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The field of nanozymes is developing rapidly. In particular, glutathione peroxidase (GPx)-like nanozymes,

which catalytically reduce H2O2/organic hydroperoxides to H2O/alcohols, have attracted considerable

attention. GPx-like nanozymes are powerful antioxidant enzymes known to combat oxidative stress. They

have broad applications, including cytoprotection, anti-inflammation, neuroprotection, tumor therapy,

and anti-aging. Although much progress has been made, GPx-like nanozymes have not been well dis-

cussed or fully reviewed as other nanozymes. This review aims to summarize recent advances on GPx-

like nanozymes from the vantage point of mechanism, classification, and bioapplication. Future prospects

for advancing their design and application are also discussed.

1. Introduction

As critical secondary messengers in cell signal transduction,
reactive oxygen species (ROS) are widespread in vivo.1,2 The most
common ROS are superoxide anions (O2

•−), hydrogen peroxide
(H2O2), hydroxyl radicals (•OH), and singlet oxygen (1O2).

3–5 To
maintain normal physiological functions, ROS need to be at a

suitable concentration.6 When ROS build up in excess, oxidative
cellular injury and cell death can occur, which is known as oxi-
dative stress.7,8 Numerous studies have linked oxidative stress to
a variety of diseases, including age-related,9

neurodegenerative,10,11 inflammatory,12 cardiovascular,13 and dia-
betes.14 The evolution of cells has left them with two antioxidant
systems to scavenge ROS. One type of antioxidant is non-enzy-
matic, such as reduced glutathione (GSH), ascorbic acid, caro-
tenes, etc.15 The other type is antioxidant enzymes, mainly super-
oxide dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPx).16 One of the most interesting of them is GPx, which
is known for its ability to scavenge H2O2.

GPx, an antioxidant enzyme, is responsible for maintaining
the cellular redox balance. In 1957, GPx was identified as a
protective factor for hemoglobin within erythrocytes.17 Then,
selenium was found to be essential to GPx.18,19 The identified
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crystal structure of GPx further revealed a catalytically active site
containing selenium in the form of selenocysteine.20 Studies on
GPx showed that it could catalyze the reduction of H2O2/organic
hydroperoxides to H2O/alcohols under reduced GSH.21

Consequently, it can be effective in inhibiting and fighting oxi-
dative stress. It suffers, however, from various intrinsic defects as
most natural enzymes, such as being too expensive, unstable,
and difficult to mass produce.22 Therefore, it is vital to explore
GPx mimics extensively to overcome the limitations mentioned
above and facilitate practical applications.23

Due to the discovery that GPx is a selenoenzyme, research-
ers initially looked at organoselenium compounds.24–29 Other
compounds, such as organotellurium compounds, have also
been identified as potential GPx mimics.30 Following the dis-
covery in 2007 of magnetic Fe3O4 nanoparticles to possess per-
oxidase (POD)-like activity, nanozymes, nanomaterials with

enzyme-like properties, have gained widespread attention.31–35

Since nanozymes are low-cost, highly stable, multifunctional,
and easy to mass produce, they are considered the next gene-
ration of artificial enzymes.36–38 The discovery that V2O5 nano-
wires resemble GPx further catalyzed the breakthrough and
opened up new possibilities.39 As of today, GPx-like nanozymes
have been explored and developed for applications including
cytoprotection, anti-inflammation, neuroprotection, and
tumor therapy (Scheme 1). In order to highlight the recent pro-
gress, an overview of the development of GPx-like nanozymes
is provided. This review will cover GPx-like nanozymes’ mecha-
nism, classification, and bioapplications. A discussion on the
challenges and future developing prospects of GPx-like nano-
zymes ends the paper.

2. Mechanisms of GPx-like
nanozymes

Over the past few decades, natural GPx catalytic mechanisms
have been investigated extensively. There is a ping-pong
mechanism40 as well as an ordered mechanism41 in natural
GPx’s catalysis of multi-substrate reactions. However, while
many nanomaterials mimicking GPx have been developed,
their catalytic mechanisms have not received as much atten-
tion. Studies conducted so far suggest that GPx-like nano-
zymes have two catalytic mechanisms. The ping-pong and
ordered mechanisms will be discussed in this section.

2.1. Ping-pong mechanism

It was reported in the early 1970s that Flohé and co-workers
found that GPx1 in bovine red blood cells used a ping-pong
mechanism.40 In this mechanism, substrates and products
alternately bind to or release from the enzyme. Further studies
showed that the catalytic schemes of GPx1, GPx3, and GPx4
can all be represented by a catalytic cycle, as shown in
Fig. 1A.42 Hydroperoxides oxidized the active center of –SeH to
–SeOH, which was then reduced by a molecule of GSH to
–SeSG. This then reset the catalytic process to start over with

Scheme 1 Classification and bioapplications of GPx-like nanozymes.
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another GSH molecule. In the same way as natural GPx, several
studies have shown that some GPx-like nanozymes use the
ping-pong mechanism, where hydroperoxide oxidizes their
active sites to form peroxide intermediates.39,43–50 As an
example, see Fig. 1B for the catalytic cycle of V2O5 nanowires.

39

The first step was to react with H2O2 on the active surface to
produce vanadium peroxide intermediate 1, followed by a GSH
attack to produce sulfonate-bound intermediate 2. In contrast
to natural GPx, intermediate 2 was hydrolyzed into glutathione
sulfenic acid (3, GSOH) and a dihydroxo intermediate 4, which
underwent a redox reaction with another H2O2 to yield inter-
mediate 1. At the same time, GSOH would react with another
GSH molecule to form glutathione disulfide (GSSG). In the
catalytic process, the interaction between H2O2 and the active
site VvO to form vanadium peroxide is of great importance.

