating infectious keratitis.'°® The hybrid
hydrogel showed excellent capabilities of anti-inflammatory,
anti-bacterial, and proliferative stimulation due to the double
network formed from silk fibroin and polydeoxyribonucleotide
quaternary chitosan (Fig. 6). This dual network-based hydrogel
showed mechanical strength and transparency like a natural
cornea, thus effectively eliminating residual bacteria in vitro
and in vivo, alleviating inflammation, promoting regeneration
of corneal epithelium, and finally promoting wound healing.
Stimulus-responsive hydrogels with
designs are emerging as transformative platforms for ocular

tailored material

infection therapy by integrating precise immunomodulation
and antibacterial functions through advanced chemical engin-
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eering. For instance, Lin et al. engineered a pHEMA CL-based
hydrogel via synergistic integration of quaternized chitosan
(QCS) and epigallocatechin gallate (EGCG), creating a ROS-
responsive dual-functional system that combines cationic anti-
microbial action with antioxidant polyphenol activity.'®” This
design achieved high bacterial eradication and significantly
reduced inflammatory TNF-a levels through sustained ROS
scavenging and controlled drug release. In addition, Fan et al.
developed a  cGelMA/CGA-CL  hydrogel wusing UV-
initiated photopolymerization to conjugate chlorogenic acid
(CGA) into a moisture-retentive porous network, enabling pH-
dependent CGA release.'®® The system demonstrated potent
antibacterial efficiency against Pseudomonas aeruginosa and
suppressed IL-6 production via simultaneous pathogen elimin-
ation and macrophage polarization modulation. These
advances highlight the potential of chemically engineered
hydrogels to address ocular infections through multifunctional
therapeutic mechanisms.

Stimulus-responsive nanoplatforms combining endogenous
triggers (e.g., pathological pH/enzymes) with exogenous actua-
tion (e.g., near-infrared/ultrasound) represent a paradigm-shift-
ing approach for precision management of bacterial keratitis
through spatiotemporally resolved therapeutic actions.
Endogenously activated systems leverage infection-specific bio-
markers to enhance biofilm penetration and trigger localized
drug release, addressing antibiotic resistance by minimizing
off-target effects. Externally guided modalities enable on-
demand pathogen eradication via physical energy conversion
while preserving ocular tissue integrity through controlled
energy deposition. Critical advancements require (1) develop-
ment of adaptive smart nanocarriers capable of sequential
responses to dynamic infection microenvironments, (2) sys-
tematic optimization of stimulus parameters to maximize anti-
microbial efficacy while maintaining corneal transparency,

This journal is © The Royal Society of Chemistry 2025
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and (3) rational design of biodegradable nanocomposites with 4 Biosafety: CytOtOXiCity and immune
tunable ocular residence times to balance therapeutic persist- interactions

ence and metabolic clearance. This multimodal integration

strategy establishes a foundation for next-generation personal- 4.1 Cytotoxicity of nanomaterials

ized nanomedicine against sight-threatening corneal Stimulus-responsive nanomaterial platforms, including metal-
infections. lic, carbon-based, and polymeric nanomaterials, have demon-
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Fig. 6 Representative antibacterial hydrogels for treatment of infectious keratitis. (a) Scheme of versatile SF/CF-based hybrid hydrogel (SQPV) for
antibacterial, anti-inflammatory, promotion proliferation, and prevention scare. (b and c) The anti-bacterial effect of SQPV in vitro and in vivo.

Reproduced with permission from ref. 106, Copyright© 2023 Elsevier.

strated considerable potential in the treatment of ocular infec-
tions through the controlled generation of reactive oxygen
species (ROS)."*'° preclinical studies have shown that silver
nanoparticles (AgNPs), gold nanoparticles (AuNPs), carbon
nanotubes, and graphene derivatives exhibit significant anti-
microbial activity, primarily mediated by rapid ROS
production."™"* However, the inherent ocular toxicity of
these nanomaterials, driven by mechanisms such as oxidative
stress, inflammatory cascades, mechanical damage, and apop-
tosis, necessitates rigorous evaluation. This is particularly criti-
cal given the eye’s heightened sensitivity and the inevitable
interactions between nanomaterials and ocular tissues.

As summarized in Table 1, the toxicity profiles of nano-
materials vary significantly depending on their composition,

including metals, metal oxides, carbon-based materials, poly-
mers, and quantum dots. For instance, AgNPs have been
associated with Ag'-induced corneal ulceration, while TiO,
nanoparticles can cause UV-activated ROS-mediated corneal
epithelial damage. The route of exposure, whether topical,
intravitreal, or systemic, also plays a critical role in determin-
ing the manifestation of toxicity, which may include conjuncti-
val congestion,'** corneal edema,'’® and retinal injury.’*®'"”
Furthermore, factors such as particle size, surface charge,
surface modifications, and exposure duration significantly
influence the ocular toxicity of nanomaterials."*®'"® For
example, smaller nanoparticles are more likely to penetrate
ocular tissues, while positively charged nanoparticles tend to
exhibit stronger interactions with cell membranes."*"*! These

