Chinese Chemical Letters 35 (2024) 109096

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Nanozyme-activating prodrug therapies: A review ®)

Yudong Wu?, Wujun Chen?, Chao Wang?®*, Dongming XingP*

Check for
updates

2The Affiliated Hospital of Qingdao University, Qingdao University, Qingdao 266071, China
bSchool of Life Sciences, Tsinghua University, Beijing 100084, China

ARTICLE INFO

ABSTRACT

Article history:

Received 14 June 2023

Revised 4 September 2023
Accepted 12 September 2023
Available online 13 September 2023

Keywords:

Enzyme prodrug therapy
Nanozyme

Prodrug activation
Chemotherapy

Drug synthesis

Enzyme prodrug therapies (EPTs) have been intensively explored as attractive approaches to selective ac-
tivation of systemically administered benign prodrugs by the exogenous enzymes or enzymes expressed
at the desired target site, thus achieving localized, site-specific therapeutic effect. Many effective strate-
gies (e.g., antibody-, viral-, gene-, as well as polymer-directed EPT) have been developed for enzyme lo-
calization to locally activate systemically administered benign prodrugs. Nevertheless, intrinsic limitations
(e.g., complex intracellular environment and catalyst instability) make the practical application of EPT
strategies a task that presents itself as highly challenging. As a promising alternative to natural enzyme,
nanozyme has attracted substantial attention since its discovery in 2007, mainly due to the advantages of
robust catalytic activity, high stability, low cost, and facile synthesis. Recently, nanozyme-activated pro-
drug strategies bring a new opportunity for targeted therapy, referred to as nanozyme-activating prodrug
therapies. This review focuses on recently reported nanozyme-activated prodrug strategies, aiming to pro-

vide some new insights into the potential applications in site-specific drug synthesis.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Enzyme prodrug therapies (EPTs) have been studied as very at-
tractive strategies to locally activate systemically administered be-
nign prodrugs by the exogenous enzymes or enzymes expressed at
the targeted site, achieving localized, site-specific therapeutic ef-
fect [1,2]. Compared with conventional drug administration tech-
niques, EPT strategies are capable of selective activation of system-
ically administered benign prodrugs, thus results in a higher lo-
cal concentration of the therapeutic as well as a lower side effect
[3]. The therapeutic effect of an EPT strategy depends on its two
most critical components, enzymes and prodrugs. Prodrugs used
in an EPT strategy should have no or only little pharmacological
activity in the human body, which can be activated via an enzy-
matic transformation to release active drugs; while enzymes used
in an EPT strategy should have no human analogues (e.g., bacte-
rial lactamase) or only exhibit a localized distribution (e.g., glu-
curonidase) to avoid off-target toxicity [4,5]. And of course, it is
also very essential to deliver drug-activating enzyme gene or func-
tional protein to the targeted site for selective activation of benign
prodrugs. In the past few decades, many effective deliver strategies
have been developed, including antibody-, viral-, gene-, bacterial-,
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and polymer-directed EPT [6-8]. Nevertheless, the phenomenolog-
ical limitation of EPT techniques as described above is the uncer-
tainty in the delivery of the enzyme in vivo. The practical applica-
tion of the EPT strategies is still a task that presents itself as highly
challenging due to the complex intracellular environment and cat-
alyst instability [9].

Recently, nanomaterials with intrinsic enzyme-like activity, re-
ferred to as nanozymes, have drawn substantial research interest
[10-12]. Since the intrinsic peroxidase-like activity of Fe;04 mag-
netic nanoparticles was reported by Yan’s group in 2007, numer-
ous advanced nanomaterials with intrinsic enzyme-like catalytic
activity are mushrooming [13-15]. Due to the advantages of ro-
bust catalytic activity, high stability, low cost, as well as facile
synthesis, nanozyme has emerging as a promising alternative to
natural enzyme [16-18]. In the past years, nanozymes have found
very wide applications in the field of biomedicine, biosensing and
bioimaging [19-23]. With the continuous advances in nanotechnol-
ogy, the biomedical application of nanozymes is still in the as-
cendant. In particular, the development of nanozymes that pos-
sess high stability and good biocompatibility in vivo brings a new
opportunity for the theranostic applications [24,25]. It is not diffi-
cult to imagine that prodrug activation mediated by nanozyme also
can be employed for the site-specific drug synthesis, thus achiev-
ing localized therapeutic effect. Indeed, many nanozyme-activated
prodrug strategies have been developed for targeted therapy, re-
ferred to as nanozyme-activating prodrug therapies [26-32]. As
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Fig. 1. Illustration of nanozyme-activating prodrug therapy, in which nanozymes
catalyze the conversion of nontoxic prodrugs into biologically active drugs for cell
death.
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shown in Fig. 1, nontoxic prodrugs can be effectively converted
into toxic drugs under the activation of nanozymes, thus leading to
cell death. These nanozyme-activated prodrug strategies combine
the advantages of EPT (enhanced therapeutic efficacies as well as
low off-target effects) and nanozyme (robust catalytic activity and
good stability), which showed great potential in the field of tar-
geted therapy [26]. Currently, researches on nanozyme-activating
prodrug therapy are still in its initial stage [33]. The combinations
of enzyme/prodrug used in the EPT strategies should be good ref-
erences for developing novel nanozyme-activated prodrug strate-
gies [5,34]. It is undeniable that the development of nanozymes
has made very significant progress, however, nanozymes that used
in the nanozyme-activating prodrug therapy are mostly focused on
mimicking oxidoreductases (e.g., peroxidase, oxidase, and nitrore-
ductase) and hydrolases (e.g., phosphatase, glucuronidase, and gly-
cosidases), this range is only humble at the very best [27,28]. Thus,
more advanced nanozymes with diverse catalytic activities, high
stability, good biocompatibility, as well as excellent capability of
navigating them to the desired action site should be developed.
What is more, it is universally acknowledged that the long-term
biological safety should be the first consideration for the use of
nanomaterials in vivo [35,36]. At present, most nanozymes used
in the nanozyme-activating prodrug therapy are metal-containing.
However, most of metal- or metal oxide-based nanozymes are
very susceptible to destabilizing oxidation under acidic conditions,
whose in vivo applications are often limited by the potential metal
toxicity [37-39]. In the future, nanozymes with relatively excellent
biological safety should be developed, which may be more desir-
able in the development of nanozyme-activated prodrug strategies.
In addition, identification of substrate scopes of the corresponding
nanozyme is also of great importance in designing novel benign
prodrugs for successful “nanozyme prodrug therapies” [33].

To date, there has not been a review that systematically sum-
marizes nanozyme-activated prodrug strategies. Thus, we present
an authoritative review on the nanozyme-activated prodrug strate-
gies to summarize and comment on their development and ad-
vances. In this review, almost all the nanozyme-activated prodrug
strategies reported in recent years are elaborated in detail. Fur-
thermore, the combinations of enzyme/prodrug in EPT strategies
are also briefly summarized to provide an inspiration for design-
ing novel nanozyme-activated prodrug strategies. We firmly be-
lieved that this work will provide important enlightenment in the
nanozyme-mediated activation of prodrug for the site-specific drug
synthesis.