In some cases, however, peroxide intermediates would not
form at all. This is because the active site would first interact
with GSH rather than H2O2, changing its redox state. Typical

examples are the GPx-like catalytic reactions of CuV2O6 with
GSH and H2O2, which differ greatly from the previously
reported V2O5 nanowires.51 As shown in Fig. 2A and B, the
absence of peaks at 1150 cm−1 and 930–940 cm−1 in Raman
and infrared spectra indicated that no V-peroxide species
formed. Additional X-ray photoelectron spectroscopic analysis
of CuV2O6 interacting with GSH and extra H2O2 allowed
further investigation of the intermediates (Fig. 2C and D).
Following interaction with GSH, the valence state of V was
clearly exhibited as +IV, and after the addition of excess H2O2,
both +V and +IV products were formed. Fig. 2E shows the two
equations corresponding to the reactions involved. According
to the above results, the GPx-like activity of CuV2O6 was caused
by a redox change in the vanadium center. The redox valence
changes of active centers have also been observed in other
types of nanozymes, such as Mn-,52 Cu-,53,54 Ru-based,55 etc. In
some bimetallic nanozymes, both active sites would produce
valence redox changes.56–58 As an example, Sn2+/Sn4+ and Fe2+/

Fig. 1 (A) Ping-pong mechanism of natural GPx. Reprinted with permission from ref. 42. Copyright (2013) Elsevier. (B) A catalytic mechanism for
V2O5 nanowires to exhibit GPx-like activity. Reprinted with permission from ref. 39. Copyright (2014) Springer Nature.
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Fe3+ redox couples played an important role in catalyzing the
GPx-like reaction of SnFe2O4.

57

2.2. Ordered mechanism

Santimone and co-workers argued in 1997 that GPx worked
using a sequential ordered mechanism, rather than a ping-
pong one.41 A sequenced mechanism involves binding mul-

tiple substrates to the enzyme in a specific order to form an
enzyme–multisubstrate multiplex intermediate, and the
product is only released after all substrates are bound to the
enzyme. In specific, GPx would combine with one molecule of
H2O2 and two molecules of GSH, resulting in GSSG and E
during one catalytic cycle (Fig. 3A). Of all the studies con-
ducted on GPx-like nanozymes, one involved GPx-like nano-
zymes that followed an ordered mechanism.59 By modifying
Au NPs with selenium-containing pentapeptides, GPx-like
nanozymes were constructed (Fig. 3B). The kinetics study with
parallel lines in Fig. 3C and D indicated the mechanism of
ping-pong for such selenopeptides. As pentapeptides immobi-
lized on Au NPs to form GPx-like nanozymes, kinetics analysis
of the crossed lines in Fig. 3E and F revealed an ordered
mechanism. The altered mechanism may be the result of Au
NP scaffolds constraining the peptide mobility and confor-
mation, exposing more active sites to co-interact with the
substrates.

3. Types of GPx-like nanozymes

As a result of studying natural GPx and developing nanozymes,
multiple nanomaterials that possess GPx-like properties have

Fig. 2 (A and B) Changes in the Raman and infrared spectra of CuV2O6 reacting with H2O2 with time. (C and D) X-ray photoelectron spectroscopic
analysis of V 2p after CuV2O6 has been treated with 10 mM GSH and 0.1 M H2O2, respectively. (E) Catalytic equations for the GPx-like activity of
CuV2O6. Adapted with permission from ref. 51. Copyright (2022) Royal Society of Chemistry.
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been developed (Fig. 4). The small organoselenium and organo-
tellurium compounds have already been reviewed in detail,60–62

and are not discussed in this review. To simplify the classification
of GPx-like nanozymes, the active center element is used as the
basis for five categories: (1) selenium-based, (2) vanadium-based,
(3) manganese-based, (4) copper-based, and (5) others. Detailed
categories can be found in Table 1 and their available kinetics
parameters are shown in Table 2.

3.1. Selenium-based

Since selenium was proven essential for natural GPx, organose-
lenium compounds have often been used as GPx mimics.63

These compounds were further installed onto various nano-
scale scaffolds, including micelles, vesicles, polymer nano-
particles, and superamphiphile-assembled nanotubes, to
improve the catalytic efficiency. Having highly ordered and
moderately flexible structures, these scaffolds provided
binding sites and an appropriate microenvironment, and thus
enhanced the catalytic activity.64–69 Adding stimuli-responsive

polymers to the scaffold could allow its catalytic efficiency to
be reversibly controlled by external conditions, such as temp-
erature, pH, light, or ionic strength.70 More recently, the devel-
opment of nanotechnology has led to the use of nanomaterials
as nano-scaffolds, including graphene oxide (GO),71 the metal–
organic framework (MOF) UiO-66,72 and gold nanoparticles
(Au NPs).59 As shown in Fig. 5A, phenylselenylbromide was co-
valently linked to organic ligands of UiO-66-NH2 to obtain sel-
enium-functionalized UiO-66-Se. The high specific surface
area and uniform porosity of UiO-66-Se allowed it to offer
more catalytically active centers and exhibit better GPx-like
activity.72 An interesting aspect of such a Se-containing mole-
cule is that it can also bind with a metal to form MOF struc-
tures and exhibit GPx-like properties. As seen in Fig. 5B, Se-
containing diimidazole ligands assembled with Zn2+ to form
Se-MOF as the Fe2NC shell. This shell would not only provide
the GPx-like activity, but also enhance the stability and bio-
compatibility of Fe2NC.

73

Also, selenium nanoparticles (Se NPs) and metal selenides
(e.g., Bi2Se3, MoSe2, and Mo3Se4) were used to mimic

Fig. 3 (A) The flow chart of the ordered mechanism. Adapted with permission from ref. 41. Copyright (2004) John Wiley and Sons. (B) The construction of
selenopeptide-modified Au NPs. (C and D) The double-reciprocal plots of GPx-like activity for selenopeptides. (E and F) The double-reciprocal plots of
GPx-like activity for selenopeptide-modified Au NPs. Adapted with permission from ref. 59. Copyright (2020) Royal Society of Chemistry.
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GPx.43,74–77 By adding ascorbic acid to a GO/selenium dioxide
solution, Qu, Ren, and co-workers fabricated GO-Se nano-
composites in which Se NPs were well modified on the surface
of GO. As demonstrated by the typical glutathione reductase
(GR) coupled assay, Se NPs had GPx-like activity, and GO’s
large surface area and rapidly transferring electrons could
enhance the activity (Fig. 5C and D).43 As well as GO, some
surface coatings and modifications were also used to improve
the dispersion and stability, such as polyvinylpyrrolidone
(PVP),75,76 polydopamine (pDA),44,78 hyaluronic acid (HA),45

and polysaccharides.79 The coating or modification would
even serve as a synergistic antioxidant. The synergetic anti-
oxidant machinery in organisms, for instance, inspired Qu,
Ren, and co-workers to develop pDA coated Se NPs, which
acted as non-enzymatic antioxidants and antioxidant enzymes,
respectively. By exploiting the O2

•− and •OH scavenging pro-
perties of pDA, Se@pDA nanocomposites demonstrated more
potent antioxidant capacity. An application of this synergistic
antioxidant system will be described in the Application
section.44