Table 1 Ocular toxicity of stimulus-responsive nanomaterials

Ocular toxicity

Category Materials manifestations Toxicity mechanisms Exposure routes Symptoms/damage
Metal NPs  Au NPs'?° Corneal deposition Oxidative stress Eye drops, i.v. Corneal edema; blurred vision
injection retinal vascular leakage
Ag NPs™*° Conjunctival hyperemia; lens  Ag” ion release Topical, corneal ulcers
damage environmental
ROS overproduction
Metal TiO, Nps'?! Photo-induced retinal Photocatalytic ROS UV exposure, Photophobia macular
oxides damage corneal scarring inflammatory responses  topical degeneration; corneal opacity
Zn0 NPs'*? Ocular surface inflammation ~ Zn®" release, lysosomal ~ Topical, aerosol Dry eye syndrome conjunctival
membrane disruption inhalation hyperemia
Carbon- Carbon Corneal injury, chronic Physical abrasion, Dust contact, Corneal scarring, vision loss,
based nanotubes,'* fibrosis NLRP3 inflammasome  surgical implants  elevated glaucoma Retinal
GOo'* Retinal pigment epithelium  activation Intravitreal edema, visual field defects
(RPE) apoptosis, blood- injection, systemic
retinal barrier disruption
Polymeric ~ PLGA™® Transient intraocular Particle blockage of Intravitreal IOP fluctuation; iris adhesion
NPs pressure (IOP) elevation, trabecular meshwork, injection,
implants
Quantum  CdSe/ZnS QDs'*®  Retinal phototoxicity, optic Cd*" leakage, ROS iv. injection, light ~ Nyctalopia; optic nerve
dots nerve degeneration generation exposure atrophy
Others Black Conjunctival goblet cell loss,  Physical adsorption of Photothermal Acute retinal detachment
phosphorus'®’ tear film instability tear components ocular application vitreous opacity

13662 | Nanoscale, 2025, 17, 13653-13667
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considerations highlight the need for a comprehensive under-
standing of nanomaterial properties and their biological inter-
actions to ensure safe and effective therapeutic applications.

4.2 Immune response and biocompatibility

Immune compatibility and controlled biological interactions
are pivotal for advancing nanomaterial-based drug delivery
systems toward clinical translation. Nanomaterials exhibit
material-dependent immunomodulatory effects, ranging from
innate immune cell phagocytosis to inflammasome activation
and pro-inflammatory cytokine upregulation. These divergent
behaviors underscore the necessity of tailoring nanomaterial
design to minimize unintended immune activation while pre-
serving therapeutic efficacy.

The ocular immune response to nanoparticles is governed
by distinct mechanisms across material categories. Metallic
nanoparticles (AgNPs, AuNPs) activate NLRP3 inflammasomes
in macrophages, promoting IL-1B, IL-6, and TNF-a secretion
that exacerbates corneal inflammation and blood-ocular
barrier disruption.’** Metal oxides (TiO,, ZnO), conversely,
induce cellular stress through ROS-mediated complement acti-
vation and CXCL8 chemokine release, with PEGylation and
size optimization (<50 nm) offering partial mitigation of
immunogenicity.'>>"'>* Carbon-based materials, while prone to
TGF-p-mediated fibrosis and corneal scarring due to physical
damage, can be rendered safer by modulating oxidation states
(C:0 > 2) and applying biocompatible coatings (e.g., polyethyl-
ene glycol, hyaluronic acid)."*>'?® A notable exception lies in
black phosphorus nanosheets (BPNS), which exhibit dual
photothermal utility and immune risks: near-infrared
irradiation triggers HSP70 release and TLR4/NF-xB pathway
activation, while their oxidative degradation into phosphate
derivatives stimulates APC-driven CD4" T cell activation."*”"*®

Collectively, these findings highlight three translational
imperatives. First, rigorous evaluation of long-term biosafety,
including cumulative retention and degradation Kkinetics, is
essential for clinical adoption. Second, toxicity mitigation
strategies (surface functionalization, size control, oxidation
modulation) must be optimized to delay harmful byproduct
release and attenuate immune recognition. Finally, engineer-
ing immunotolerant “stealth” systems through biomimetic
coatings or microenvironment-specific property tailoring (e.g:,
charge, stimuli-responsiveness) could enable precision target-
ing of ocular pathologies such as infectious keratitis or glau-
coma, bridging the gap between nanomaterial innovation and
clinical viability.

