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Abstract

Oxidative stress is a central pathological factor in the onset and progression of various ocular diseases, including
cataract, age-related macular degeneration, diabetic retinopathy, and glaucoma. Excessive generation of reactive
oxygen species (ROS) disrupts the redox homeostasis of ocular tissues, leading to lipid peroxidation, protein
modification, and cellular damage. Although conventional antioxidants have been explored to counteract
oxidative damage, their clinical efficacy is often limited by poor stability, rapid degradation, and insufficient
bioavailability. In this context, nanozymes nanomaterials possessing intrinsic enzyme-like catalytic activities have
emerged as a promising therapeutic strategy. These nanostructures can mimic natural antioxidant enzymes such
as superoxide dismutase, catalase, and peroxidase, enabling sustained and efficient ROS scavenging.

This review provides a comprehensive overview of the role of oxidative stress in ocular pathophysiology and
highlights the therapeutic potential of nanozymes in mitigating ROS-mediated damage. Various classes of
nanozymes, including metal-based, carbon-based, and polymeric systems, are discussed with respect to their
catalytic mechanisms and biomedical applications. Special emphasis is placed on their use in ocular drug delivery,
where nanozymes offer advantages such as enhanced stability, prolonged activity, and improved tissue
penetration. Furthermore, recent preclinical studies demonstrating the efficacy of nanozymes in different ocular
disease models are critically analyzed. Despite their promising attributes, concerns related to long-term safety,
biocompatibility, and clinical translation remain to be addressed. Overall, nanozymes represent a novel and
versatile platform with significant potential to advance the management of oxidative stress-mediated ocular
disorders.
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Introduction

Ocular diseases arise from complex and
multifactorial pathological mechanisms involving
oxidative stress, inflammation, mitochondrial
dysfunction, and environmental as well as systemic
risk factors. Recent advances in nanotechnology
have highlighted the potential of nanotherapeutic
approaches to overcome conventional treatment
limitations, particularly in enhancing drug delivery
and targeting ocular tissues'?. Among the key
mechanisms, mitochondrial dysfunction plays a
critical role in neurodegenerative ocular conditions
such as glaucoma, where impaired energy
metabolism and excessive production of reactive
oxygen species (ROS) contribute to retinal ganglion
cell degeneration®. In addition, chronic exposure to
ultraviolet (UV) radiation has been identified as a
major environmental risk factor, inducing oxidative
damage to ocular structures and contributing to
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diseases such as cataract and age-related macular
degeneration (AMD)*. AMD itself is a multifaceted
disorder characterized by progressive degeneration
of the macula, with both genetic and biochemical
factors, including altered ocular fluid biomarkers,
playing a significant role in disease progression™®.
Furthermore, long-term wuse of anti-glaucoma
medications is often associated with ocular surface
disease, which can exacerbate patient discomfort
and compromise treatment outcomes’S. Systemic
conditions such as diabetes further contribute to
ocular complications, not only through diabetic
retinopathy but also via additional ocular disorders
linked to metabolic dysregulation and vascular
damage’®. Diabetic retinopathy, in particular, is now
recognized as both a vascular and inflammatory
disease, involving complex interactions between
hyperglycemia-induced oxidative stress,
inflammation, and microvascular dysfunction!®.
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Collectively, these findings underscore the intricate
interplay of molecular and environmental factors in
ocular diseases and highlight the need for advanced
therapeutic strategies that can effectively target
these underlying mechanisms. Oxidative stress is a
key factor in the development of various ocular
diseases, resulting from an imbalance between
reactive oxygen species (ROS) production and
antioxidant defense systems. Elevated ROS levels
cause damage to cellular components such as lipids,
proteins, and DNA, thereby affecting both anterior
and posterior segments of the eye. Retinal pigment
epithelial (RPE) cells are particularly susceptible to
oxidative injury, where ROS can induce ferroptotic
cell death and contribute to retinal degeneration!!. In
age-related macular degeneration (AMD), oxidative
stress promotes inflammation and cellular
dysfunction, leading to progressive vision loss'Z.
Additionally, oxidative damage has been implicated
in other ocular conditions such as cataract,
glaucoma, and dry eye disease, where it disrupts
normal cellular homeostasis and enhances disease
progression 1314,