3.2. Vanadium-based

Mugesh, D’Silva, and co-workers first reported in 2014 that
V2O5 nanowires could exhibit GPx-like activity and exert cyto-
protective effects effectively.39 Subsequent studies indicated

that different morphologies and crystal planes would influence
this activity.46 As shown in Fig. 6A, nanowires (VNw), nano-
flowers (VNf), nanosheets (VSh), and nanospheres (VSp) were
synthesized with different exposed crystal facets. The VNw only
had {001} facets, the VNf had major {010} and minor {001}
facets, the VSh had major {001} and minor {010} facets, and
the VSp had two major {010} and {100} facets. The GPx-activi-
ties of these four V2O5 nanozymes followed the order: VSp >
VNf > VSh > VNw, see Fig. 6B. A detailed study based on experi-
ments and theoretical calculations found that the {010} and
{100} facets were more active than {001} because of their unsa-
turated surfaces, with {010} being the most active.

Following these pioneering studies, other V-based nano-
materials, such as V2C MXenzyme,47,80 orthovanadate NP,81,82

MIL-47(V) MOF,48 VN4 single-atom,83 MnV2O6,
51 ZnV2O6,

51

and CuV2O6,
51 also exhibited excellent GPx-like activities. As

shown in Fig. 6C, a MIL-47(V)-H MOF nanozyme mimicking
GPx was synthesized by coordinating the 1,4-benzenedicarbox-
ylicacid ligand with V3+ and modulated its GPx-like activity by
ligand engineering.48 In particular, F, Br, NH2, CH3, and OH
were substituted for H in the benzenedicarboxylicacid ligand
to create MIL-47(V)-X MOFs (X = F, Br, NH2, CH3, OH, and H).
Their GPx-like activities were then investigated and are shown
in Fig. 6D. These isostructural MOFs all exhibited GPx-like
activity, and the substitutions enhanced the catalytic activity,
with MIL-47(V)-NH2 being the most active. In addition, a
control experiment using only ligands was conducted under
identical conditions to clarify why MIL-47(V)-X MOFs differ in
their catalytic activity. It is unlikely that ligands alone would
have GPx-like activities, ruling out the possibility that their
intrinsic catalytic activity could influence the results. As a
result of the X-ray photoelectron spectroscopy results and sub-
sequent analysis, the electronic impact of substitution on the
metal nodes was found to be responsible for the difference in
catalytic activity between the MIL-47(V)-X MOFs.

3.3. Manganese-based

GPx’s activity was first reported to be efficiently mimicked by
Mn3O4 nanoflowers by Mugesh, D’Silva, and co-workers in
2017.84 GPx mimicking manganese oxides has been widely
reported since then, mainly using Mn3O4.

49,52,84–87 In compari-
son to Mn3O4, other manganese oxides, such as MnO,52

MnO2,
52,88 Mn2O3,

52 and ZnMn2O4,
89 have been investigated

less due to their lower activities. It is believed that GPx-like
activity was related to the mixed valence states and redox
cycling of Mn(II) and Mn(III).52 Through valence engineering,
Wei and co-workers modulated ZnMn2O4 to show GPx-like
activity (Fig. 7A).89 A series of Li-doped samples were obtained
through hydrothermal synthesis, and these Zn1−xLixMn2O4 (x
= 0, 0.2, 0.4, 0.6, and 1) were denoted by ZM, Li-2, Li-4, Li-6,
and LM. According to the catalytic activity test results, more Li
doping resulted in higher GPx-like activity, while LM exhibit-
ing the highest activity. In contrast, ZM, the initial material,
and Li-2, the low-doped sample, did not exhibit GPx-like pro-
perties (Fig. 7B). A more detailed valence analysis revealed a
correlation between the increase of the activity and the change

Fig. 4 A brief timeline for the development of GPx-like nanozymes
(natural and artificial enzymes are listed for better understanding). Note:
for each active atom, only representative nanomaterials are listed, and
more detailed information can be found in Table 1.
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Table 1 Summary of GPx-like nanozymes

Active
atom Nanozyme

Types of enzyme-
like activities Application Function of GPx-like activity Ref.

Au Au24Ag1 clusterzyme GPx/CAT Relieving acute
neuroinflammation and
treating trauma brain injury

Scavenging H2O2 and lipid
peroxides

104

Au25 clusterzyme GPx (highest)/CAT/
SOD

Relieving acute
neuroinflammation and
treating trauma brain injury

Scavenging H2O2 and lipid
peroxides

103
and
104

Au24Cd1 clusterzyme GPx/CAT/SOD
(highest)

Relieving neuroinflammation by
inhibiting interleukin (IL)-1β
and IL-6

Scavenging H2O2 and lipid
peroxides

103

Au24Cu1 clusterzyme GPx/CAT (highest)/
SOD

Relieving neuroinflammation by
inhibiting tumor necrosis factor
(TNF)-α

Scavenging H2O2 and lipid
peroxides

103

Ce CeO2 GPx/CAT/POD/SOD Relieving neuroinflammation
and treating trauma brain
injury noninvasively

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
eliminate oxidative stress

105
and
106

Cr/CeO2 GPx/CAT/POD/SOD Relieving neuroinflammation
and treating trauma brain
injury noninvasively

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
eliminate oxidative stress

106

Pt/CeO2 GPx/CAT/POD/SOD Relieving neuroinflammation
and treating trauma brain
injury noninvasively

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
eliminate oxidative stress

105

PEG/Ce-Bi@DMSN GPx/CAT/POD Relieving tumor hypoxia and
depleting overexpressed GSH
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve •OH-mediated tumor nano-
catalytic therapy

119

Co Co/PMCS GPx/CAT/SOD Alleviating systematic
inflammation and treating
sepsis

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
eliminate oxidative stress

107

Cu COF-618-Cu GPx/CAT Relieving tumor hypoxia and
depleting overexpressed GSH
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve the photodynamic and
photothermal therapy efficacy

97

COF-909-Cu GPx/POD/SOD Elevating H2O2 levels and indu-
cing pyroptosis for tumor
therapy

Depleting overexpressed GSH 98

Cu nanoclusters (Cu NCs) GPx/CAT/POD/SOD Defending cells from oxidative
stress by scavenging excess ROS

Scavenging H2O2 and fine-tuning
the concentration of H2O2 for cell
signalling

96

Cu-TCPP MOF nanodots
(CTMDs)