5 Conclusion

Stimulus-responsive nanomaterials have emerged as a trans-
formative strategy for ocular antimicrobial therapy, particularly
in managing infectious keratitis. While endogenous triggers
(pH, enzymes, H,0,, hypoxia) enable localized drug activation,
current mono-stimulus approaches inadequately address the
multifactorial pathology of corneal infections. Externally acti-

This journal is © The Royal Society of Chemistry 2025
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vated systems utilizing light (PTT/PDT) or ultrasound (SDT)
demonstrate superior clinical potential due to their spatiotem-
poral precision and dual-targeting capabilities against patho-
gens and inflammation. Combinatorial regimens integrating
these modalities are poised to become first-line interventions,
offering synergistic efficacy while circumventing antimicrobial
resistance mechanisms. Future designs must prioritize multi-
stimuli-responsive platforms to mimic dynamic ocular
microenvironments.

The integration of ocular imaging technologies (PA, MRI,
PET-CT) with smart nanocarriers represents a paradigm shift
toward theranostic platforms. Real-time visualization of drug
release kinetics and lesion progression through multimodal
imaging enables personalized dose adjustment and thera-
peutic monitoring. For instance, PA imaging excels in
mapping anterior segment vasculature, while MRI provides
deep-tissue resolution for posterior segment infections. These
advancements address critical challenges in assessing thera-
peutic responses within optically complex ocular tissues, brid-
ging the gap between preclinical models and clinical
translation.

In practical medical scenarios, stimulus-responsive systems
demonstrate unique advantages: photoactivated nano-thera-
pies enable precise treatment of perioperative infections
during cataract surgery, while enzyme-sensitive carriers
improve drug bioavailability in diabetic keratopathy with
altered tear protease profiles. Fluorescence-guided nano-
systems prove invaluable for intraoperative margin delineation
in fungal keratitis debridement. Emerging technologies like
OCT-coupled nano-thermometry allow non-invasive monitor-
ing of treatment efficacy in acanthamoeba infections.
However, clinical implementation requires rigorous optimiz-
ation of nanomaterial biosafety profiles and imaging compat-
ibility to meet ophthalmic standards, particularly regarding
corneal transparency maintenance and intraocular pressure
stability.

Data availability

This is a review paper; there are no data issues.

Conflicts of interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The authors acknowledge the financial support from Eye &
ENT Hospital, Fudan University, China.

Nanoscale, 2025, 17,13653-13667 | 13663


https://doi.org/10.1039/d4nr05462h

Published on 28 april 2025. Downloaded on 22.10.2025 16:24:49.

Minireview

References

1
2

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

A. Maria Rosso, Acta Med.-Hist. Adriat., 2010, 8, 221-238.
M. Cabrera-Aguas, P. Khoo and S. L. Watson, Clin. Exp.
Ophthalmol., 2022, 50, 543-562.

S. Lakhundi, R. Siddiqui and N. A. Khan, Microb. Pathog.,
2017, 104, 97-1009.

L. Niu, X. Liu, Z. Ma, Y. Yin, L. Sun, L. Yang and Y. Zheng,
Microb. Pathog., 2020, 138, 103802.

Y. Su, X. Fan and Y. Pang, Biomater. Sci., 2023, 11, 4490-
4507.

X. Huang, L. Li, Z. Chen, H. Yu, X. You, N. Kong, W. Tao,
X. Zhou and J. Huang, Adv. Mater., 2023, 35, 2302431.

Z. Chen, Z. Li, N. Tang, Y. Huang, S. Li, W. Xu, Q. Wang,
X. Chen, N. Zhao, Z. Zeng, Y. Xiao, X. Chen, J. Li, X. Zhou,
G. Li, M. Yang and ]J. Huang, Adv. Funct. Mater., 2024, 34,
202307569.

Y. Wang, Y. Hu, J. An, H. Zhang, X. Liu, X. Li, Z. Zhang
and X. Zhang, Adv. Funct. Mater., 2024, 34, 2403142.

J. Lee, H. Liao, Q. Wang, J. Han, J.-H. Han, H. E. Shin,
M. Ge, W. Park and F. Li, Exploration, 2022, 2, 20210086.
S. Li, Z. Lu, Y. Huang, Y. Wang, Q. Jin, X. Shentu, J. Ye,
J- Ji, K. Yao and H. Han, Adv. Sci., 2022, 9, 2200435.

S. Liu, Q. Bai, Y. Jiang, Y. Gao, Z. Chen, L. Shang,
S. Zhang, L. Yu, D. Yang, N. Sui and Z. Zhu, Small, 2024,
20, 2308403.

Y. Wu, X. Li, X. Fu, X. Huang, S. Zhang, N. Zhao, X. Ma,
Q. Saiding, M. Yang, W. Tao, X. Zhou and J. Huang, Adv.
Sci., 2024, 11, 2403399.

J. Yu, Y. Yin, Y. Leng, J. Zhang, C. Wang, Y. Chen, X. Li,
X. Wang, H. Liu, Y. Liao, Y. Jin, Y. Zhang, K. Lu, K. Wang,
X. Wang, L. Wang, F. Zheng, Z. Gu, Y. Li and Y. Fan, Adv.
Drug Delivery Rev., 2023, 197, 114842.