Oxidative Stress in Ocular Diseases

Oxidative stress is a fundamental contributor to the
pathogenesis of various ocular diseases, arising from
excessive generation of reactive oxygen species
(ROS) and an imbalance in antioxidant defence
systems. ROS are produced through mitochondrial
dysfunction, environmental exposures such as
ultraviolet radiation, and metabolic processes,
leading to oxidative damage of lipids, proteins, and
nucleic acids in ocular tissues'>!®. In the lens,
oxidative stress induces protein aggregation and
crystallin modification, ultimately resulting in
cataract formation'!”'®. In the retina, elevated
intraocular pressure and mitochondrial dysfunction
enhance ROS production, leading to retinal ganglion
cell injury and contributing to glaucoma
progression!®2, Similarly, retinal pigment epithelial
cells undergo oxidative damage and ferroptotic cell
death, which plays a critical role in degenerative
retinal diseases such as age-related macular
degeneration!!''2, The cornea is also highly
susceptible to oxidative injury due to direct
environmental exposure, where ROS disrupt
epithelial integrity and alter corneal transparency -
22, Furthermore, oxidative stress has been implicated
in inflammatory signalling pathways and epigenetic
alterations, exacerbating disease progression in
diabetic cataract and other ocular conditions®.
Overall, these findings demonstrate that ROS-
mediated oxidative damage affects multiple ocular
structures, including the lens, retina, and cornea,
highlighting oxidative stress as a central mechanism
underlying diverse ocular pathologies and a critical
target for therapeutic intervention.

Nanozymes: Concept and Classification
Nanozymes are a class of nanomaterials that exhibit
intrinsic enzyme-like catalytic activities, enabling

them to mimic the function of natural enzymes under
physiological conditions. These nanostructures
possess the ability to catalyse biochemical reactions
similar to endogenous enzymes such as superoxide
dismutase, catalase, and peroxidase, thereby
facilitating the regulation of reactive oxygen species
(ROS) and redox homeostasis. Unlike natural
enzymes, nanozymes offer advantages including
higher stability, tunable catalytic activity, cost-
effective synthesis, and resistance to harsh
environmental conditions?*?*, Over the past decade,
significant progress has been made in the design and
functionalization of nanozymes, expanding their
applications in diverse biomedical fields such as
antioxidant  therapy, antimicrobial activity,
biosensing, and disease treatment>>2%, Despite their
well-defined catalytic functions, the classification
and precise definition of nanozymes remain an
evolving concept, as their properties often lie at the
interface of nanotechnology and enzymology?*.
Nanozymes are classified based on their enzyme-
like catalytic activities involved in reactive oxygen
species (ROS) regulation. They are mainly
categorized into SOD-like, catalase-like,
peroxidase-like, and multi-enzyme nanozymes,
along with emerging oxidase-like systems,
reflecting their functional role in mimicking natural
antioxidant enzymes (Figure 1 and Table 1).
Superoxide Dismutase (SOD)-like Nanozymes
SOD-like nanozymes catalyze the dismutation of
superoxide radicals (O2:7*) into hydrogen peroxide
and oxygen, thereby reducing oxidative stress and
protecting cells from radical-induced damage. These
nanozymes play a critical role in maintaining
intracellular redox balance, especially in high
oxidative environments. Carbon-based nanozymes
and metal-based systems, including single-atom and
cerium-based nanostructures, have demonstrated
efficient SOD-mimicking activity with well-defined
catalytic mechanisms*»?’,

Catalase-like Nanozymes

Catalase-like nanozymes facilitate the
decomposition of hydrogen peroxide into water and
oxygen, preventing its toxic accumulation and
subsequent cellular damage. These nanozymes are
essential for maintaining oxidative homeostasis and
are widely explored in therapeutic applications
targeting  oxidative  stress-related  diseases.
Transition metal-based nanozymes and engineered
catalytic systems exhibit significant catalase-like
activity and improved stability compared to natural
enzymes>®%,