2. The enzyme/prodrug combinations in EPT strategies

As described above, enzymes and prodrugs are the two
most critical components in an EPT strategy. Summarizing en-
zyme/prodrug combinations in EPT strategies is of great signifi-
cance in developing novel nanozyme-activated prodrug strategy.
Next, commonly used enzyme/prodrug combinations in the field
of EPT will be briefly summarized.
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2.1. Cytosine deaminase

Cytosine deaminase is a non-mammalian protein derived from
bacteria or yeast, which can catalyze conversion of nontoxic
prodrug 5-fluorocytosine (5-FC) into chemotherapeutic agent 5-
fluorouracil (5-FU). In the past decades, the combination of
5-FC/cytosine deaminase has been widely used in the field
of targeted cancer therapy, especially for the development of
antibody- and gene-directed EPT strategies [40,41]. Unfortunately,
5-FC/cytosine deaminase is suffered from its weak substrate flex-
ibility, and 5-FC is the only prodrug at present that used for pair
with cytosine deaminase [42]. Nevertheless, 5-FC/cytosine deami-
nase is still one of the most successful prodrug/enzyme pairs [43].

2.2. Beta-lactamase

As another class of non-mammalian enzymes, bacterial lacta-
mases have a high historical value in the context of EPT [44].
In the past few years, the integration of parent drugs (e.g.,
cephalosporins) and a prodrug strategy is now pushing the de-
velopment of beta-lactamase-based EPT strategies [45]. As for the
synthesis of beta-lactamase specific prodrugs, the introduction of
either a carbonate or a carbamate into a cephalosporin is beneficial
for the release kinetics [46,47]. In the beta-lactamase-based EPT,
the efficient release of drugs is closely related to the leaving group
potential of the drug, as well as the accessibility of the hydrolysis
site for the enzyme [5]. Unfortunately, the toxicity ratio between
the beta-lactamase-activated prodrug and parent drug is relatively
low. It had been reported that the toxicity ratio could be improved
through the introduction of a polar side group, such as a car-
boxylic acid or sulfate- group [48,49]. The overall broad substrate
acceptance of beta-lactamase allowed the development of various
different prodrugs, including but not limited to a cephalosporin-
fluoroquinolone prodrug [50], a prodrug of pyrithione [51], and a
5-FU-cephalosporin prodrug [52].

2.3. Beta-glucuronidase

The combination of glucuronide prodrugs/beta-glucuronidase is
another popular enzyme/prodrug pair for the use in the field of
EPT [53]. Beta-glucuronidase exists intracellularly within lysosomes
at extremely low concentrations, of which is far less abundant in
the human body when compared to phosphatases [54]. The attrac-
tive feature of glucuronide prodrugs in gene-directed EPT is their
low toxicity, large range of possible glucuronide drug targets, as
well as the bystander effect in the interstitial tumor space [55].
Nevertheless, the synthesis of glucuronide prodrugs is challenging
and rather individual without universal reaction conditions. What
is more, the very fast renal clearance of glucuronide prodrugs is
extremely unfriendly for their clinical use [5]. Thus, a special at-
tention should be paid to the development of novel glucuronide
prodrugs with slower clearance, which is very beneficial for pro-
longing its exposure to beta-glucuronidase at the site of the tu-
mor and thus reducing the administered dose [56]. In addition,
the development of fluorescence probes for in vivo imaging of
beta-glucuronidase activity is also of significance [57-59]. In the
past few years, a large number of glucuronide prodrugs have been
designed and synthesized, such as beta glucuronidase responsive
albumin-binding prodrugs [60], and a self-immolative doxorubicin
prodrug [61].

2.4. Other glycosidases
Recently, the combinations of beta-glucosidase/beta-

galactosidase and glycoside prodrugs also have been intensively
explored in gene-directed EPT and antibody-directed EPT [62,63].
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Similarly, beta-glucosidase/beta-galactosidase exists exclusively
within the cells, especially abundant in intestinal, spleen, liver
cells, and lymphocytes. It is worth noting that most of the
glucose- and galactose-based glycosidic prodrugs show a signifi-
cantly higher capability to enter mammalian cells than those of
glucuronide prodrugs [5,64]. Benefiting from these advantages,
Tietze et al. once did very inspiring work in the field of EPT
with their work on glycosidase-activated prodrugs [65]. In recent
years, substantial advances have been made in medicinal chem-
istry, leading to the rapid development of glycosylated prodrugs
for the glycosidases-based EPT, such as glycosyloxymethyl-
prodrugs [66], B-Gal-NONOate (a prodrug that releases nitric
oxide (NO) following enzymatic bioconversion) [67], a prodrug
from the chemotherapeutic monomethyl auristatin E [68], and a 8-
galactosidase-activated gemcitabine-based theranostic, Gal-CGem
[69].

2.5. Alkaline phosphatase

Alkaline phosphatase (ALP), a member of phosphoesterases
family found in all tissues throughout the entire body, including
kidneys, liver, and apical membrane of enterocytes, has studied
as another commonly used activating enzyme in the field of EPT
[70]. Early studies highlighted that prodrug should have high sta-
bility under physiological conditions to avoid instability-induced
undesired side effects, as well as a high value of half maximal in-
hibitory concentration ratio (QICsq) (i.e., toxicity ratio between the
prodrug and parent drug). From this perspective, phosphate pro-
drugs are quite attractive due to the simplicity of their synthesis
and their inability to cross cell membrane. Thus, the phosphate
prodrug approach has emerged as an attractive strategy for in-
creasing bioavailability of a drug candidate with poor hydrophilic-
ity [71]. The major drawback of this enzyme/prodrug system is the
undesired premature drug release and toxicity induced by the high
endogenous concentration of phosphatase in healthy tissue and
plasma [5]. Recently, a large number of phosphate prodrugs have
been designed and synthesized, which can be activated by ALP into
corresponding therapeutics, including but not limited to fosampre-
navir [72], a phosphate prodrug of chalcone 0C26 (BOC26P) [73], a
water-soluble phosphate salt prodrug of triclabendazole [74], and
phosphorylated calcipotriol [75].