GPx/SOD Alleviating acute kidney injury
during endotoxemia

Scavenging H2O2 at the inflamma-
tory sites and avoiding the toxicity
of SOD-like activity

95

Cu-doped polypyrrole
(CuPP)

GPx/CAT/POD Relieving tumor hypoxia and
reprogramming macrophages
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve •OH-mediated tumor
immunotherapy

54

CuO NP-polyoxometalate
(POM)

GPx/CAT/OXD/POD Constructing multi-function
sensors and sensing ascorbic
acid and Fe2+

Constructing a fluorometric sensor
for Fe2+

94

CuO, Cu2O GPx — — 51
CuxO nanoparticle clusters GPx/CAT/POD/SOD Inhibiting neurotoxicity and

ameliorating Parkinson’s
disease

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
protect cells from ROS cytotoxicity

90

CuxO@EM-K GPx/CAT/SOD Clearing peripheral amyloid-β
associated with Alzheimer’s
disease

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
mitigate Aβ-induced erythrocyte
membrane oxidative damage

91

Cu5.4O nanoparticles GPx/CAT/SOD Scavenging excessive ROS and
alleviating inflammation-related
diseases

Scavenging H2O2 and synergizing
with SOD- and CAT-like activities to
protect cells from ROS damage

92

Cu5.4O@Hep-PEG
hydrogels

GPx/CAT/SOD Inhibiting inflammation and
promoting wound healing

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
scavenge ROS from wound sites

93

PtCu3-PEG nanocages GPx/POD Depleting overexpressed GSH
and enhancing sonodynamic
tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS in
chemodynamic-enhanced
sonodynamic cancer therapy

53
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Table 1 (Contd.)

Active
atom Nanozyme

Types of enzyme-
like activities Application Function of GPx-like activity Ref.

Fe Fe-CDs@Ang GPx/CAT/OXD/
POD/SOD/TPx

Activating autophagy-lysosome
pathway for drug-resistant
glioblastoma therapy

Depleting overexpressed GSH to
make tumor cells more sensitive to
the ROS changes

110

Fe-N/C SACs GPx/CAT/OXD/POD Protection of cells from
oxidative stress by scavenging
ROS

Scavenging H2O2 and regulating the
concentration of H2O2 to deliver cel-
lular signals

108

KCa(H2O)2[Fe
III(CN)6]·H2O

(CaPB)
GPx/CAT/POD/SOD Regulating inflammation and

inhibiting ferroptosis in acute
kidney injury therapy

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge diverse RONS

111

Mn C-Mn3O4 nanoparticles GPx Passing the blood–brain barrier
and treating Huntington’s
disease

Scavenging H2O2 and reducing the
associated oxidative damage,
thereby preventing the mitochon-
drial dysfunctions and the concomi-
tant redox imbalance

49

HSA-Mn3O4 GPx/CAT/SOD Alleviating reperfusion-induced
nervous system damage in
ischemic stroke

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

86

LiMn2O4 GPx/CAT/SOD Treating inflammatory bowel
disease with a low dosage

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
achieve self-cascading antioxidant
activity and effectively scavenge ROS

89

MnO2-BSA nanoparticles GPx/CAT/OXD/
POD/SOD

Protection of cells from
oxidative stress by scavenging
ROS

Scavenging H2O2 88

Mn3O4 nanoflowers GPx/CAT/SOD Providing cytoprotection in
Parkinson’s disease

Scavenging H2O2 and fine-tuning
the concentration of H2O2 for cell
signaling

84

Keeping NO bioavailability in
human endothelial cells

Scavenging H2O2 and fine-tuning
the concentration of H2O2 for cell
signaling

52

Mn3O4 in nanoform GPx/CAT/SOD Defending cells from oxidative
stress by scavenging excess ROS

Scavenging H2O2 and fine-tuning
the concentration of H2O2 for cell
signaling

85

Mn3O4 nanorods GPx/CAT/POD/SOD Scavenging excessive ROS and
ameliorating Parkinson’s
disease

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

87

Mo MoS2 GPx/CAT/POD/SOD Relieving hepatic fibrosis and
suppressing inflammation

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities
and constituting a self-cascade plat-
form to inhibit ROS production

112

MoO3 nanowires GPx — — 50
Pt Au@Pt nanoparticles GPx/polyphenol

oxidase
/lipoxygenase

— — 113

Janus BPQDs/Pt/AFSNs GPx/CAT/OXD/
POD/SOD

Scavenging excessive ROS and
treating ROS-induced ear
inflammation

Scavenging H2O2 114

Ru Pt(IV)–Ru hybrid prodrug GPx/CAT/POD Alleviating tumor hypoxia,
enhancing oxidative stress, and
depleting GSH

Depleting overexpressed GSH to
overcome cisplatin resistance

55

RuO2 nanoparticles GPx/CAT/POD/SOD Alleviating acute kidney injury Scavenging H2O2 and synergizing
with CAT- and SOD-like activities
and exhibiting the cytoprotective
effect on oxidative stress-induced
nephrotoxicity

115

Se 2D MoSe2@PVP
nanosheets

GPx/CAT/POD/SOD Scavenging RONS with heat-
resistance and alleviating acute
pancreatitis

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

76

Fe2NC@Se nanoparticles GPx/CAT/OXD/SOD Inhibiting neural apoptosis
after cerebral ischemia-
reperfusion injury

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

73

GO-Se nanocomposite GPx Protection of cells from
oxidative stress by scavenging
ROS

Scavenging H2O2 and protecting
cells from ROS damage

43

GO (mPEGSe)2 GPx Modulating the balance of ROS Scavenging H2O2 and protecting
cells from a high ROS level

71

HEP-SeNPs GPx/CAT/SOD Defending cells from oxidative
stress by scavenging excess ROS

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

79
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Table 1 (Contd.)

Active
atom Nanozyme

Types of enzyme-
like activities Application Function of GPx-like activity Ref.