Peroxidase-like Nanozymes

Peroxidase-like nanozymes catalyze the oxidation of
various substrates in the presence of hydrogen
peroxide, generating reactive intermediates that are
useful in biosensing, antimicrobial activity, and
catalytic degradation. These nanozymes are among
the most extensively studied due to their high
catalytic efficiency, ease of synthesis, and versatile
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applications. Several transition metal-based and
bioinspired nanozymes exhibit strong peroxidase-
like behaviour’®-32,

Multi-enzyme Nanozymes

Multi-enzyme nanozymes are advanced
nanostructures capable of mimicking multiple
enzymatic activities simultaneously, such as
combined SOD-, catalase-, and peroxidase-like
functions. This multifunctionality enables enhanced
catalytic efficiency and allows these nanozymes to
regulate complex oxidative pathways more
effectively.  Recent  developments  include
biomimetic, machine learning-assisted, and
mitochondria-targeted nanozyme systems designed
for improved therapeutic performance’->,
Oxidase-like and Other Emerging Nanozymes

In addition to classical antioxidant enzyme mimics,
oxidase-like nanozymes and transition metal-based
systems have been developed, expanding the
functional diversity of nanozymes. These
nanozymes catalyze oxidation reactions without
requiring hydrogen peroxide and are widely applied
in biosensing and catalytic processes. Their tunable
catalytic activity and structural versatility make
them promising candidates for advanced biomedical
applications %7,
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Mechanism of Action of Nanozymes

Nanozymes exert their therapeutic effects through
diverse catalytic mechanisms that mimic natural
antioxidant enzymes. These mechanisms primarily
involve regulation of reactive oxygen species
(ROS), maintenance of redox homeostasis, and
modulation of inflammation, which collectively
contribute to their biomedical potential in oxidative
stress-related diseases. Nanozymes exert their
therapeutic effects primarily through modulation of
reactive oxygen species (ROS) and restoration of
cellular redox homeostasis. They mimic natural
antioxidant enzymes such as superoxide dismutase
(SOD), catalase, and peroxidase, thereby scavenging
excess ROS and protecting cells from oxidative
damage?**. By catalytically converting harmful
species like superoxide radicals and hydrogen
peroxide into less toxic molecules, nanozymes help
maintain  intracellular  redox  balance®*,
Furthermore, nanozymes can regulate oxidative
stress-mediated  signalling pathways, thereby
reducing inflammation and preventing cellular
apoptosis in various disease conditions®’. Their
ability to participate in cascade catalytic reactions
further enhances their efficiency in complex
biological environments*® (Shown in figure 2 and
Table 2).

ROS Scavenging Activity

Nanozymes primarily function by scavenging
reactive oxygen species (ROS) through enzyme-
mimicking catalytic activities. = Nanozymes
exhibiting superoxide dismutase-, catalase-, and
peroxidase-like functions convert toxic radicals such
as superoxide anions and hydrogen peroxide into
less harmful molecules, thereby protecting cellular
components from oxidative damage**. This
antioxidant capability is central to their therapeutic
potential in oxidative stress-mediated diseases.
Restoration of Redox Balance

Through the regulating intracellular ROS levels,
nanozymes help restore redox homeostasis, which is
essential for normal cellular function. They maintain
the balance between pro-oxidant and antioxidant
systems, thereby preventing oxidative stress-
induced cellular dysfunction. This redox-
modulating property has been demonstrated in
various pathological conditions, including fibrosis,
metabolic  disorders, and neurodegenerative
diseases 1.

Anti-inflammatory Effects
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Nanozymes also exhibit significant anti-
inflammatory activity by modulating oxidative
stress-related signalling pathways. Reduction in
ROS levels leads to suppression of inflammatory
mediators and inhibition of processes such as
pyroptosis and immune cell overactivation.
Consequently, nanozymes contribute to tissue
protection, reduced inflammation, and enhanced
healing®>33.