2.6. Nitroreductase

As an activating enzyme for nitroaromatic prodrugs, nitrore-
ductase is far less active in the healthy mammalian cells [76].
Expressing or delivering nitroreductase to the desired site of ac-
tion for the site-specific prodrug activation makes it a prime
candidate in the field of EPT. The therapeutic and catalytic po-
tential of nitroaromatic prodrugs in partnership with nitroreduc-
tase enzymes were first demonstrated by the development of en-
zyme/prodrug pairing of Escherichia coli NfsB and CB1954 ([5-
(aziridin-1-yl)—2,4-dinitrobenzamide]) [77]. Despite promising re-
sults, the intrinsic limitations, such as the lowest Ky for E. coli
NfsB far exceeds the maximum dosage of CB1954, have seri-
ously impeded their clinical progression [78]. In recent years,
the biodiscovery and engineering of nitroreductase variants (e.g.,
the YfkO nitroreductase from Bacillus licheniformis) with desirable
activities are now being investigated for their potential use in
EPT, meanwhile, substantial advances have been made in medic-
inal chemistry, leading to the development of second- and third-
generation nitroaromatic prodrugs with a universal masking group
(i.e., nitrobenzyl alcohol) [79]. The substrate scope of nitroreduc-
tase has been expanded to paclitaxel and camptothecin prodrugs
on the basis of 2-nitroimidazole [80], nitroreductase-activatable
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morpholino oligonucleotides [81], nitroreductase-activated NO pro-
drugs [82,83], as well as nitroreductase-activated fluorescence
probes [84].

2.7. Peroxidases

Natural peroxidases (e.g., horseradish peroxidase (HRP)) also
find many interesting applications in the field of EPT. For exam-
ple, indole-3-acetic acid (IAA)/peroxidase has been explored as an-
other promising enzyme/prodrug combination for tumor oxidation
therapy [85]. As one of metabolites of tryptophan, IAA naturally
exists in human plasma at micromoles level, which can be cat-
alytically activated by exogenous peroxidase to release toxic ox-
idative species. Due to the intrinsic limitations of exogenous en-
zyme (e.g., easy biodegradability), the encapsulation of activating
enzymes (e.g., HRP) in micro-/nano-carriers that is capable of re-
taining their catalytic activity has become a major development
trend to construct novel advanced peroxidase-based EPT systems
[86-89]. Besides that, the combination of natural peroxidases with
many other prodrugs, such as IAA derivatives (e.g., 5-fluoroindole-
3-acetic acid) [90], acetylacetone [91], and ethyl 3-indoleacetate
[89], also have been demonstrated.

2.8. Other enzymes

Recently, the increasing demand of more efficient enzyme-
activating prodrug therapeutic schedules is pushing the investiga-
tion of a large variety of enzyme/prodrug combinations. And there
are many other natural enzymes have been described as poten-
tial EPT candidates to catalyze the activation of theranostic pro-
drugs, mainly including various hydrolases [92-112], oxidoreduc-
tases [113-120], and transferases [121-126]. The detailed descrip-
tions are shown in Supporting information.

As described above, the combinations of enzyme/prodrug used
in EPT strategies can provide a very good reference for the devel-
opment of nanozyme-activated prodrug strategies. The commonly
used enzyme/prodrug combinations in the field of EPT are sum-
marized and listed in Table S1 (Supporting information). In the fu-
ture, the search for more efficient combinations of activating en-
zyme/prodrug in the development of advanced EPT strategies will
never cease.

3. Nanozyme-activating prodrug therapy

As described above, EPT strategies have made great progress
in the field of targeted therapy. With the continuous advances
in nanotechnology, numerous advanced nanomaterials with robust
enzyme-like catalytic activity have been well-designed and synthe-
sized [127]. Inspired by these, many nanozyme-activating prodrug
therapy strategies have been developed in recent years. At present,
nanozymes used in the nanozyme-activating prodrug therapy are
mostly focused on mimicking oxidoreductases (e.g., peroxidase, ox-
idase, and nitroreductase) and hydrolases (e.g., phosphatase, glu-
curonidase, and glycosidases).

3.1. Hydrolase-mimicking nanozymes

3.1.1. Nanozymes with glycosidase-like activity

Significant progress has been made in the development of
nanozymes since their discovery in 2007, nevertheless, current
nanozymes offer mimicry to a very narrow range of mammalian
enzymes. In 2019, Zelikin et al. performed a study on the identifi-
cation of nanozymes with apparent mimicry of diverse mammalian
enzymes, including non-proteinaceous pan-glycosidases, for effi-
cient activation of therapeutic prodrugs, which was accomplished
through screening of approximately 100 enzyme-mimic candidate
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Fig. 2. Identification and directed development of nanozymes with S-glucuronidase activity and pan-enzymatic activity for efficient prodrug conversion. (A) High-throughput
screen of nanozymes identifying nanoparticles with B-glucuronidase activity based on metals, metal oxides and other nanomaterials using resorufin S-pD-glucuronide as an
enzyme-specific fluorogenic probe, which can be converted into the corresponding fluorescent product, resorufin. (B) Substrate scope of the copper nanozyme as a -
glucuronidase mimic is closely related to the quality of the leaving group in the substrate: high performance liquid chromatography (HPLC) characterization of conversion for
glucuronide prodrugs with increasing quality of the leaving group from (i) to (iv). (C) The “Zone of inhibition” experiment reveals that nanoengineered copper nanozymes
and antibacterial prodrugs afford a strong antibacterial effect. Reproduced with permission [28]. Copyright 2019, Wiley-VCH.

materials (Fig. 2A) [28]. Moreover, the substrate scope for the lead
candidates was identified, especially in the context of activation of
glucuronides (human metabolites that hold a privileged position in
the field of EPT). They found that poly(vinyl pyrrolidone)-stabilized
copper nanocubes exhibited strong glycosidases-like activity even
in biological media. The substrate scope of copper nanoparticles
with regards to their glucuronidase mimicry was defined by the
quality of the “leaving group” in the substrate (Fig. 2B). Finally,
nanozymes with glucuronidase-like activity were employed for the
activation of glucuronide prodrugs into marketed antibacterial and
anti-inflammatory agents, as well as “nanozyme prodrug therapy”
to mediate antibacterial measures (Fig. 2C). This work presents
quite unique nanozymes, as well as a guideline for designing asso-
ciated substrates, showing great potential for nanozyme engineer-
ing and applications. In 2020, they performed another study on the
evaluation of nanozymes as glucuronidase mimics for the activa-
tion of glucuronide prodrugs, investigated the mechanism of pro-
drug activation [27]. They found that glucuronide prodrugs were
activated by copper nanozymes via at least three different reac-
tions: group transfer in acyl glucuronides, ester bond scission (and
transesterification) in acyl glucuronides, as well as glucuronide gly-
cosidic bond scission in activated aryl glucuronides. That is to
say, copper nanozymes exhibited glucuronidase-like activity, but
also catalyzed the activation of prodrugs via esterase-like mecha-
nism and facilitating group transfer reactions. This study has great
value in further designing glucuronidase-activated prodrugs for
successful “nanozyme prodrug therapies”. Besides that, they once
demonstrated that zinc oxide particles with innate glutathione
peroxidase and glycosidase activities could catalyze the de-
composition of endogenous (S-nitrosoglutathione) and exogenous

(B-gal-NONOate) prodrugs to generate NO at physiological condi-
tions [128].