Lf-Au-Bi2Se3 nanodots GPx/CAT/POD/SOD Passing the blood–brain barrier
and treating Parkinson’s
disease

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
alleviate ROS levels and ameliorate
the mitochondrial state

74

MoSe2-PVP nanoparticles GPx/CAT/POD/SOD Scavenging RONS with heat-
resistance and alleviating acute
pancreatitis

Scavenging H2O2 75

PEG-modified Mo3Se4
nanoflakes

GPx/CAT/POD/SOD Inhibiting colitis by preventing
oxidative damage and intestine
barrier breakdown

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
scavenge ROS and reconstitute the
Nrf2-mediated cellular anti-oxidative
system

77

MSe-HA nanoparticles GPx Treating local inflammation
and sepsis injury
simultaneously

Scavenging H2O2 and inhibiting the
overexpression of pro-inflammatory
cytokines

45

PDASeCys GPx/CAT/SOD Treating Parkinson’s disease Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
effectively scavenge ROS

78

Se-DG GPx Serving as a green catalyst in
alkene epoxidation with H2O2

Supporting the ability to activate
H2O2

120

Se@Me@MnO2 GPx/CAT/SOD Resisting ROS-mediated
damage and alleviating ear
inflammation

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
scavenge ROS

121

Se@pDA GPx Alleviating lung inflammation
and protecting cells against
oxidative damage

Scavenging H2O2 effectively 44

(Sec-Arg-Gly-Asp-Cys)-
modified Au nanoparticles

GPx — — 59

UiO-66-Se GPx — — 72
V CuV2O6, MnV2O6, ZnV2O6 GPx Increasing the NO

bioavailability and protecting
cells from excessive ROS

Scavenging H2O2 and mediating the
release of NO from S-nitrosothiols at
physiological pH

51

MIL-47(V)-X (X = F, Br,
NH2, CH3, OH, and H)

GPx Alleviating a broad-spectrum
inflammation including ear
injury and colitis

Scavenging H2O2 and inducing the
M1 to M2 phenotypic polarization
of macrophages

48

GdVO4/Eu
3+ nanoparticles GPx Exerting a direct antioxidant

effect and activating GSH
signalling for anti-aging

Scavenging H2O2 and activating
GSH signalling for anti-aging

81
and
82

VN4 single-atom GPx/CAT/POD Accelerating the scalp healing
from brain trauma

Scavenging H2O2 and lipid per-
oxides accumulated in the scalp fol-
lowing injuries

83

V2O5 nanosheets GPx Counteracting redox stress and
blocking reactivation and
replication of HIV-1

Scavenging H2O2, counteracting
redox stress and blocking the reacti-
vation and replication of HIV-1

122

V2O5 nanowires GPx Scavenging ROS and protecting
cells from oxidative stress

Scavenging H2O2 and supplying the
antioxidant system of the cell

39
and
46

V2O5@pDA@MnO2 GPx/CAT/SOD Alleviating ear inflammation
and protecting cells against
oxidative damage

Scavenging H2O2 and synergizing
with CAT- and SOD-like activities to
scavenge ROS

123

2D V2C MXenzyme GPx/CAT/POD/
SOD/TPx/
hydroperoxide
lyase

Treating ROS-mediated
inflammatory and
neurodegenerative diseases

Scavenging H2O2 and maintaining
appropriate H2O2 levels in cells

47

Protecting nerves against
ischemic stroke and serving for
MR imaging

80

W WS2-PVP nanoflowers GPx/CAT/SOD Reducing inflammation caused
by acute liver injury

Scavenging H2O2 and catalyzing
GSH to reduce peroxide

118

Zn ZnO GPx/glycosidase Catalysing the generation of NO
from endogenous and
exogenous prodrugs

Catalytically decomposing
endogenous GSNO to generate NO

124

Multiple
active
centers

BN-GDY GPx/POD Inhibiting colorectal cancer cell
proliferation through
attenuating tumor hypoxia

Depleting overexpressed GSH and
hindering the GSH-induced ROS
scavenging capacity

125

CuFeP GPx/POD Depleting overexpressed GSH
and enhancing oxidative stress
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve •OH-mediated tumor
therapy

58
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in Mn’s valence. The addition of Li changed the valence state
of Mn from Mn3+ to Mn4+, which was associated with higher
GPx-like activity.

Besides valences, other factors may play an important role
in modulating the GPx-like activities of manganese oxide
nanozymes. For example, Mn3O4 with different morphologies,
including cubes, polyhedra, hexagonal plates, flakes, and
flowers, exhibited different GPx-like activities, following the
order: flowers > flakes > hexagonal plates ≈ polyhedra ≈ cubes
(Fig. 7C).52 The higher activity of flowers and flakes was due to
the more active sites and higher electrical conductivity than
the other three morphologies. Another study conducted by
Sun and co-workers demonstrated that the GPx-like activity of
Mn3O4 nanoparticles was related to the crystal facet.87 They
synthesized three morphologies, including nanospheres, nano-
cubes, and nanorods, that were encircled by the {101}, {200},
and {103} crystal facets. The results demonstrated that the
GPx-like activity of {103}-faceted nanorods was superior to that
of {101}-faceted nanospheres and {200}-faceted nanocubes.
This is attributed to the increased reaction energy of the
Mn3O4 nanorod surface, which had superior ROS scavenging
capability.

3.4. Copper-based

As with manganese oxides, copper oxides also exhibited GPx-
like properties.51,90–94 As an example, a CuxO nanozyme as a
GPx mimic was synthesized with phenylalanine (Phe).90 The
reaction of Cu(II) ions, Phe, and PVP took place at 120 °C, and
then partial reduction with glucose was conducted to create
CuxO (Fig. 8A). The formed CuxO nanozyme had a porous
structure with an average diameter of 65 nm (Fig. 8B). If the
structure-directing agent was changed from Phe to another
amino acid or none at all, the final structure would appear in

different morphologies and sizes. In particular, tyrosine (Tyr)
and aspartic acid (Asp) would form ellipsoids with a mean size
of 100 nm, glutamic acid (Glu) would form rods, no ligand
would form sheets, while lysine and arginine could not form
uniform nanoparticles. A comparison of the GPx-like activity
of these different CuxOs indicated that CuxO-Phe was the most
active, and also superior to Mn3O4 and V2O5 (Fig. 8C and D).
Further analysis revealed that the higher surface area, unique
porous structure, and even Phe ligand contributed to the
highest activity. In this study, CuxO was a complex of CuO and
Cu2O. Similarly, Cu5.4O, synthesized by reducing Cu2+ using
L-ascorbic acid to form a complex of Cu and Cu2O, acted as a
GPx mimic as well.92,93

Furthermore, other Cu-containing nanomaterials, such as
MOF nanodots,95 PtCu3 nanocages,53 Cu nanoclusters,96 Cu-
doped polypyrroles,54 and covalent organic frameworks
(COFs),97,98 exhibited excellent GPx-like properties. In a variety
of fields, COFs have attracted widespread attention due to
their inherent porosity, high crystallinity, wide functionality,
and strong biocompatibility. It is also possible to make GPx
mimics by replacing N-doped carbon with COF, i.e. by decorat-
ing Cu2+ into COF scaffolds. As shown in Fig. 8E, COF-909-Cu
was recently synthesized by Sun, Deng, and co-workers
through decorating Cu2+ into COF-909 via a post-modification
method.98 In comparison to COF-909, COF-909-Ni, and
COF-909-Fe, COF-909-Cu exhibited the highest GPx-like activity
(Fig. 8F).