Advanced Functional Mechanisms

Recent advancements have led to the development
of multifunctional and responsive nanozyme
systems, such as biomimetic and hydrogel-based
nanozymes, which offer targeted and enhanced
therapeutic effects. These systems not only scavenge
ROS but also provide additional benefits such as
infection control, targeted delivery, and improved
tissue regeneration in complex conditions like
diabetic wounds and inflammatory diseases >
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Types of Nanozymes Used in Ocular Therapy
Metal-Based Nanozymes (CeO:, Au, Fes;Q4, etc.)
Metal-based nanozymes are the most extensively
studied class in ocular therapy due to their strong
catalytic activity and excellent redox properties.
Cerium oxide (CeO:) nanozymes, in particular,
exhibit reversible redox cycling between Ce**/Ce**
states, enabling efficient scavenging of reactive
oxygen species (ROS) and restoration of redox
balance in ocular tissues. These nanozymes have
demonstrated significant therapeutic potential in
conditions such as dry eye disease, cataract,
glaucoma, and keratitis*®*-¥’, Additionally, iron-
based and other transition metal nanozymes (e.g.,
Fes0s, FeCoOx) show peroxidase-like and
antibacterial activities, making them useful in
treating infectious ocular diseases such as bacterial
keratitis 3,

Carbon-Based Nanozymes

Carbon-based nanozymes, including carbon dots
and graphene-derived nanomaterials, are widely
explored due to their high biocompatibility, tunable
surface properties, and intrinsic antioxidant activity.
These nanozymes exhibit SOD- and catalase-like
activities, enabling efficient ROS scavenging and
anti-inflammatory effects. In ocular applications,
carbon dot-based nanozymes have been successfully
incorporated into  hydrogels and eye-drop
formulations to enhance ocular retention and
therapeutic efficacy in diseases such as dry eye
syndrome and retinal disorders’%46. Their
favourable safety profile makes them particularly
suitable for sensitive ocular environments.
Polymer-Based and Hybrid Nanozymes
Polymer-based and hybrid nanozymes combine
nanomaterials with polymers or biomimetic coatings
to improve stability, bioavailability, and targeted
delivery. These systems often include nanozyme-
loaded hydrogels, membrane-coated nanozymes, or
multifunctional composites that enhance ocular
surface retention and controlled drug release. Such
nanozymes have shown promising results in treating
dry eye disease, corneal injuries, and inflammatory
ocular conditions by providing sustained ROS
scavenging and anti-inflammatory effects’” 333,
Additionally, hybrid nanozymes with
multifunctional properties (e.g., anti-fungal, anti-
MMP activity) have been developed for complex
ocular infections such as fungal keratitis®® (Table 4).
Table 3: Nanozymes in Ocular Diseases

Disea | Nanozy | Mecha | Outcom | Refer

se me nism e ence
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. = Ocular drug delivery is inherently challenging due
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cye oxide | scaven | stabilizat and reduce therapeutic efficacy. Structural barriers
. i such as the corneal epithelium, conjunctiva, and
nanozy gmng on blood-retinal barrier significantly limit drug
permeability into both anterior and posterior
me segments of the eye®®®’. In addition, dynamic
i i — : < precorneal factors including tear turnover, blinking,
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) administered formulations, resulting in low ocular
al ndria- ve recovery bioavailability, particularly for conventional dosage
. forms such as eye drops®®. Delivery to the
disea | targeted | damage posterior segment remains especially difficult, as
drugs must overcome tightly regulated barriers,
se nanozy | remova often necessitating invasive techniques such as
intravitreal injections’*7!, Furthermore,
me 1 formulation-related challenges such as poor drug
i i = solubility, instability, and limited residence time
Kerat | Multi- | Antibac | Corneal further compromise therapeutic outcomes’> 7.
. _ . Recent advances in nanotechnology-based delivery
itis | enzyme | terial + | healing systems, including nanoparticles, nanoemulsions,
and nanosuspensions, have shown promise in
nanozy ROS improving drug penetration and retention; however,
challenges related to long-term safety, scalability,
me control and clinical translation still remain’"8, Nanozymes
offer significant advantages over natural enzymes
hydroge due to their enhanced stability, cost-effectiveness,
and tunable catalytic properties. They remain active
1 under harsh physiological conditions such as
varying pH and temperature, unlike natural enzymes
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which are prone to denaturation®*. Additionally,
nanozymes possess high surface area and modifiable
structures, enabling improved catalytic efficiency
and multifunctional activity in biomedical
applications***. Their ability to mimic multiple
enzyme activities and participate in cascade
reactions further enhances their therapeutic and
diagnostic potential***>, These features make
nanozymes promising candidates for advanced
disease treatment and biosensing applications.
Therapeutic Applications