3.1.2. Nanozymes with phosphatase-like activity

Ceria (cerium!V oxide) nanoparticles are well known for their
multiple enzyme-like activities (e.g., peroxidase, catalase, oxidase,
superoxide dismutase, photolyase, phospholipoperoxidase, nucle-
ase, lipoperoxidase, phospholipase, and phosphatase mimetic ac-
tivities) [129,130]. Most of previous studies mainly focused on
exploiting the redox activity of ceria nanoparticles. Interestingly,
recent studies indicated that ceria nanoparticles also exhibited
phosphatase-like catalytic behavior [131]. Inspired by this, Zelikin
et al. further demonstrated ceria nanoparticles as efficient phos-
phatase mimics to catalyze activation of phosphate prodrugs into
corresponding therapeutics [33]. As shown in Fig. 3A, the substrate
scope of ceria as a phosphatase mimic was investigated by using
a broad range of natural pyrophosphates and phosphor(di)esters,
thus providing a guide for the selection of existing phosphate pro-
drugs that can be activated by ceria into corresponding therapeu-
tics. Moreover, the substrate scope was extended to a broad range
of therapeutically active compounds via engineering in their struc-
tures a self-immolative linker (Fig. 3B). It is reported that ceria as a
phosphatase mimic has been successfully used even in highly com-
plex environment, including in vivo settings. Based on the defined
nanozyme substrate scope, the rational pairing of ceria with the
existing and the de novo designed “extended scaffold” phosphate
prodrugs should be highly favorably for “nanozyme prodrug ther-
apies”. In another ceria nanoparticles-based study, Chandrawati et
al. found that ceria nanoparticles showed an unexpected capability
to controlled release NO from S-nitrosoglutathione [132]. The NO
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Chemical Society.

generation mechanism was strongly influenced by the oxidation of
Ce3+ to Ce** on the surface.

3.1.3. Nanozymes with lipase-like activity

Unfortunately, it has been reported that many metal complexes-
based nanozymes (e.g., Ru, Pd) exhibit poor biocompatibility [133].
Thus, the development of bioinspired nanomaterials brings a new

Metal-binding peptide

@iy,

+

opportunity to overcome this challenge [134]. Inspired by the Metal ion

structures of zinc finger hydrolase, Yan et al. designed and synthe-

sized minimal metallo-nanozymes via an amino acid coordinated T | .
self-assembly strategy by using zinc(Il) ions and amino acid deriva- Buliding blocks Metallo-nanozyme

tives as the building blocks (Fig. 4) [31]. The resulting metallo-
nanozymes exhibit robust catalytic activity comparable to that of
natural lipase in catalyzing the hydrolysis of p-nitrophenyl acetate.
Moreover, the as-synthesized metallo-nanozymes was capable of
catalyzing the activation of a hydrophobic prodrug (i.e., benorilate)
to produce acetylsalicylic acid, opening up a new way for the de-
velopment of efficient nanozymes and their application in the field
of catalytic prodrug conversion.

3.1.4. Other hydrolases-mimicking nanozymes

Recently, the application of bioorthogonal nanozymes in the in-
situ synthesis of drug derivatives or deprotection of caged organic
imaging and therapeutic agents has made great progress [135,136].
In 2015, Rotello et al. designed and synthesized protein-sized

Fig. 4. The synthesis of novel minimal metallo-nanozymes with hydrolase-like
catalytic behavior via an amino acid coordinated self-assembly strategy by using
zinc(II) ions and amino acid derivatives as the building blocks, which can catalyze
the hydrolysis of p-nitrophenyl acetate and benorilate to produce p-nitrophenol and
acetylsalicylic acid, respectively. Reproduced with permission [31]. Copyright 2020,
Elsevier.

bioorthogonal nanozymes, NP_Pd or NP_Ru, via the encapsulation
of hydrophobic transition metal catalysts (TMCs) into the mono-
layer of water-soluble gold nanoparticles (AuNPs) [26]. Then, a
supramolecular cucurbit[7]uril (CB[7]) was bound onto the mono-
layer surface of the resulting nanozymes using host-guest chem-
istry to provide NP_Pd_CB[7] or NP_Ru_CB[7]. As shown in Fig.
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tivity is restored by addition of 1-adamantylamine; (vi) Structures of AuNP with the surface ligand bearing a dimethylbenzylammonium headgroup, 1-adamantylamine,
and CBJ[7]. (vii) TMCs catalyzes allylcarbamate cleavage of pro-fluorescent substrate (rhodamine 110 derivative). Reproduced with permission [26] . Copyright 2015, Nature
Publishing Group. (B) The synthesis of surface-engineered nanozymes (cationic nanozymes (Pos-NZ) and zwitterionic nanozymes (Zw-NZ), which can catalyze activation of
alloc-protected rhodamine 110 and alloc-protected resorufin, respectively) that enable control of intra- versus extracellular bioorthogonal catalysis. Reproduced with permis-

sion [140]. Copyright 2018, American Chemical Society.

5A, the complexation of CB[7] with NP_Pd or NP_Ru blocks access
to the catalytic site, thus resulting in essentially complete inhibi-
tion of catalytic activity. The catalytic activity can be restored by
the addition of 1-adamantylamine, a competitive guest molecule
for CB[7] binding. The potential imaging and therapeutic applica-
tions of gated nanozymes were demonstrated by cleaving the al-
lylcarbamate in an allylcarbamate caged fluorophore (i.e., bis-N,N’-
allyloxycarbonyl rhodamine 110), as well as the propargyl groups
in an inactive prodrug (i.e., pro-5-FU) inside living cell. This gated
control of catalysis integrates biomimetic and bioorthogonal de-
sign elements, making them very attractive components for both
in vitro and in vivo applications. As known to all, the spatial lo-
calization of imaging and therapeutic agents is central to their
utility in biomedicine [137,138]. It has been reported that surface
engineering contributes to the effective localization of nanomate-
rials [139]. Recently, they further performed a study to demon-
strate the use of surface-engineered nanozymes to predictably lo-
calize bioorthogonal catalysis to either intra- or extracellular space
(Fig. 5B) [140]. In this method, TMCs were encapsulated into hy-
drophobic core of AuNP (2nm core) scaffolds, which were func-
tionalized with ligands featuring three components, a hydropho-
bic interior segment, a tetraethylene glycol spacer, as well as a
terminal interacting unit, using place-exchange reaction to provide
surface-engineered nanozymes. A cell-penetrating cationic scaffold
and a “stealth” zwitterionic scaffold were used to generate cationic
nanozymes (Pos-NZ) for intracellular catalysis, as well as zwitte-
rionic nanozymes (Zw-NZ) to limit catalysis to extracellular space,
respectively. The specific location of catalytic activity of Pos-NZ and
Zw-NZ was demonstrated by monitoring the deallylation-mediated
fluorogenesis of two pro-fluorophores, alloc-protected resorufin
and alloc-protected rhodamine 110, while the therapeutic appli-
cations of nanozymes Pos-NZ and Zw-NZ was also demonstrated
through extra- and intracellular activation of a well-designed pro-
drug, allylcarbamate-protected doxorubicin. Taken together, these
studies provide a promising strategy for bioorthogonal transfor-
mation of pro-fluorophores and prodrugs by spatially controlling
TMC-mediated bioorthogonal catalysis. In 2022, they synthesized
degradable ZnS-supported bioorthogonal nanozymes with an en-