Z. Lu, W. Fan, Y. Ye, Y. Huang, X. Zhou, Y. Zhang, W. Cui,
J. Ji, K. Yao and H. Han, ACS Nano, 2025, 19, 2268-2285.
Q. Qi, D. Su, S. Zhuang, S. Yao, L. M. Heindl, X. Fan,
M. Lin, J. Li and Y. Pang, Adv. Sci., 2025, 12, 2407340.

H. Han, S. Li, M. Xu, Y. Zhong, W. Fan, J. Xu, T. Zhou,
J. Ji, J. Ye and K. Yao, Adv. Drug Delivery Rev., 2023, 196,
114770.

A. L. Onugwu, C. S. Nwagwu, O. S. Onugwu,
A. C. Echezona, C. P. Agbo, S. A. Thim, P. Emeh,
P. O. Nnamani, A. A. Attama and V. V. Khutoryanskiy,
J. Controlled Release, 2023, 354, 465-488.

L. Zhou, Y. Deng, Y. Ren, H. L. Poon, W. Y. Chu, H. Wang
and Y. K. Chan, Chem. Eng. J., 2024, 482, 148978.

K.-Y. Wong, Y. Liu, M.-S. Wong and ]. Liu, Exploration,
2024, 4, 20230008.

X. Wang, M. Shan, S. Zhang, X. Chen, W. Liu, J. Chen and
X. Liu, Adv. Sci., 2022, 9, 2104843.

F. Liu, Y. Chen, Y. Huang, Q. Jin and ]. Ji, J. Mater. Chem.
B, 2024, 12, 9173-9198.

J. J. Echegaray and V. L. Perez, Curr. Immunol. Rev., 2011,
7, 280-294.

J- G. Galletti, M. Guzman and M. N. Giordano,
Immunology, 2017, 150, 397-407.

13664 | Nanoscale, 2025, 17, 13653-13667

24

25

26
27
28
29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

View Article Online

Nanoscale

A. B. Nesburn, I. Bettah, X. Zhang, X. Zhu,
W. Chamberlain, R. E. Afifi, S. L. Wechsler and
L. BenMohamed, Ocul. Surf., 2006, 4, 178-187.

L. Brown, A. K. Leck, M. Gichangi, M. J. Burton and
D. W. Denning, Lancet Infect. Dis., 2021, 21, E49-
E57.

F. Stapleton, Ocul. Surf., 2023, 28, 351-363.

T. Moller-Pedersen, Exp. Eye Res., 2004, 78, 553-560.

S. Bohm, C. Strauss, S. Stoiber, C. Kasper and V. Charwat,
Materials, 2017, 10, 1086.

A. C. Andre, M. Laborde and B. S. Marteyn, Trends
Microbiol., 2022, 30, 643-653.

G.-J. Jeong, M. A. Rather, F. Khan, N. Tabassum,
M. Mandal and Y.-M. Kim, Colloids Surf., B, 2024, 234,
113727.

L. B. Schultze, A. Maldonado, A. Lussi, A. Sculean and
S. Eick, Monogr. Oral Sci., 2021, 29, 19-29.

H. Li, K. Yang, L. Hai, Z. Wang, Y. Luo, L. He, W. Yi, J. Li,
C. Xu, L. Deng and D. He, Chem. Eng. J., 2023, 455,
140903.

W. Wang, Y. Cui, X. Wei, Y. Zang, X. Chen, L. Cheng and
X. Wang, ACS Nano, 2024, 18, 15845-15863.

Y. Zhang, L. Li, H. Liu, H. Zhang, M. Wei, ]J. Zhang,
Y. Yang, M. Wu, Z. Chen, C. Liu, F. Wang, Q. Wu and
J. Shi, J. Mater. Chem. B, 2024, 12, 1317-1329.

M. Chang and T. T. Nguyen, Acc. Chem. Res., 2021, 54,
1080-1093.

D. Borroni, A. Paytuvi-Gallart, W. Sanseverino, C. Gomez-
Huertas, P. Bonci, V. Romano, G. Giannaccare,
M. Rechichi, A. Meduri, G. W. Oliverio, C. Rocha-de-
Lossada and L. Consortium, Int. J. Mol Sci., 2022, 23,
10229.

J. W. Costerton, P. S. Stewart and E. P. Greenberg, Science,
1999, 284, 1318-1322.

H.-C. Flemming, J. Wingender, U. Szewzyk, P. Steinberg,
S. A. Rice and S. Kjelleberg, Nat. Rev. Microbiol., 2016, 14,
563-575.

M. E. Zegans, H. 1. Becker, J. Budzik and G. Toole, DNA
Cell Biol., 2002, 21, 415-420.

P. J. M. Bispo, W. Haas and M. S. Gilmore, Pathogens,
2015, 4, 111-136.

E. Pearlman, Y. Sun, S. Roy, M. Karmakar, A. G. Hise,
L. Szczotka-Flynn, M. Ghannoum, H. R. Chinnery,
P. G. McMenamin and A. Rietsch, Int. Rev. Immunol.,
2013, 32, 4-18.