Nanozymes have emerged as promising therapeutic
agents in ocular diseases primarily due to their
potent antioxidant, anti-inflammatory, and catalytic
properties, which enable effective modulation of
oxidative stress a key factor in most eye disorders®,
Cataract

Cataract formation is strongly associated with
oxidative damage to lens proteins and epithelial
cells. Nanozymes, particularly ROS-scavenging
systems such as Fe-curcumin nanozymes, have
demonstrated the ability to reduce oxidative stress
and inhibit apoptosis in lens epithelial cells, thereby
delaying cataract progression®’. Additionally,
antioxidant nanozyme systems help maintain lens
transparency by restoring redox balance and
preventing protein aggregation 5.

Age-Related Macular Degeneration (AMD)

In AMD, oxidative stress-induced damage to retinal
pigment epithelial (RPE) cells plays a central role.
Nanozymes such as rhodium-based systems have
shown significant protective effects by reducing
ROS levels, suppressing inflammation, and
preserving retinal structure and  function’.
Furthermore, mitochondria-targeted nanozymes
effectively eliminate oxidative damage in retinal
tissues, thereby preventing neovascularization and
disease progression®!.

Diabetic Retinopathy (DR)

Diabetic retinopathy involves chronic oxidative
stress, inflammation, and vascular dysfunction.
Nanozyme-based therapies, including selenium-
based nanomedicines, have demonstrated potential
in regulating ROS levels and improving retinal
microenvironment under diabetic conditions”.
Moreover, advanced nano-in-micro platforms
provide sustained drug delivery and enhanced
therapeutic efficacy in retinal disorders, suggesting
promising applications in DR management 5.
Glaucoma

Glaucoma is characterized by increased intraocular
pressure (IOP) and oxidative damage to retinal
ganglion cells. Nanozymes, particularly cerium-
based systems, have shown the ability to regulate
redox balance and modulate NAD* metabolism,
thereby  reducing  IOP and  providing
neuroprotection®®. Additionally, antioxidant
nanozyme strategies help mitigate oxidative stress-
mediated damage in glaucoma progression®.

Dry Eye Disease

Dry eye disease is associated with oxidative stress,
inflammation, and tear film instability. Multiple
nanozyme-based systems, including cerium oxide
nanozymes, carbon dot nanozyme hydrogels, and
virus-inspired nanozymes, have demonstrated
effective ROS scavenging, anti-inflammatory
activity, and improved ocular surface retention®%% %,
These systems also inhibit ferroptosis and enhance
tissue repair, leading to significant therapeutic
outcomes.

Keratitis (Bacterial/Fungal)

Nanozymes have shown strong antimicrobial and
anti-inflammatory potential in keratitis treatment.
Multi-enzyme mimicking nanozyme hydrogels and
metal-based nanozymes exhibit antibacterial and
antifungal activities while promoting corneal
healing®®, These systems also help in reducing
oxidative damage and preventing infection-induced
tissue destruction.

Uveitis and Retinal Inflammatory Disorders

In inflammatory ocular diseases such as uveitis,
nanozyme-loaded nanogels have demonstrated
targeted immunomodulatory effects along with ROS
scavenging, leading to reduced inflammation and
improved retinal protection®!.