hanced catalytic activity for intracellular activation of therapeutics
[141]. The maximum rate of reaction (Vmax) increases ~2.5-fold
as compared to the non-degradable AuNP analogue. In 2023, they
fabricated bioorthogonal nanozymes through the encapsulation of
TMCs into the monolayer of a cationic-functionalized AuNP, thus
providing protection of the catalyst and adherence to tissue at the
tumor site [142]. The resulting cationic bioorthogonal nanozymes
maintained high catalytic activity at least seven days after in-
jection. These nanozymes localized at the injection site in the
tumor, activating systemically injected propargyl-protected imag-
ing pro-fluorophores and prodrugs. Significantly, this nanozyme-
activating prodrug strategy produced substantially less liver dam-
age than the free therapeutic. Recently, they designed and syn-
thesized novel biorthogonal nanocatalysts based on encapsulat-
ing TMCs into polymeric scaffolds, known as “polyzymes”, for
intracellular activation of anticancer therapeutics [143-145]. The
as-synthesized “polyzymes” showed both controlled size and in-
creased bioorthogonal catalytic efficiency. The biological applica-
bility of polyzymes was demonstrated by efficiently transforming
nontoxic prodrugs into the active drugs in cancer cells.

As a very promising transition metal candidate for bioorthogo-
nal reactions, palladium is well known for its strong catalytic activ-
ity and good biocompatibility [138,146]. In recent years, palladium-
mediated intracellular chemistry had attracted considerable atten-
tion, especially in the field of site-specific drug synthesis [147]. In
particular, palladium nanoparticles (PdNPs) have proved to be very
efficient for the deprotection of caged organic imaging and thera-
peutic agents [148,149]. Encouraged by vast possibilities and appli-
cations of palladium chemistry, very great efforts had been made
for the development of bio-friendly Pd®-based heterogeneous cata-
lysts. For example, Bradley and co-workers synthesized biocompat-
ible cell-penetrating heterogeneous catalysts via the self-assembly
of PANPs on the surface of polystyrene microspheres [150,151].
PdNPs trapped within polystyrene microspheres was capable of
mediating efficient bioorthogonal organometallic chemistries (e.g.,
allylcarbamate cleavage and Suzuki-Miyaura cross-coupling) (Fig.
6A). Once upon incubation with the as-synthesized Pd® micro-
spheres, alloc-Rh110 and alloc-amsacrine could be activated. Be-
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mission [156]. Copyright 2018, Wiley-VCH.

sides that, Unciti-Broceta and co-workers once designed and syn-
thesized Pd®-labile gemcitabine prodrugs, N-propargyloxycarbonyl
gemcitabine, which could be activated in cell culture by Pd®
nanoparticles trapped in an amino-functionalized polystyrene ma-
trix, Pd%-resins [152]. The implanted Pd®-resins in the yolk sac
of zebrafish embryos exhibited excellent biocompatibility and lo-
cal catalytic activity. It had been demonstrated that the mixture
of Pd%-resins and 5-fluoro-1-propargyluracil (Pro-5-FU) also could
produce the comparable cytotoxicity with its active therapeutic
counterpart 5-FU [153]. Similarly, another propargyl-protected pro-
drug, pro-floxuridine (FUdR), could be activated by Pd®-resins to
produce FUdR, a clinically-used anticancer drug (Fig. 6B) [154].
However, further efforts should be made to promote in vivo
demonstrations, particularly in mammalian model, which is very
crucial to assess the actual therapeutic potential with regards to
safety and pharmacological profiles. Recently, the utilize of mag-
netic nanorobots to activate therapeutic prodrugs represents a new
trend in the development of chemotherapeutic treatments [155].
Inspired by this, Pané et al. synthesized a hybrid nanowire, which
was composed of palladium and magnetic iron, for site-specific ac-
tivation of the latent chemotherapeutic prodrug Pro-5-FU (Fig. 6C)
[156]. The synthesized FePd nanowires induced no significant cy-
totoxic effect, while a significant reduction of cell viability was ob-
served once upon incubation of the FePd nanowires with Pro-5-
FU. The targeted therapeutic abilities of the FePd nanowires were
demonstrated with the aid of magnetic fields to attract the FePd
nanowires to a predefined area within a cultured cancer cell pop-
ulation, triggering the local activation of Pro-5-FU and thus induc-
ing cell death exclusively in this region. Finally, the FePd nanowires
were injected in MDA-MB-231 human breast cancer xenografts in
nude mice, which significantly inhibited tumor growth without ap-

parent side effects after intraperitoneal administration of Pro-5-FU
over a period of two weeks.

3.2. Oxidoreductase-mimicking nanozymes

3.2.1. Nanozymes with peroxidase-like activity

As described above, the combination of IAA and natural per-
oxidase is commonly used in enzyme prodrug therapy [86]. As
one of the metabolites of tryptophan that naturally exists in hu-
man plasma, IAA exhibits negligible toxic effects under the dose
of 100 mg/kg. Upon incubation with peroxidase, IAA can be effec-
tively activated to produce free radical intermediates, and thus in-
ducing the apoptosis of treated cells. In 2020, Yan's group demon-
strated a nanozyme-activated prodrug strategy for targeted can-
cer therapy using a metal-free phosphorous and nitrogen dual-
doped porous hollow carbon sphere nanozyme (PNCNzyme) with
peroxidase-like activity in acidic environment [30]. As shown in
Fig. 7A, IAA and folate (FA) were loaded on the surface of PNC-
Nzymes to provide FA-PNCNzymes@IAA. IAA molecules released
from the resulting FA-PNCNzymes@IAA only in an acidic envi-
ronment, which can be activated by the PNCNzyme. To evaluate
the antitumor activity and biological safety, FA-PNCNzymes@IAA
nanoparticles were administrated to mice (Fig. 7B). The results in-
dicated that this novel nanozyme-activated prodrug strategy exhib-
ited very good antitumor activity and biological safety, which was
capable of efficient activation of prodrug at the tumor site. In 2023,
Duo and co-workers demonstrated a strategy for cancer therapy
by innovatively combining gas therapy with nanocatalytic tumor
therapy based on the use of a biomimetic single-atom nanozyme
with peroxidase-like activity, an SO, prodrug (benzothiazole sulfi-
nate, BTS), as well as platelet membrane vesicles [157]. Under the
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Fig. 7. The activation of IAA catalyzed by a metal-free nanozyme, PNCNzyme, for
targeted tumor catalytic therapy. (A) Schematic illustration of synthesis of the ther-
apeutic reagents, FA-PNCNzymes@IAA. (B) The prodrug activation strategy for tumor
catalytic therapy of FA-PNCNzymes@IAA. Reproduced with permission [30]. Copy-
right 2020, Elsevier.

acidic conditions of the tumor environment, the SO, prodrug could
release SO, that subsequently induced the production of ‘SO5;~ to
cause cell apoptosis. Meanwhile, the catalytic activity of single-
atom nanozymes was improved with down-regulating glutathione
(GSH) and up-regulating H,0, in tumor cells, thus achieving self-
enhanced nanocatalytic tumor therapy. As a result, more than 90%
of the tumor could be suppressed.