S. H. Abidi, S. K. Sherwani, T. R. Siddiqui, A. Bashir and
S. U. Kazmi, BMC Ophthalmol., 2013, 13, 57.

J. R. Mendonca, L. R. Dantas and F. F. Tuon, Ophthalmic
Physiol. Opt., 2023, 43, 1092-1099.

J. Chandra and P. K. Mukherjee, Microbiol. Spectrum,
2015, 3, 10.

C. Solano, M. Echeverz and 1. Lasa, Curr. Opin. Microbiol.,
2014, 18, 96-104.

C. Garcia-Lopez, M. Rodriguez-Calvo-de-Mora, D. Borroni,
J.-M. Sanchez-Gonzalez, V. Romano and C. Rocha-de-
Lossada, Surv. Ophthalmol., 2023, 68, 929-939.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05462h

Published on 28 april 2025. Downloaded on 22.10.2025 16:24:49.

Nanoscale

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

H. Han, Y. Gao, M. Chai, X. Zhang, S. Liu, Y. Huang,
Q. Jin, A. Grzybowski, J. Ji and K. Yao, J. Controlled
Release, 2020, 327, 676-687.

J. Xiang, R. Zou, P. Wang, X. Wang, X. He, F. Liu, C. Xu
and A. Wu, Biomaterials, 2024, 308, 122565.

J. He, Y. Ye, D. Zhang, K. Yao and M. Zhou, Adv. Mater.,
2022, 34, 2206437.

K. Zhu, S. Qian, H. Guo, Q. Wang, X. Chu, X. Wang, S. Lu,
Y. Peng, Y. Guo, Z. Zhu, T. Qin, B. Liu, Y.-W. Yang and
B. Wang, ACS Nano, 2022, 16, 11136-11151.

C. N. Paiva and M. T. Bozza, Antioxid. Redox Signaling,
2014, 20, 1000-1037.

J. El-Benna, M. Hurtado-Nedelec, V. Marzaioli, J.-C. Marie,
M.-A. Gougerot-Pocidalo and P. M.-C. Dang, Immunol.
Rev., 2016, 273, 180-193.

H. Li, X. Zhou, Y. Huang, B. Liao, L. Cheng and B. Ren,
Front. Microbiol., 2021, 11, 622534.

C. Geng, S. He, S. Yu, H. M. Johnson, H. Shi, Y. Chen,
Y. K. Chan, W. He, M. Qin, X. Li and Y. Deng, Adv. Mater.,
2024, 36, 2310599.

T. Wei, T. Pan, X. Peng, M. Zhang, R. Guo, Y. Guo, X. Mei,
Y. Zhang, J. Qi, F. Dong, M. Han, F. Kong, L. Zou, D. Li,
D. Zhi, W. Wu, D. Kong, S. Zhang and C. Zhang, Nat.
Nanotechnol., 2024, 19, 1178-1189.

L. Huang, W. Hu, L. Q. Huang, Q. X. Zhou, Z. Y. Song,
H. Y. Tao, B. Xu, C. Y. Zhang, Y. Wang and X.-H. Xing, Sci.
Adv., 2024, 10, eado7438.

M. P. Brynildsen, J. A. Winkler, C. S. Spina,
I. C. MacDonald and ]J. J. Collins, Nat. Biotechnol., 2013,
31, 160-165.

H. Huang, Y. Xie, J. Zhong, Z. Fu, P. Wu, X. Chen, Z. Xiao,
J. Yuan, X. Shi and D. Liang, Composites, Part B, 2024, 275,
111283.

Y. Zhang, G. Li, X. Zhang and L. Lin, J. Mater. Chem. B,
2022, 10, 4575-4587.

J. An, S. Tang, G. Hong, W. Chen, M. Chen, J. Song, Z. Li,
X. Peng, F. Song and W.-H. Zheng, Nat. Commun., 2022,
13, 2225.

D. Chen, Q. Xu, W. Wang, ]J. Shao, W. Huang and X. Dong,
Small, 2021, 17, 2006742.

L. Fang, R. Huang, W. Gong, Y. Ji, Y. Sun, S. Gou and
J. Zhao, Small, 2024, 20, 2307414.

L. Chen, M.-Y. Wu, S.-L. Chen, R. Hu, Y. Wang, W. Zeng,
S. Feng, M. Ke, L. Wang, S. Chen and M. Gu, Adv. Mater.,
2024, 36, 2407268.

W. Zhou, L. Chen, H. Li, M. Wu, M. Liang, Q. Liu,
W. Wu, X. Jiang and X. Zhen, ACS Nano, 2024, 18, 19771~
19782.

J. B. Randleman, S. S. Khandelwal and F. Hafezi, Surv.
Ophthalmol., 2015, 60, 509-523.

Y. Zhuy, S. Wu, Y. Sun, X. Zou, L. Zheng, S. Duan, ]J. Wang,
B. Yu, R. Sui and F.-]J. Xu, Adv. Funct. Mater., 2022, 32,
2111066.