Toxicity and Safety Concerns

Nanozymes, despite their promising catalytic and
antioxidant properties, present certain toxicity and
safety concerns that must be carefully evaluated
before clinical application. One major issue is metal-
induced toxicity, as many nanozymes are composed
of transition metals that can generate excess reactive
oxygen species (ROS) under certain conditions,
leading to cellular damage instead of protection®.
Additionally, dose-dependent cytotoxicity and long-
term accumulation in biological systems remain
critical challenges, particularly due to their non-
biodegradable nature, which may result in organ
toxicity and inflammatory responses®?. Furthermore,
advanced nanozyme systems such as multi-metallic
and single-atom nanozymes may enhance catalytic
efficiency but can also increase toxicity risks due to
altered surface reactivity and bio-interactions®>-%4,
Another important concern is biocompatibility and
off-target effects, especially in biomedical
applications, where improper targeting may affect
healthy tissues®?. Overall, while nanozymes offer
significant therapeutic potential, balancing catalytic
activity with biosafety, biodegradability, and
controlled reactivity is essential for their safe
clinical translation.

Challenges and Future Perspectives

Nanozymes have emerged as promising alternatives
to natural enzymes; however, several limitations
continue to hinder their widespread application. A
primary challenge lies in their limited catalytic
specificity and selectivity, as nanozymes often lack
the precise substrate recognition exhibited by natural
enzymes, thereby restricting their efficiency in
complex biological and environmental systems 4% 4,
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In addition, the catalytic activity of nanozymes is
highly influenced by environmental conditions,
including pH, temperature, and ionic strength, which
may result in variability and reduced reproducibility
across different applications®. Another significant
concern involves biosafety and long-term toxicity,
particularly for metal-based nanozymes, which may
induce oxidative stress, unintended cellular damage,
or bioaccumulation within tissues®. Furthermore,
challenges related to scalable synthesis, structural
heterogeneity, and batch-to-batch reproducibility
remain critical barriers to their industrial and clinical
translation*!. These factors collectively limit the
consistency and reliability required for regulatory
approval and real-world applications. From a future
perspective, the development of highly selective,
biocompatible, and multifunctional nanozymes
represents a key research direction. Advanced
strategies such as single-atom nanozymes,
biomimetic surface engineering, and hybrid
nanoplatforms are expected to enhance catalytic
precision and reduce toxicity. Moreover, the
integration of nanozymes with targeted drug
delivery systems and stimuli-responsive platforms
holds significant potential for improving therapeutic
efficacy and minimizing off-target effects®*.
Overall, addressing these challenges through
rational design and interdisciplinary approaches will
be essential to fully realize the potential of
nanozymes in biomedical, environmental, and
analytical applications.

Conclusion

Nanozymes have emerged as a transformative class
of enzyme-mimicking nanomaterials, offering
significant advantages over natural enzymes,
including enhanced stability, cost-effectiveness, and
tunable catalytic properties. Their ability to mimic
multiple enzymatic activities and efficiently regulate
reactive oxygen species (ROS) has positioned them
as promising candidates in diverse fields such as
biomedicine, environmental remediation, and
biosensing. In particular, their application in
managing oxidative stress has demonstrated
considerable potential in the treatment of various
diseases, including ocular disorders such as cataract,
glaucoma, and retinal degeneration. Despite these
advancements, several critical challenges remain to
be addressed. The relatively low substrate
specificity compared to natural enzymes, along with
sensitivity to environmental conditions such as pH
and temperature, can limit their catalytic efficiency
and reproducibility. Additionally, concerns related
to long-term biocompatibility, potential toxicity, and
bioaccumulation  especially in  metal-based
nanozymes pose significant barriers to their clinical
translation. Issues related to scalable synthesis,
structural ~ uniformity, and  batch-to-batch
consistency further complicate their industrial and
therapeutic applications. To overcome these
limitations, current research is increasingly focused

on the rational design and engineering of next-
generation nanozymes. Strategies such as the
development of single-atom nanozymes, biomimetic
surface modifications, and multifunctional hybrid
nanostructures are being explored to enhance
catalytic specificity, reduce toxicity, and improve
overall performance. Furthermore, the integration of
nanozymes with targeted drug delivery systems and
stimuli-responsive  platforms offers new
opportunities for achieving controlled and site-
specific therapeutic effects. In conclusion, while
challenges persist, the continuous evolution of
nanozyme design, supported by interdisciplinary
approaches, is expected to unlock their full potential.
With further optimization in terms of safety,
efficiency, and precision, nanozymes are poised to
play a pivotal role in the development of advanced
therapeutic and diagnostic technologies in the near
future.
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