3.2.2. Nanozymes with cytochrome c oxidase-like activity

Banoxantrone dihydrochloride (AQ4N) is a hypoxia-activated
prodrug that has entered clinical trials, which can be activated to
produce a cytotoxic DNA intercalator (AQ4) under the hypoxia con-
dition [158]. However, the degree of tumor hypoxia is far from
sufficient to maximize therapeutic potential of AQ4N. In 2022,
Dong et al. synthesized bimetallic alloy nanoparticles (Cu-Ag NPs)
with robust cytochrome c oxidase-like (CcO) catalytic activity via
a two-step seeded growth procedure [29]. This bimetallic alloy
nanozyme was capable of catalyzing the reduction of oxygen to
hydroxyl radicals (-OH) and cytotoxic superoxide (-O,~) with the
aid of cytochrome c overexpressed in cancer cells, whereby sig-
nificantly aggravating tumor hypoxia. After being modified with
the hydrophilic NH,-PEGygq9 to enhance dispersibility, hypoxia-
activated AQ4N prodrug molecules were loaded on the surface
of the as-synthesized Cu-Ag NPs to prepare AQ4N@Cu-Ag NP,
which unprecedentedly enabled simultaneous starvation, ferropto-
sis, and chemical therapy with very high efficiency and specificity,
as well as low side effects (Fig. 8). Furthermore, the as-prepared
AQ4N@Cu-Ag NP was also capable of totally eliminating tumor
and prolonging the survival rate for 4T1-tumor-bearing mice. This
study has great guiding significance for the site-specific activation
of other hypoxia-activated prodrugs and brings new insights into
nanocatalytic cancer therapy.

3.2.3. Nanozymes with nitroreductase-like activity

Photonanozymes refer to a class of nanomaterials that exhibit
intrinsic enzyme-like catalytic activity activating with visible pho-
tons [159]. Gold nanoclusters (Au NCs) with a diameter less
than 2nm can be used as biocompatible photonanozymes, which
hold great potential for the photocreation of biologically active
molecules [160]. In 2021, Hu et al. synthesized GSH-modified Au
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Fig. 8. Starvation, ferroptosis, and prodrug therapy synergistically enabled by the
use of a cytochrome c oxidase like nanozyme (Cu-Ag NP) and AQ4N (a prodrug that
can be converted into a cytotoxic DNA intercalator (AQ4) by the hypoxia condition
in tumor tissues). Reproduced with permission [29]. Copyright 2022, Wiley-VCH.

NCs with nitroreductase-like catalytic behavior, which were capa-
ble of photoinduced catalytic the reduction of a prodrug moiety
nitrobenzene to biologically active aniline (Fig. 9A) [32]. And they
found that the photocatalytic reaction at variable light fluences
was shown to follow the classical Michaelis-Menten enzyme kinet-
ics. The viability of GSH-stabilized Au NCs as photonanozymes per-
forming catalysis in a mammalian cell environment was demon-
strated by intracellular reduction of a nitro-group-containing flu-
orescent probe. The successful implementation of this study will
open a new avenue to utilize Au NCs as biocompatible photo-
nanozymes that mimic natural nitroreductase for potential prodrug
activation. Shortly after, they further performed a study on photo-
catalytic nitroaromatic prodrug activation by photosensitizer func-
tionalized AuNCs, in which a Ru(Il) tris-bipyridine (bpy)-type coor-
dination compound as the photosensitizer was covalently linked to
the surface of glutathione-ligated Au NCs (Fig. 9B) [161]. Owning
to the specific catalytic performance resulting from photoinduced
charge separation within photosensitizer functionalized AuNCs,
visible light excitation of the photocatalyst allows the reduction of
nitrobenzene to aniline with 100% selectivity. Under light irradi-
ation, the nitro-benzene moiety containing prodrug CB1954 could
be efficiently activated by the photosensitizer functionalized AuNCs
to produce significant cytotoxicity even in hypoxic cancer cells.

3.2.4. Other oxidoreductase-mimicking nanozymes

It had been reported that certain flavins could perform as po-
tent redox photocatalysts, which were capable of prompting the
conversion of transition metal substrates (e.g., Pt!V anticancer pro-
drug complexes) into their biologically active counterparts in the
biological environment (Fig. 10A) [162]. Salassa and co-workers
once investigated the mechanism of these artificial photocat-
alytic reactions by employing four Pt"V prodrug complexes and
five flavins, namely, lumiflavin, riboflavin, tetra-O-acetyl riboflavin
(TARF), riboflavin-5’-phosphate (FMN), flavoprotein miniSOG (mini
Singlet Oxygen Generator) [163]. With the aid of nicotinamide ade-
nine dinucleotide (NADH) as the electron donor, flavins could be
transformed into the reduced FLH- species as the active photo-
catalyst to catalyze the Pt!V to Pt!! conversion under light irra-
diation. And they found that the catalytic efficiency was deter-
mined by both the ribityl and isoalloxazine moieties of the flavins,
and may be influenced by H-bond interactions between the PtV
precursors and flavin catalysts. Overall, FMN-containing miniSOG
is a less efficient catalyst, due to the reduced substrate accessi-
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Fig. 9. (A) GSH-modified Au NCs perform enzyme-like photocatalysis for catalyzing the reduction of a prodrug moiety nitrobenzene to biologically active aniline under light.
(i) Comparative illustration of nitroreductase (left) along with Au NC photonanozymes (right) for the activation of nitrobenzene; (ii) The catalytic mechanism of Au NCs-
catalyzed the reduction of nitrobenzene. Reproduced with permission [32]. Copyright 2021, American Chemical Society. (B) Photocatalytic nitroaromatic prodrug activation
by photosensitizer functionalized AuNCs. (i) Schematic illustration of the synthesis of the photosensitizer functionalized AuNCs. (ii) The mechanism of the photosensitizer
functionalized Au NCs for photocatalytic and photodynamic double killing of cancer cells. (iii) Schematic illustration of the generation of reactive oxygen species (ROS) and
the photocatalytic reduction of the prodrug moiety nitrobenzene triggered by the photosensitizer functionalized AuNCs. Reproduced with permission [161]. Copyright 2021,

American Chemical Society.
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Fig. 10. Flavin bioorthogonal photocatalysis toward platinum substrates. (A) With the aid of NADH as the electron donor, flavins can be transformed into the reduced FLH~
species under light irradiation, which serves as the active photocatalyst to catalyze the Pt' to Pt conversion. Reproduced with permission [163]. Copyright 2019, American
Chemical Society. (B) The mechanism of FMN for the activation of the cisplatin prodrug cis,cis,-trans-[Pt(NHs),(Cl, )(0,CCH,CH,COOH), ). (C) Structures of FMN and AuNPs
decorated with a Cy;-thiol bearing a 1,4,7-triazacyclononane headgroup. (D) Schematic illustration of the supramolecular nanozyme developed in this work. Reproduced with

permission [164]. Copyright 2020, Royal Society of Chemistry.

