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Peroxidase (POD) mimetic nanozymes converts endogenous H202 to water (H20) and reactive oxygen species (ROS) in
a hypoxic tumor microenvironment is a fascinating approach.
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| 1. Introduction

Cancer is one of the leading causes of human mortality 2. Major problems associated with cancer treatment include the
reoccurrence of tumors, tumor metastasis and resistance to chemo drugs @l Chemotherapy, radiotherapy (RT), and
surgery are currently the most efficient treatment modalities, but have significant drawbacks including damage to normal
cells, tumor reoccurrence, poor visualization and tumor hypoxia HR=IE, Therapeutic and diagnostic strategies for treating
the cancer efficiently are needed. Recently, significant attention has been focused on nanomaterial-mediated
phototherapies such as photothermal therapy (NmPTT) and photodynamic therapy (NmPDT) for the treatment of many
diseases including cancers, bacterial infections, etc. [EIEILOLLNLZ NmPTT relies on photothermal heat and NmPDT
mainly relies on reactive oxygen species (ROS). Compared to traditional therapeutic modalities, NmPDT is highly
selectivity, can be remote controlled, has low systemic toxicity and is noninvasive L3114, |n terms of its mechanism, PDT
is strongly dependent on oxygen, and insufficient oxygen in the tumor microenvironment (tumor hypoxia) makes PDT less
effective in in vivo systems €. Several factors contribute to tumor hypoxia, such as excess extracellular matrix, low pH
values, and immunosuppressive factors resulting from altered metabolic pathways and abnormal tumor vasculature 131,
Several studies have found that tumor hypoxia promotes tumor growth 187 promising results have been achieved in
addressing tumor hypoxia by supplying tumors with oxygen using oxygen carriers such as Hb oxygen carriers, non- Hb
oxygen carriers and hybrid proteins, etc. 189 However, limited loading efficiency and release of O 2 on oxygen
nanocarriers is still a limiting factor 2%, To this end, increased attention has been focused on generating O 2 on
nanomaterials, specifically on enzyme mimetic nanomaterials, known as “nanozymes”, to overcome tumor hypoxia and
mediate cancer therapeutics 2, Two different therapeutic approaches, direct killing (increasing ROS) and indirect killing
(depletion of ROS) have been used to investigate cancer therapeutics using various nanozymes, mainly peroxidase
(POD), oxidase (OXD), superoxide dismutase (SOD) and catalase (CAT) mimetic nanomaterials 2. The approach of
increasing ROS promotes therapeutic efficiency particularly with the use of POD mimetics by overcoming tumor hypoxia
in oxygen-dependent PDT. POD mimetic nanozymes catalyze the endogenous H 20 2 and produce H 20 and ROS in the
tumor microenvironment. However, a detailed review of POD mimetic nanozymes reports for cancer therapeutics is still
lacking.

| 2. Nanozymes

Enzymes can serve as biological catalysts (e.g., POD, OXD SOD and CAT, etc.) for various in vivo biological reactions
(23] | jke all catalysts, enzymes have two fundamental properties: firstly, they increase the catalytic reaction without being
consumed themselves, and secondly, they increase the reaction rates without altering the chemical equilibrium. In
general, natural enzymes consist mainly of two parts: a protein and a metallic cofactor. The protein part contains various
functional groups and facilitates absorption of the substrate and provides an active site for substrate binding, whereas the
metallic part (generally metal ion or metallic complex) facilitates electron transmission. The simultaneous action of the two
parts enhances the enzyme’s catalytic activity 24, Due to superior catalytic activity and excellent substrate specificity,
several enzymes have been used in various applications such as agrochemical production, pharmaceutical processes,
food industry applications and biomedical applications 221281271 However, the practical applications of enzymes are
restricted due to some serious limitations. As shown in Figure 1 , enzymes have disadvantages such as low operational
stability, low sensitivity and high cost, etc. Thus, an alternative strategy to mimic natural enzymes and enhance catalytic
reactions is urgently required.
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Figure 1. The properties of various hanozymes and their advantages over enzymes.

Thus, considerable effort has been devoted to developing nanozymes which are similar to natural enzymes and can
effectively catalyze the conversion of enzyme substrates under mild conditions, and exhibit similar catalytic efficiency and
enzymatic reaction kinetics 281, As shown in Figure 1 , nanozymes exhibit several advantages over natural enzymes,
including multifunctionality, tunability of catalytic activities, low cost, production scalability, recyclability and high stability.
Moreover, these nanozymes can function in ambient conditions. Nanozyme activity can be tuned by simply varying their
shape, structure, and composition, and considerable effort has focused on investigating the theoretical mechanisms and
kinetics of nanozymes 22,