S. Liang, Y. Liu, H. Zhu, G. Liao, W. Zhu and L. Zhang,
Exploration, 2024, 4, 20230163.

Z. Geng, Z. Cao and J. Liu, Exploration, 2023, 3,20210117.

This journal is © The Royal Society of Chemistry 2025

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

View Article Online

Minireview

Z. Sheng, D. Hu, M. Xue, M. He, P. Gong and L. Cai, Nano-
Micro Lett., 2013, 5, 145-150.

A. Sahu, W. 1. Choi, J. H. Lee and G. Tae, Biomaterials,
2013, 34, 6239-6248.

Z. Zhao, C. Chen, W. Wu, F. Wang, L. Du, X. Zhang,
Y. Xiong, X. He, Y. Cai, R. T. K. Kwok, J. W. Y. Lam,
X. Gao, P. Sun, D. L. Phillips, D. Ding and B. Z. Tang, Nat.
Commun., 2019, 10, 768.

D. Yan, Y. Huang, J. Zhang, Q. Wu, G. Song, J. Ji, Q. Jin,
D. Wang and B. Z. Tang, J. Am. Chem. Soc., 2023, 145,
25705-25715.

C. Lochenie, S. Duncan, Y. Zhou, L. Fingerhut, A. Kiang,
S. Benson, G. Jiang, X. Liu, B. Mills and M. Vendrell, Adv.
Mater., 2024, 36, 2404107.

Y. Bai, Y. Hu, Y. Gao, X. Wei, J. Li, Y. Zhang, Z. Wu and
X. Zhang, ACS Appl. Mater. Interfaces, 2021, 13, 33790~
33801.

B. Wang, L. Zhou, Y. Guo, H. Guo, Y. Zhong, X. Huang,
Y. Ge, Q. Wang, X. Chuy, Y. Jin, K. Lan, M. Yang and J. Qu,
Bioact. Mater., 2022, 12, 314-326.

J. Wang, C.-F. Du, Y. Xue, X. Tan, J. Kang, Y. Gao, H. Yu
and Q. Yan, Exploration, 2021, 1, 20210024.

X. He, Y. Lv, Y. Lin, H. Yu, Y. Zhang, Y. Tong and
C. Zhang, Adv. Mater., 2024, 36, 2400366.

X. He, Y. Qian, C. Wu, J. Feng, X. Sun, Q. Zheng, X. Li and
J- Shen, Adv. Mater., 2023, 35, 2211432.

J. N. Silva, P. Filipe, P. Morliere, J.-C. Maziere, ]. P. Freitas,
M. M. Gomes and R. Santus, Bio-Med. Mater. Eng., 2008,
18, 319-327.

B. C. Wilson and R. A. Weersink, Photochem. Photobiol.,
2020, 96, 219-231.

X. Li, W. Wang, Q. Gao, S. Lai, Y. Liu, S. Zhou, Y. Yan,
J. Zhang, H. Wang, J. Wang, Y. Feng, R. Yang, J. Su, B. Li
and Y. Liao, Exploration, 2024, 30, 2003619.

M. R. Hamblin and T. Hasan, Photochem. Photobiol., 2004,
3, 436-450.

M.-H. Shih and F.-C. Huang, Invest. Ophthalmol. Visual
Sci., 2011, 52, 223-229.

R. Canaparo, F. Foglietta, N. Barbero and L. Serpe, Adv.
Drug Delivery Rev., 2022, 189, 114495.

B. Geng, J. Hu, Y. Li, S. Feng, D. Pan, L. Feng and L. Shen,
Nat. Commun., 2022, 13, 5735.

F. Wang, Y. Fan, Y. Liu, X. Lou, L. Sutrisno, S. Peng and
J. Li, Exploration, 2024, 4, 20230100.

R. Hou, X. Liang, X. Li, X. Zhang, X. Ma and F. Wang,
Biomater. Sci., 2020, 8, 2526-2536.

P.-Y. Xu, R. K. Kankala, S.-B. Wang and A.-Z. Chen,
Ultrason. Sonochem., 2023, 100, 106617.

Z. Wang, C. Liu, Y. Zhao, M. Hu, D. Ma, P. Zhang, Y. Xue
and X. Li, Chem. Eng. J., 2019, 356, 811-818.

R. Jin, G. Zhang, L. Tang, M. Li, M. Yang, J. Li, Z. Wang
and F. Guan, ACS Appl. Nano Mater., 2024, 7, 3968-3976.
L. C. Nene and H. Abrahamse, Acta Pharm. Sin. B, 2024,
14, 1077-1097.

F. R. Nichols, M. T. Nguyen, A. Ekpenyong and K. H. Pade,
Pediatr. Emerg. Care., 2022, 38, 339-341.

Nanoscale, 2025,17,13653-13667 | 13665


https://doi.org/10.1039/d4nr05462h

Published on 28 april 2025. Downloaded on 22.10.2025 16:24:49.