bility to the flavin catalytic core when embedded in an amino
acid scaffold. Thus, structure modification the isoalloxazine and
ribityl groups in free flavins, as well as of site mutagenesis in min-
iSOG may be beneficial for boosting their catalytic activity. This
study expands the catalyst and substrate scope for the activation of
metal-based prodrugs and versatility of bioorthogonal catalytic re-
actions currently available in drug synthesis. In 2020, they further
fabricated a supramolecular nanozyme via the encapsulation of
FMN into 1.9 nm AuNPs decorated with a Cy;-thiol bearing a 14,7-
triazacyclononane headgroup (Fig. 10B) [164]. With the aid of elec-
tron donors (e.g., zwitterionic buffers or NADH), the supramolecu-
lar nanozyme catalyzed activation of a Pt(IV) anticancer prodrug,
cis,cis,trans-[Pt(NHs3 ),(Cl, )(0O,CCH,CH,COOH), ], into clinically ap-
proved anticancer drug cisplatin in biological media (Fig. 10C). This
novel activation strategy holds promise in the photocatalytic acti-
vation of Pt(IV) anticancer prodrugs (Fig. 10D).

3.3. Other nanozymes

There are still many other interesting “nanozyme prodrug ther-
apies” strategies have been developed. In 2020, Li and co-workers

demonstrated a novel therapeutic platform for multisynergistic
cancer therapy based on taking full advantages of the glucose
oxidase (GOD)-based B-D-glucose oxidation and palladium medi-
ated in situ activation of doxorubicin prodrugs [165]. As shown in
Fig. 11A, a GOD-modified nanoreactor was fabricated based on co-
loading of prodrugs and nanocatalysts, in which the Pd® nanoparti-
cles were synthesized in situ within the pores of mesoporous silica
nanoparticles and the doxorubicin prodrugs were encapsulated in
B-cyclodextrins to reduce toxic side effects. To evaluate the ther-
apeutic effect of this novel therapeutic platform in vivo, tumor-
bearing nude mice were treated with the as-fabricated nanoreac-
tor. The injected nanomaterials were significantly accumulated in
the tumors, subsequently, a cascade chemical reaction was trig-
gered: GOD efficiently and specifically catalyzed B-p-glucose oxi-
dation to produce gluconic acid and H,0,; the as-produced glu-
conic acid decreased the local pH, which induced the disassem-
bly of the doxorubicin prodrug-B-cyclodextrins complexes to re-
lease free doxorubicin prodrugs; the free doxorubicin prodrugs
were catalytically activated by Pd® nanoparticles to produce active
anticancer drugs. Taken together, a multisynergistic cancer ther-
apy was achieved, which involved GOD-based cancer starvation
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Fig. 11. (A) A novel therapeutic platform for multisynergistic cancer therapy based on taking full advantages of the GOD-based S-p-glucose oxidation and palladium mediated
in situ activation of doxorubicin prodrugs. Reproduced with permission [165]. Copyright 2020, American Chemical Society. (B) The design and synthesis of a COF-based Fe(Il)
catalyst as a bioorthogonal catalyst for the bioorthogonal-activated in situ cancer vaccine. Reproduced with permission [166]. Copyright 2023, American Chemical Society.

therapy, H,O,-mediated orchestrated oxidation therapy, as well
as doxorubicin-induced chemotherapy. In 2023, Qu and his col-
leagues developed a bioorthogonal-activated in situ cancer vac-
cine based on the synthesis of a series of biocompatible cova-
lent organic framework (COF)-based Fe(Il) catalysts, CFe-X (X=H,
OH, OCH3s, Br) [166]. Once upon incubation with pro-rhodamine
110, CFe-OH exhibited strongest catalytic activity, which was fur-
ther modified with folic acid for targeting tumor cells (denoted as
CFe-FA). Particularly, pro-DOX could be efficiently and bioorthogo-
nally activated in situ by the as-synthesized CFe-FA, which could
evoke immunogenic cancer cell death and thus releasing tumor-
associated antigens to stimulate innate immune cells. What is
more, the COF-based Fe(II) catalysts were also capable of activating
pro-imiquimod (pro-IMQ, a TLR7/8 immune agonist) to produce
IMQ, which could be served as an adjuvant to amplify the antitu-
mor immunity (Fig. 11B). As a result, this bioorthogonal-activated
in situ cancer vaccine performed satisfying antitumor efficacy and
prevented dose-dependent side effects in normal organs or tissues.
More importantly, the encouraging results presented herein have
paved way for the development of in situ cancer vaccines with
safety and efficiency, and providing a paradigm for potent can-
cer immunotherapy. Recently, they demonstrated a spatially con-
trolled macroautophagy degradation targeting chimeras strategy
for tissue-specific mitochondrial depletion in tumors based on the
use of a well-designed aptamer-based Cu nanocatalyst (Apt-Cu3?)
[167]. The bioorthogonal reaction between the alkynyl tagged LC3
recruiting warhead (alk-DP) and azido tagged ligand of mitochon-
dria (azi-TPP) could be triggered by Apt-Cu3? to produce the lethal
mitophagy inducer bio-autophagy-tethering compounds (ATTECs)
at tumor sites, thus leading to mitochondrial depletion and au-
tophagic cell death in malignant cells. The proposed bioorthogo-
nal activation strategy can efficiently induce autophagic tumor cell
death, providing new insights into the development of cancer ther-
apy strategies to realize precision therapeutics by avoiding unde-
sired side effects.

Besides that, some well-designed prodrug-based cancer thera-
peutic strategies may not fall under the category of “nanozyme
prodrug therapy”, but they still have very important implications
in the field of targeted cancer therapy, which will be briefly dis-
cussed and summarized. Recently, fluoride (F~)-mediated desilyla-
tion has emerged as a burgeoning bioorthogonal system for pro-
drug activation [168]. Compared to F~ for desilylation, metal flu-