3.5. Others

Besides the nanomaterials mentioned above, many other
nanomaterials also display GPx-like activity. Similar to sel-
enium, tellurium-containing GPx-like nanozymes have also
been constructed by combining tellurium-containing catalytic

Table 1 (Contd.)

Active
atom Nanozyme

Types of enzyme-
like activities Application Function of GPx-like activity Ref.

CuFe2O4@PEG GPx/CAT/POD Enhancing oxidative stress,
reducing GSH, and alleviating
tumor hypoxia

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve •OH-mediated tumor
therapy

117

IMOP GPx/CAT Relieving tumor hypoxia and
depleting overexpressed GSH
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS

116

MnFe2O4@MOF GPx/CAT Relieving tumor hypoxia and
depleting overexpressed GSH
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS

56

SnFe2O4 GPx/CAT Relieving tumor hypoxia and
depleting overexpressed GSH
for tumor therapy

Depleting overexpressed GSH to
decrease the scavenging of ROS and
improve •OH- and O2

•−-mediated
synergistic tumor therapy

57

ZIF-67/Cu0.76Co2.24O4
nanospheres

GPx/POD/SOD/
laccase

Monitoring of 3,4-
dihydroxyphenylacetic acid
based on laccase-like activity

— 126

O-NZ GPx/SOD Scavenging RONS and
alleviating acute brain injury

Scavenging H2O2 127

(A) The “Active atom” and “Nanozyme” columns are listed in alphabetical order. (B) Organoselenium compounds, organotellurium compounds,
and nanozymes obtained by combining them with supramolecular-assembled scaffolds are not listed. More information can be found in ref. 65.
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centers with nano-scaffolds.99–102 Recent reports revealed
different active atoms in GPx-like nanozymes, including Au,
Ce, Co, Fe, Mo, Pt, Ru, etc.50,55,103–115 For example, the widely
studied SOD- and CAT-like CeO2 is seldom reported for its
GPx-like activity. A study undertaken in 2019 by Ming, Zhang,
and co-workers showed that CeO2 exhibited GPx-like activity
and that single-atom Pt doping further increased the initial
reaction rate from 15.89 to 22.07 µM min−1 (Fig. 9A and B).105

The GPx-like activity of CeO2 was subsequently investigated
with various doping metal elements, and it was found that the
highest performance was achieved after 10% Cr-doping
(Fig. 9C and D).106 This modification inspired the development
of bimetallic nanoclusters103,104 or bimetallic
oxides,56–58,116,117 with modulated GPx-like properties. More
interestingly, some GPx-like nanozymes, composed of two or
more active elements, were investigated to show a synergistic
effect on their activity due to the increase of the number of
redox couples. For example, MnFe2O4 with two redox couples
(Mn2+/Mn4+ and Fe2+/Fe3+) exhibited improved GPx-like activity
because both Fe3+ and Mn4+ were able to react with GSH to

form Fe2+, Mn2+, and GSSG.56 Besides, two-dimensional tran-
sition metal dichalcogenides such as MoS2 nanosheets and
WS2 nanoflowers were also shown to be GPx-like.112,118

4. Applications of GPx-like
nanozymes

GPx-like nanozymes, which maintain the ROS metabolic
balance, have shown immense potential for the treatment of
oxidative stress-related diseases in recent years (Table 1). Some
representative applications are discussed in this section.

4.1. In vitro cytoprotection

Due to their excellent ability to scavenge H2O2, GPx-like nano-
zymes have been well demonstrated as cytoprotective agents.
V2O5 nanowires with GPx-like activity were pioneering work on
GPx-like nanozymes. In subsequent experiments, V2O5 nano-
wires were found to effectively internalize into cells through
endocytosis (Fig. 10A), maintaining relatively low H2O2 levels

Fig. 5 (A) An illustration of how UiO-66-Se is synthesized. Reprinted with permission from ref. 72. Copyright (2018) Springer Nature. (B) Schematic
illustration of the synthesis of Fe2NC@Se. Adapted with permission from ref. 73. Copyright (2022) John Wiley and Sons. (C and D) Diagram illustrating
GO-Se nanocomposite synthesis and GPx-like activity. Adapted with permission from ref. 43. Copyright (2017) Royal Society of Chemistry.
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Fig. 6 (A and B) GPx-like activities of different V2O5. Adapted with permission from ref. 46. Copyright (2018) John Wiley and Sons. (C and D) A sche-
matic of the synthesis of MIL-47(V)-X MOFs and their GPx-like activities. Adapted with permission from ref. 48. Copyright (2021) John Wiley and
Sons.

Fig. 7 (A and B) An illustration of the valence-engineering strategy for modulating the GPx-like activity of Li-doped samples. Adapted with per-
mission from ref. 89. Copyright (2022) John Wiley and Sons. (C) TEM images of Mn3O4 with different morphologies and their GPx-like activities.
Adapted with permission from ref. 52. Copyright (2018) John Wiley and Sons.
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even in the presence of either extrinsic H2O2 or intrinsic per-
oxide induced by CuSO4 or 3-amino-1,2,4-triazole (3-AT)
(Fig. 10B and C). Using allyl alcohol (AA) or buthionine sulfoxi-
mine (BSO), which depletes GSH, confirmed GSH’s involve-
ment in the elimination of H2O2 (Fig. 10B and C). In addition,
V2O5 nanowires were shown to protect cells from damage
caused by excess ROS by reducing lipid peroxidation, protein
carbonylation, and DNA strand breaks. Moreover, V2O5 nano-
wires allowed H2O2 scavenging without interfering with
natural antioxidant processes.39 Other GPx-like nanozymes
based on Se,43,79 Cu,96 Mn,85,88 and Fe108 have also been
reported for cytoprotection. Some of them combined GPx-like
activity with SOD- and CAT-like activities to reduce ROS-
induced apoptosis. As an example, Qi and co-workers devel-
oped MnO2 NPs with multiple enzyme-like activities that were
able to scavenge H2O2, O2