The advantages of nanozymes have led to their use in energy, environmental and biomedical applications. For instance,
nanozymes can be used to qualitatively and quantitatively detect environmental toxins such as ions, molecules and
organic compounds B9, Nanozymes have also been used to treat bacterial infections, offering exciting broad-spectrum
antimicrobial properties with negligible cytotoxicities 1. They have also been used in biosensors for the rapid, reliable,
and highly sensitive detection of various diseases 2233l Recently, nanomaterial-based nanozymes have been
extensively investigated for use in the treatment of cancer through overcoming tumor hypoxia, since oxygen plays a
pivotal role in cancer development and treatment 24, Various enzyme mimetic nanomaterials, such POD OXD, SOD and
CAT mimetic nanozymes, have been extensively studied for use in cancer therapeutics 4. The present review mainly
focuses on POD mimetic nanomaterials in cancer theranostic applications, and offers a detailed discussion of current
advances and future perspectives.

Peroxidase is a natural enzyme found in wide variety of organisms, from plants to humans to bacteria B2, The main
function of the peroxidase enzyme is the decomposition of H 20 2 to nontoxic components. H 20 2 is a toxic byproduct
formed by respiration of O 2 28 Peroxide enzymes act as detoxifying agents for free radicals (e.g., glutathione
peroxidase) and also aid defense against invading pathogens (e.g., myeloperoxidase). Peroxidases are also widely used
in bioanalytical and clinical chemistry applications for the detection of analytes via colorimetric assays. As mentioned
earlier, to overcome the drawbacks of natural enzymes, significant effort has gone into developing effective alternative
POD mimetic enzymatic strategies.

| 3. Current Trends and Future Perspectives

As discussed earlier, several POD mimetic nanozymes have been successfully used to overcome tumor hypoxia.
However, the mechanism by which current POD mimetic NMs generate cytotoxic ROS mainly relies on the amount of
intracellular H 20 2 and pH. Intracellular H 20 2 concentrations are very low, estimated at around (50 — 100 x 10 -6 M)
(37138 As a result, most nanozymes have limited therapeutic efficiency in the tumor microenvironment, and catalytic
nanozyme therapy alone is not comparable to combination therapy. To this end, some studies have shown that ROS
generation on nanozymes can be improved by photothermal therapy BZ[381401 7hang et al. fabricated a viruslike Fe 30
4@Bi 2S 3 nanocatalyst (F-BS NCs) by simple ultrasound. Synergistic coupling of POD mimetic Fe 30 4 NPs with a
narrow band gap semiconductor Bi2S3 (BS) significantly increased POD mimetic activity 4. As shown in Figure 2 , MNP
particles exhibit better enzyme POD-like catalytic activity under mild temperatures compared to at room temperature/no
temperature applied. As a result, POD-like activity promotes the conversion frequency of Fe 3+ /Fe 2 + under mild



hyperthermia effect on BS under 808 nm laser irradiation 4243l Furthermore, POD enzymatic reaction in the tumor

microenvironment improves the yield of ROS and resists the cancer under this mild photothermal effect.
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Figure 2. Schematic representation of photothermal-enhanced nanozymatic mediated cancer therapy on viruslike
Fe;0,@Bi,S3 nanozymes. Image was reproduced with permission from reference 411,

The synergistic effects of dual enzyme mimetic nanostructures in tumor therapy were later investigated. Gao et al.
reported a dual inorganic nanozyme-based nanoplatform of Gold (Au) NPs and Fe 30 4 NPs co-loaded mesoporous silica
materials for nanocatalytic tumor therapy 4. Since Au NPs as a GOx mimic, so it will also catalyze B-D-glucose oxidation
into gluconic acid and H 20 2, which is subsequently catalyzed by the peroxidase-mimic Fe 30 4 NPs to liberate high-
toxic hydroxyl radicals to induce tumor-cell death by the typical Fenton-based catalytic reaction. To further enhance the
efficacy of dual nanozyme catalytic therapy, Yi et al. fabricated Wonton-like Bismuth@poly vinyl pyrrolidine@gold platinum
(Bi@PVP@AuUPt) NPs which exhibited both POD and oxidaselike activity. The stable dual enzymatic behavior of NPs will
produce oxygen in hypoxic tumors. Applying the hyperthermia effect to the dual nanozyme significantly promotes ROS
generation, resulting in good therapeutic outcomes under combined photothermal and nanocatalytic treatment. Xu et al.
designed glucose—oxidase (GOx)-loaded biomimetic Au—Ag hollow nanotriangles (Au—-Ag—GOx HTNs) for NIR light-
triggered tumor therapy by regulating the tumor environment, where GOx in HTNs triggers the generation of gluconic acid
and H 20 2 48 subsequently, H 20 2 will be converted to O 2 on the POD mimetic HTNs, eventually boosting the
formation of *OH radicals under NIR Il light for efficient tumor therapy. Dong et al. reported ceria nanozymes decorating
uniform Bismuth sulfide nanorods (Bi 2S 3 NRs) with dendritic mesoporous silica (Bi 2S 3@DMSN) material for tumor
catalytic therapy 8. Synthesized nanozymes exhibited a dual enzyme mimic such as POD and CAT properties under
acidic conditions, significantly overcoming tumor hypoxia and elevating oxidative stress under hyperthermia. Recently,
Alizadeh et al. reported pH-switchable POD and CAT mimic activities of hierarchical Co(OH) 2/ FeOOH/WO 3 ternary
nanoflowers 4. The POD activities of the as-synthesized nanoflowers were dominant at acidic pH whereas the CAT
activities were dominant at basic pH. Indeed, these catalytic materials produced ROS by decomposition of H 20 2 in both
acidic and basic condition, resulting in good anticancer behavior as well as cancer cell detection. Building on these
advancements in dual nanozymes and their efficacy in tumor treatment, Ai et al. fabricated a manganese dioxide
encapsulated selenium-melanin (Se@Me@MnO 2) multishell nanozyme for intracellular antioxidation 48 Se@Me@MnO
2 nanozyme exhibits multiple enzyme activities such as CAT, SOD and glutathione peroxidase (GPx). This multishell
platform can effectively scavenge the ROS species via synergistic and fast electron transfer between Se, Me and MnO 2.
These multienzyme mimetic nanoplatforms are good candidates for future tumor therapy applications.