10

oride nanocrystals are more effective for tumor targeting ben-
efiting from the enhanced permeability and retention (EPR) ef-
fect. Due to solubility equilibrium, release of fluorides and metal
ions from nanocrystals is intrinsic, which has always been con-
sidered as a drawback. Making good use of this so-called “draw-
back”, Liu et al. unveiled that metal fluoride nanocrystals could
induce rapid and efficient desilylation reactions for controlled
release of active drugs and fluorophores in test tubes, living
cells, and tumor-bearing mice [169]. They synthesized six model
metal fluoride nanocrystals (LaFs;, BaF,, SrF,, CaF,, NaYF,4, and
NaYF;@CaF, nanocrystals) via a seed-mediated shell growth strat-
egy. Due to the sufficient desilylation rate and low toxicity of metal
ions, CaF, nanocrystals were chosen for the subsequent biologi-
cal assays. For more better biocompatibility and colloidal stabil-
ity, CaF, nanocrystals were decorated with a polyethylene glycol
(PEG) coating. The as-synthesized biocompatible PEG-coated CaF,
nanocrystals was capable of releasing adequate F~ to the desi-
lylation of caged TBS-MeRho and monomethyl auristatin E both
in vitro and in vivo. Inspired by the fluoride-mediated desily-
lation, Qu et al. also synthesized a pH-responsive, cancer cell-
selective biomimetic nanocatalyst MIL-53@F~-@M by coating can-
cer cell membranes on a F~ absorbed metal-organic framework
(MOF) for prodrug activation and enhanced synergistic chemody-
namic therapy [170]. The synthesized pH-responsive biomimetic
nanocatalyst prefers to be internalized by homotypic cancer cells
with high efficiency, releasing F~ and Fe3* after entering cells.
Then, the released F~ was capable of initiating a desilylation re-
action for site-specific activation of self-designed prodrug tert-
butyldimethyl silyl-hydroxycamptothecin (TBSO-CPT) into the an-
ticancer drug OH-CPT (10-hydroxycamptothecin), which could
kill cancer cells without apparent side effects. Simultaneously,
the bioorthogonal-synthesized OH-CPT induced the upregulation
of intracellular H,O, by activating nicotinamide adenine dinu-
cleotide phosphate oxidase, which greatly boosted formation of
hydroxyl radical ("OH) from the Fe3*-induced Fenton reaction,
thus resulting in augmented synergistic anticancer therapy. Both
in vitro and in vivo studies demonstrated the good biocompati-
bility and excellent antitumor effect of this cancer cell selective
fluoride-activated biomimetic platform. Finally, recently reported
nanozyme-activating prodrug therapies are summarized and listed
in Table 1.
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Table 1
The summary of nanozyme-activating prodrug therapies.
Catalytical activity Nanozyme Prodrug Ref.
Glycosidase-like activity Copper nanocubes Glucuronides [28]
Glucuronidase-like activity Copper nanozyme Glucuronide prodrugs [27]
Phosphatase-like activity Nanoceria Phosphate prodrugs [33]
Lipase-like activity Z-His-NHNH, /Zn?** Benorilate [31]
Peroxidase-like activity PNCNzyme Indole-3-acetic acid [30]
CcO-like activity Cu-Ag nanozyme AQ4N [29]
Nitroreductase-like activity GSH-stabilized Au NCs Nitrobenzene (e.g., CB1954) [32]
Others NP_Pd/NP_Ru Pro-rhodamine 110/pro-5-fluorouracil [26]
Pos-NZ/Zw-NZ PF1/PF2/pro-doxorubicin [140]
Pd° microspheres Alloc-Rh110 and alloc-amsacrine [150]
PdO-resins N-Propargyloxycarbonyl gemcitabine [152]
PdO-resins 5-Fluoro-1-propargyluracil [153]
Pd°-resins Pro-floxuridine [154]
FePd nanowires Pro-5-fluorouracil [156]
FMN@TACN AuNPs A Pt(IV) anticancer prodrug [164]
COF-based Fe(II) catalysts Pro-doxorubicin/pro-IMQ [166]

Note: Z-His-NHNH,/Zn2+, metallo-nanozymes were constructed by amino acid coordinated self-assembly; PNCNzyme, a metal-free phosphorous and nitrogen dual-doped
porous hollow carbon sphere nanozyme; CcO, cytochrome c oxidase; AQ4N, banoxantrone dihydrochloride; GSH, glutathione; Au NCs, gold nanoclusters; NP_Pd/NP_Ru,
protein-sized bioorthogonal nanozymes through the encapsulation of hydrophobic transition metal catalysts into the monolayer of water-soluble gold nanoparticles; Pos-NZ,
cationic nanozymes; Zw-NZ, zwitterionic nanozymes; PF1, alloc-protected rhodamine 110; PF2, alloc-protected resorufin; FMN, riboflavin-5’-phosphate; TACN AuNPs, gold
nanoparticles decorated with a Cy;-thiol bearing a 1,4,7-triazacyclononane headgroup, pro-IMQ, a TLR7/8 immune agonist; COF, covalent organic framework.

4. Conclusions

EPT strategies have been proved to be attractive tools for site-
specific drug synthesis thus achieving localized therapeutic effect.
Recently, it has been demonstrated that the systemically admin-
istered benign prodrugs also can be activated in vivo by well-
designed nanozymes, known as nanozyme-activating prodrug ther-
apies. In this review, the development and recent advances of
nanozyme-activated prodrug strategies are summarized and dis-
cussed. The combinations of enzyme/prodrug in EPT strategies are
also briefly summarized, aiming to provide an inspiration for de-
veloping novel nanozyme-activated prodrug strategies.

The nanozyme-activated prodrug strategies combine the ad-
vantages of EPT (e.g., low side effect and high local concentra-
tion of the therapeutic) and nanozyme (e.g., robust catalytic ac-
tivity and good stability), which show great potential in the field
of targeted therapy. Although some progress has been made in
this field, there are still many urgent issues that need to be ad-
dressed. (1) Currently, researches on nanozyme-activating prodrug
therapy are still in its initial stage, there are relatively few reports
on nanozyme-activating prodrug therapy; (2) Nanozymes that used
in the nanozyme-activated prodrug strategies are mostly focused
on mimicking oxidoreductases (e.g., peroxidase, oxidase, and ni-
troreductase) and hydrolases (e.g., phosphatase, glucuronidase, and
glycosidases), this range is only humble at the very best; (3)
Most currently developed nanozyme-activated prodrug strategies
are demonstrated based on utilizing metal-containing nanozymes.
However, metal- or metal oxide-based nanozymes are susceptible
to destabilizing oxidation under acidic conditions, whose in vivo
applications are often limited by the potential metal toxicity.

Predictably, the development of more advanced nanozymes
with diverse catalytic activities, high stability, good biocompatibil-
ity, and excellent capability of navigating them to the desired ac-
tion site remains the major trend in the future. Furthermore, the
following aspects may also be taken into consideration. Firstly, the
combinations of enzyme/prodrug used in EPT strategies should be
good references for developing nanozyme-activated prodrug strate-
gies; secondly, metal-free nanozymes, which exhibit relatively ex-
cellent biological safety, may be more desirable in the develop-
ment of nanozyme-activated prodrug strategies; additionally, the
identification of substrate scopes of the corresponding nanozyme
may be also of great importance in designing novel benign pro-
drugs for successful “nanozyme prodrug therapies”. With the con-
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tinuous advances in nanotechnology, the application of nanozymes
in the field of EPT is still in the ascendant. We firmly believed that
this work will provide important enlightenment in the nanozyme-
mediated activation of prodrug for the site-specific drug synthesis.
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