•−, and •OH simultaneously
(Fig. 10D). Fig. 10E shows apoptosis-related proteins expressed
on western blots, indicating that MnO2 NPs could inhibit
H2O2-induced apoptosis by reducing the expression of apopto-
tic proteins, such as cytochrome c (Cyt C), apoptotic protease-
activating factor 1 (Apaf 1), and caspase-3.88

In addition to scavenging ROS, producing nitric oxide (NO),
which may be depleted by ROS, is also essential for maintain-
ing endothelial cell function. In a recent study, ZnO with GPx-
like activity was found to decompose S-nitrosoglutathione cata-
lytically to produce NO. NO-sensitive electrodes were used to
characterize the production of NO, and ZnO was found to

increase NO production sixfold and maintain this activity for
half a year. Meanwhile, due to its glycosidase-like activity, ZnO
could promote NO production from exogenous β-gal-NONOate,
potentially contributing to sustained NO supply. Taking advan-
tage of the NO-generating function, ZnO showed great promise
in treating endothelial dysfunction and its associated cardio-
vascular disease.124

4.2. In vivo cytoprotection for anti-inflammation

When facing bacterial infection or other stimuli, macrophages
could release inflammatory cytokines and generate ROS to
clear the pathogen. A sustained inflammatory response,
however, would overactivate macrophages, resulting in exces-
sive ROS production and damage to cells and tissues.
Therefore, GPx-like nanozymes possessing antioxidant pro-
perties have been extensively studied for their anti-inflamma-
tory properties.44,45,48 Since ROS contain not only H2O2, but
also O2

•−, •OH, etc., GPx-like activity usually combined with
other antioxidant enzyme-like activities, such as CAT, SOD, to
mimic the natural antioxidative enzyme-based defense system.
As an example, V2O5@pDA@MnO2 was prepared using dopa-
mine, which combined the GPx-like properties of V2O5 nano-
wires with the SOD and CAT-like properties of MnO2 NPs. A
synergistic antioxidative effect was demonstrated as shown in
Fig. 11A, which catalyzed O2

•− to O2 and H2O2 with SOD-like
activity, and then reduced H2O2 to H2O with CAT- and GPx-like
activities. As a result of in vitro oxidative stress induced by

Fig. 8 (A and B) An illustration of the synthesis of CuxO-Phe and its morphology. (C and D) GPx-like activities of various CuxOs and other metal
oxides. Adapted with permission from ref. 90. Copyright (2019) American Chemical Society. (E and F) Schematic illustration of different metal-con-
taining COFs and their GPx-like activities. Adapted with permission from ref. 98. Copyright (2022) John Wiley and Sons.

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 2292–2316 | 2307

Pu
bl

is
he

d 
on

 3
0 

ya
nv

ar
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

8.
12

.2
02

4 
05

:3
2:

26
. 

View Article Online

https://doi.org/10.1039/d2bm01915a


Rosup and in vivo phorbol 12-myristate 13-acetate (PMA)-
induced ear inflammation in mice, it was found that
V2O5@pDA@MnO2 was efficiently able to scavenge ROS and
alleviate inflammation.123 The advantages of nanomaterials
have recently led to the development of nanozymes, which
possess multiple enzyme-like properties for treating
inflammation.93,111,112 For example, GPx-, CAT-, and SOD-like
Cu5.4O NPs were found to be broad-spectrum anti-inflamma-
tory agents in various inflammatory models, including acute
liver injury, acute kidney injury (AKI), and diabetic wound
healing.92

Aside from ROS, excessive reactive nitrogen species (RNS)
like •NO and peroxynitrite (ONOO−) were also shown to con-
tribute to inflammation. Sepsis, for example, is a condition
that results in high morbidity and mortality due to the immo-
derate production of reactive oxygen and nitrogen species
(RONS). At the beginning, the immune system was activated by
pathogens and generated excessive H2O2 and HOCl in plasma.
Due to its unique capability, H2O2 could enter cells easily and
then not only participated in secondary reactions to produce
•OH but also activated nuclear transcription factor-κB, which
stimulated the production of •NO, O2

•−, and ONOO−. It has
been discovered that Co single-atom catalysts (Co/PMCS) are
capable of multiple enzyme-like activities that can be used to
scavenge RONS in order to achieve the desirable therapeutic
efficacy. Through pyrolysis, Co/PMCS was produced, which
mimicked SOD, GPx, and CAT to eliminate ROS, and also
removed •NO through the unoccupied Co-porphyrin center.
According to in vivo experiments, Co/PMCS could significantly
reduce RONS and pro-inflammatory cytokines in tissues,

thereby mitigating inflammation. Treatment with Co/PMCS
resulted in an increase in the 14-day survival rate of sepsis
mice from 10% to 60%. Since H2O2 was critical in the redox
mechanisms of sepsis, the GPx-like activity of Co/PMCS was
possible to play a vital role in achieving the desirable therapy
efficacy.107 In addition, AKI and acute pancreatitis were associ-
ated with the over-production of RONS. As shown in Fig. 11B,
ultrasmall CaPB synthesized with excellent RONS scavenging
ability could cross the renal filtration threshold and prevent
renal damage caused by AKI. The treatment of CaPB reduced
the expression of pro-inflammatory cytokines TNF-α and IL-1β
while enhancing the expression of anti-inflammatory cytokines
IL-10. Furthermore, CaPB could inhibit ferroptosis through
elevated expression of GPx4, showing potential for clinical
application.111

H2O2 was considered to be among the most harmful ROS
due to its longer life than O2

•−, its ease of diffusion across
lipid membranes, as well as its precursor role in creating the
highly harmful •OH. Therefore, several studies have focused
on using GPx-like activity alone as an anti-inflammatory agent.
Se NPs with GPx-like activity, for example, have been shown to
effectively reduce inflammation. Moreover, their antioxidant
coatings, such as pDA and hyaluronic acid, enhanced Se NPs’
ROS scavenging ability.44,45 In contrast to Se NPs, Wei and co-
workers synthesized MIL-47(V)-X MOF nanozymes with modu-
lated GPx-like activity using a ligand engineering strategy
(seeing section 2.2). The most active MIL-47(V)-NH2 was
chosen for further anti-inflammation study, and the least
active MIL-47(V)-H was also studied for comparison. As shown
in Fig. 12A, PMA-induced ear inflammation was successfully