Minireview

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

S. Poinard, A. Ganeau, M. Lafond, O. Dorado,
S. Catheline, C. Lafon, F. Aptel, G. Thuret and P. Gain, Ing.
Rech. Biomed., 2024, 45, 100828.

F. Aptel and C. Lafon, Int. J. Hyperthermia, 2012, 28, 405—
418.

Z. Zhao, Q. Saiding, Z. Cai, M. Cai and W. Cui, Mater.
Today, 2023, 63, 210-238.

Y. Park, J. Shin, J. Park, S. Kim, J. H. Park, J. Kim,
C. S. Kim, J. W. Chang, C. Schuurmans, I. Aubert,
W. S. Chang and K. Eom, Transl. Vis. Sci. Technol., 2024,
13, 5-5.

B. Kong, R. Liu, X. Hu, M. Li, X. Zhou, Y. Zhao and
T. Kong, Adv. Funct. Mater., 2024, 34, 2310544.

Y.-H. Pai, C. Xu, R. Zhu, X. Ding, S. Bai, Z. Liang and
L. Chen, Adv. Mater., 2024, 2414663.

S. Zhao, Z. Lu, R. Cai, H. Wang, S. Gao, C. Yang, Y. Zhang,
B. Luo, W. Zhang, Y. Yang, S. Wang, T. Sheng, S. Wang,
J. You, R. Zhou, H. Ji, H. Gong, X. Ye, J. Yu, H.-H. Zhu,
Y. Zhang and Z. Gu, Sci. Transl. Med., 2024, 16, eadp3611.

H. Guo, X. Chu, Y. Guo, ]. Yang, Y. Jin, L. Zhou, Y. Peng,
Q. Wang, F. Lu and B. Wang, Sci. Adv., 2024, 10, eadl3262.
W. Park, V. P. Nguyen, Y. Jeon, B. Kim, Y. Li, J. Yi, H. Kim,
J. W. Leem, Y. L. Kim, D. R. Kim, Y. M. Paulus and
C. H. Lee, Sci. Adv., 2022, 8, eabn1772.

M. Cui, M. Zheng, C. Wiraja, S. W. T. Chew, A. Mishra,
V. Mayandi, R. Lakshminarayanan and C. Xu, Adv. Sci.,
2021, 8, 2102327.

B. Kong, R. Liu, J. Shan, M. Li, X. Zhou and Y. Zhao, Nano
Today, 2023, 52, 102000.

J. Zhou, L. Zhang, Y. Wei, Q. Wu, K. Mao, X. Wang, J. Cai,
X. Li and Y. Jiang, Adv. Healthcare Mater., 2024, 13,
2304448.

H. Shi, J. Zhou, Y. Wang, Y. Zhu, D. Lin, L. Lei, S. Vakal,
J. Wang and X. Li, Small, 2022, 18, 2104657.

S. Meng, H. Hu, Y. Qiao, F. Wang, B. N. Zhang, D. Sun,
L. Zhou, L. Zhao, L. Xie, H. Zhang and Q. Zhou, ACS
Nano, 2023, 17, 24055-24069.

S. Lin, Y. Zheng, P. Xue, L. Wang, Y. Cong, X. He,
C. Zhang and C. Yuan, Int. J. Biol. Macromol., 2025, 306,
141787.

Y. Fan, F. Chen, W. Yuan, Y. Sun, ]J. Li, Y. Li, M. Zhao,
X. Zhang and K. Wang, Cell Rep. Phys. Sci., 2024, 5,
102179.

A. G. Cattaneo, R. Gornati, E. Sabbioni, M. Chiriva-
Internati, E. Cobos, M. R. Jenkins and G. Bernardini,
J. Appl. Toxicol., 2010, 30, 730-744.

Y. Xu, Y. Shan, H. Cong, Y. Shen and B. Yu, Curr. Pharm.
Des., 2018, 24, 4060-4076.

S. Borandeh, V. Alimardani, S. S. Abolmaali
J. Seppala, Chem. Res. Toxicol., 2021, 34, 1386-1402.

S. N. Kolle, U. G. Sauer, M. C. R. Moreno, W. Teubner,
W. Wohlleben and R. Landsiedel, Part. Fibre Toxicol.,
2016, 13, 1743-8977.

G. Yu, A. Vaidya, D. Sun and Z.-R. Lu, in Nanomaterials in
Pharmacology, ed. Z. R. Lu and S. Sakuma, 2016, pp. 369-
388.

and

13666 | Nanoscale, 2025, 17,13653-13667

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

View Article Online

Nanoscale

K. M. Cosert, S. Kim, I. Jalilian, M. Chang, B. L. Gates,
K. E. Pinkerton, L. S. Van Winkle, V. K. Raghunathan,
B. C. Leonard and S. M. Thomasy, Pharmaceutics, 2022,
14, 1999-4923.