Single-atom-based nanozymes are being developed for various applications. Cost effective and atomically dispersed
single atom metal centers can significantly enhance enzyme mimetic properties by maximizing the atomic utilization
efficiency and density of active sites. As a result, single atom-based platforms have been developed for various kinds of
enzymelike properties such as POD, SOD, CAT, OXD, etc. 4. By using the enzyme mimetic properties of single atoms,
Xu et al. fabricated a zinc-based single atom supported by a metal organic framework and observed excellent POD-like
properties B9, These POD-like activities further help to efficiently deactivate in vivo bacterial infections. Huo et al.
fabricated PEGylated single-atom Fe-containing nanocatalysts (PSAF NCs) atoms and observed that the present Fe-
based single atom could effectively trigger intracellular H 20 2 and selectively generate hydroxyl radicals (*OH) in acidic
tumor environments B, More recently, Wang et al. fabricated single-atom ruthenium as the active catalytic site anchored
in a metal-organic framework Mn 3[Co(CN) 6]2 with encapsulated chlorin e6 (Ce 6), which serves as a catalaselike



nanozyme for oxygen generation 22, Figure 3 presents a schematic representation of the detailed fabrication and in vivo
applications. Single-atom Ru loading content can degrade intracellular H 20 2 to O 2 to relieve hypoxia in solid tumors,
leading to enhanced ROS generation, and finally causing apoptotic cell death both in vitro and in vivo.

Figure 3. Schematic illustration of Ceg loaded Ruthenium incorporated metal organic framework-based single atom
nanozyme (OxgeMCC-r SAE) in PDT. (a) Schematic representation of the fabrication of Ru-based single atom nanozyme.
(b,c) are molecular structure and H,O, decomposition mechanisms of Ru-based nanozyme. (d) Schematic representation

of in vivo ROS mediated catalytic therapy on OxgeMCC-r SAE. Image was reproduced with permission from reference
Is2),

Despite nanozymes offering significant advantages such as high stability, low cost, long-term stability and large scale
production, several considerations/improvements are needed for future practical applications. Some key considerations
for future nanozymes in cancer applications are as follows.

| 4. Conclusions

In summary, this review presents past and current advancements in the development of nanozymes, especially POD
mimetic nanomaterials for oxygen-dependent phototherapy, with a detailed explanation of the mechanisms and roles of
POD mimetic nanozymes in cancer therapeutics. The main obstacle of effective tumor phototherapy is tumor hypoxia.
Most phototherapy modalities are oxygen-dependent, and tumor microenvironments contain insufficient oxygen for
effective therapeutic application. To overcome this limitation, we review the advantages of POD mimetic hanomaterials
which can catalyze endogenous H 20 2 to H 20 and ROS, thus overcoming tumor hypoxia. Further therapeutic
improvement can be achieved through combining therapeutic platforms such as mild PTT-induced enhancement of
nanozyme activities and dual, multienzyme strategies. Future perspectives and challenges facing the continued
development of nanozyme applications are discussed to elucidate directions for future nanozyme-based therapeutics and
to transform clinical settings. We believe the present review helps to provide a more systematic understanding of the
advantages, mechanisms and challenges of nanozymes and will facilitate the development of novel POD mimetic
nanozymes for efficient cancer phototherapy applications.
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