D. Sun, L. Gong, J. Xie, X. Gu, Y. Li, Q. Cao, Q. Li,
A. Luodan, Z. Gu and H. Xu, Sci. Bull., 2018, 63, 907-916.
X. Fu, P. Li, X. Chen, Y. Ma, R. Wang, W. Ji, J. Gu,
B. Sheng, Y. Wang and Z. Zhang, J. Zhejiang Univ., Sci., B,
2024, 25, 361-388.

D. Xie, J. Hu, T. Wu, K. Cao and X. Luo, Int. J. Environ.
Res. Public Health, 2022, 19, 1660-4601.

Y.-R. Kim, J.-I. Park, E. J. Lee, S. H. Park, N.-w. Seong,
J.-H. Kim, G.-Y. Kim, E.-H. Meang, J.-S. Hong, S.-H. Kim,
S.-B. Koh, M.-S. Kim, C.-S. Kim, S.-K. Kim, S. W. Son,
Y. R. Seo, B. H. Kang, B. S. Han, S. S. A. An, H.-I. Yun and
M.-K. Kim, Int. J. Nanomed., 2014, 9, 109-126.

G.-J. Jeong, M. A. Rather, F. Khan, N. Tabassum,
M. Mandal and Y.-M. Kim, Colloids Surf., B, 2024, 234,
113727.

M. A. Kamaleddin, Nanomed. Nanotechnol., 2017, 13,
1459-1472.

Z. Zhang, L. Zhao, Y. Ma, J. Liu, Y. Huang, X. Fu, S. Peng,
X. Wang, Y. Yang, X. Zhang, W. Ding, J. Yu, Y. Zhu, H. Yan
and S. Yang, J. Nanobiotechnol., 2022, 20, 146.

M. Ahmed, P. Kurungottu, K. Swetha, S. Atla, N. Ashok,
E. Nagamalleswari, S. R. Bonam, B. D. Sahu and
R.]J. B. S. Kurapati, Biomater. Sci., 2024, 10, 2047-4830.

L. A. Dykman and N. G. Khlebtsov, Chem. Sci., 2017, 8,
1719-1735.

Y. Zhang, Y. Shi, M. M. Khan, F. Xiao, W. Chen, W. Tao,
K. Yao and N. Kong, Trends Biotechnol., 2024, 42, 1439~
1452.

P. Wang, X. Nie, Y. Wang, Y. Li, C. Ge, L. Zhang, L. Wang,
R. Bai, Z. Chen, Y. Zhao and C. Chen, Small, 2013, 9,
3799-3811.

Z. Guo, X. Liu, Y. Lin, Z. Sang and D. Chen, Front. Bioeng.
Biotechnol., 2023, 11, 2296-4185.

W. Du, W. Chen, J. Wang, H. Zhang, L. Song, Y. Hu and
X. Ma, J. Mater. Chem. B, 2023, 11, 5185-5194.

S. Yin, J. Hou, J. Li, C. Zeng, S. Chen, H. Zhang and
X. Tian, Regener. Biomater., 2024, 11, 2056-3426.

F. Masse, M. Ouellette, G. Lamoureux and E. Boisselier,
Med. Res. Rev., 2019, 39, 302-327.

S. Zhu, L. Gong, Y. Li, H. Xu, Z. Gu and Y. Zhao, Adv. Sci.,
2019, 6, 2198-3844.

S. H. Kim, M. K. Park, J. K. Seol, J. M. Im, H. S. Park,
H. S. Seo, H. J. Park and S. S. Nah, Environ. Anal. Health
Toxicol., 2021, 36, €2021022-e2021020.

H. Zhao, A. Song, L. Wang, X. Hou, D. Cui, X. Sun, L. Niu,
L. Jin, H. An and W. Li, Cutaneous Ocul. Toxicol., 2024, 43,
237-252.

M. Ema, A. Matsuda, N. Kobayashi, M. Naya and
J. Nakanishi, Regul. Toxicol. Pharmacol., 2011, 61, 276-
281.

I. Zambrano-Andazol, N. Vazquez, M. Chacon,
R. M. Sanchez-Avila, M. Persinal, C. Blanco, Z. Gonzalez,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05462h

Published on 28 april 2025. Downloaded on 22.10.2025 16:24:49.

View Article Online

Nanoscale Minireview

R. Menendez, M. Sierra, A. Fernandez-Vega, T. Sanchez, 136 T.-R. Kuo, C.-F. Lee, S.J. Lin, C.Y. Dong,

J. Merayo-Lloves and A. Meana, Mat Sci Eng C-Mater, 2020, C.-C. Chen and H.-Y. Tan, Chem. Res. Toxicol., 2011, 24,
114, 1873-0191. 253-261.

135 Y. Long, J. Hu, Y. Liu, D. Wu, Z. Zheng, S. Gui and N. He, 137 W. Lu, J. Yao, X. Zhu and Y. Qi, Biomed. Pharmacother.,
Eur. J. Pharm. Biopharm., 2024, 204, 1873-3441. 2021, 134, 1950-6007.

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17,13653-13667 | 13667


https://doi.org/10.1039/d4nr05462h

	Button 1: 