Fig. 9 (A and B) Successful synthesis of CeO2 and Pt/CeO2, as well as their GPx-like activities. Adapted with permission from ref. 105. Copyright
(2019) American Chemical Society. (C) GPx-like activities of CeO2 and different metal-doped CeO2. (D) GPx-like activities of Cr/CeO2 nanozymes
with varying doping concentrations. Adapted with permission from ref. 106. Copyright (2021) Ivyspring International Publisher.
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developed with the ear swollen, and MIL-47(V) treatment alle-
viated this phenomenon. An additional dextran sulfate sodium
(DSS)-induced colitis model was also treated with MIL-47(V) to
demonstrate broad-spectrum anti-inflammation (Fig. 12B).
With both recovered colon length and decreased inflammatory
cytokines TNF-α and IL-1β (Fig. 12C and D), MIL-47(V) showed
satisfactory therapeutic efficacy, even better than commercial
drugs 5-aminosalicylic acid (5-ASA). In both models, MIL-47
(V)-NH2 with higher GPx-like activity demonstrated superior
performance over MIL-47(V)-H, suggesting that the principles
of structure–activity relationships might also guide the design
of nanozyme-based therapeutics.48

4.3. In vivo cytoprotection for neuroprotection

Huntington’s Disease (HD), Parkinson’s Disease (PD), and
Alzheimer’s Disease (AD) are mainly caused by oxidative stress
induced neuronal dysfunction in specific regions. HD, for
example, is associated with deregulated GPx activity as well as
consequent oxidative stress, and its main symptoms are motor
impairments and cognitive and psychiatric alterations caused
by lesions in the striatum of the brain. A study undertaken in

2013 suggested that supplementation of GPx activity could
mitigate the toxicity of the mutant huntingtin and ameliorate
HD by decreasing the ROS amount. Compared to other anti-
oxidant enzyme activities, this neuroprotective effect was only
shown for GPx, which was probably due to the fact that the
overexpression of GPx activity showed no inhibition effects on
autophagy.128 It is therefore possible to treat HD by introdu-
cing GPx-like nanozymes to replenish natural enzymes. GPx-
like Mn3O4 with citrate functionalization (C-Mn3O4) was
recently applied in treating 3-nitro propionic acid (3-NPA)-
induced HD in vivo. The protective effect of C-Mn3O4 on
neurons from 3-NPA-induced damage was found in several be-
havioral experiments, including motor function, anxiety-like
behavior, depression-like behavior, and object recognition be-
havior (Fig. 13). Microscopic images of the cerebellum and
basal ganglia also indicated a reduction in Huntington-like
damage. Further experiment showed that C-Mn3O4 could
provide GPx-like activity to scavenge H2O2 and reduce lipid per-
oxidation induced by 3-NPA. Benefiting from the overall
decrease in oxidative distress, SOD and CAT activities also
increased consequently. An analysis of mitochondrial para-

Fig. 10 (A) The SEM image of HEK293T cells with V2O5-untreated (UT), as well as V2O5-treated for 0 and 2 h. (B and C) The H2O2-scavaging ability
of V2O5 under different treatments. Adapted with permission from ref. 39. Copyright (2014) Springer Nature. (D and E) MnO2 NPs with multienzyme
antioxidant activities and the cell protection effect and mechanism, as well as western blot expression of apoptosis-related proteins. Adapted with
permission from ref. 88. Copyright (2022) American Chemical Society.
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Fig. 11 (A) An illustration of V2O5@pDA@MnO2 scavenging ROS. Adapted with permission from ref. 123. Copyright (2016) John Wiley and Sons. (B)
Schematic illustration of CaPB nanozymes in the treatment of AKI. Adapted with permission from ref. 111. Copyright (2021) John Wiley and Sons.

Fig. 12 (A) A comparison of hematoxylin and eosin-stained images of ear tissue with various treatments. (B) Colon images after various treatments.
(C) TNF-α and (D) IL-1β levels in colon homogenates after different treatments. Adapted with permission from ref. 48. Copyright (2021) John Wiley
and Sons.
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meters confirmed that C-Mn3O4 treatment could reduce the
mitochondrial oxidative damage caused by 3-NPA, thus
demonstrating its great therapeutic potential for HD.49

In contrast to HD, other neurodegenerative diseases lack
direct links to GPx; therefore, GPx-like activity is usually com-
bined with other antioxidant enzyme-like activities to achieve
more comprehensive ROS scavenging. For example, CuxO
nanozymes with SOD-, CAT-, and GPx-like activities were used
in PD treatment to efficiently scavenge ROS, inhibit neurode-
generation, and improve memory.90 An evaluation of the effec-
tiveness of adding GPx-like activity concluded that adding
extra GPx-like activity in combination with SOD- and CAT-like
activities would increase neuronal cell activity by 30%, thereby
improving the therapeutic efficacy.78 If it comes to treating
traumatic brain injury (TBI), the elimination of excessive O2

•−

and •NO is more important. To treat TBI, an oligomeric nano-
zyme (O-NZ) based on N-doped graphite with active surface
groups was synthesized. Carbogenic cores exhibited GPx- and
SOD-like activities, and ultrafast electron transfer between the
core and surface-active groups facilitated the high clearance of
•OH, O2

•−, •NO, and ONOO−. As a result of O-NZ’s excellent
ability to eliminate RONS, the survival rate of mice with acute

brain trauma improved from 50 to 90% after one month, and
long-term cognition was improved significantly.127

4.4. Tumor therapy

Unlike the above applications, ROS can effectively be har-
nessed to treat tumors. In tumor cells, however, GSH over-
expression would reduce the therapeutic efficacy by consuming
ROS, such as •OH and 1O2. Therefore, GPx-like nanozymes
were used in tumor therapies as auxiliary means of consuming
GSH and thus in reducing ROS loss. For example, Shi, Fan, Yan,
and co-workers synthesized ultrasmall Fe single-atom nanozymes
(Fe-CDs), exhibiting six enzyme-like activities, including POD,
oxidase (OXD), SOD, CAT, GPx, and thiol peroxidase (TPx). Due to
the acidic environment of lysosomes, only POD- and OXD-like
activities would be activated to produce toxic •OH and O2

•−. As a
result of these massive ROS, mitochondria would malfunction
and apoptotic markers would be upregulated to trigger auto-
phagy, leading to tumor cell death. Physiological pH is essential
for SOD-, CAT-, GPx-, and TPx-like activities in early endosomes,
which regulate ROS to enhance autophagy and lysosome-based
apoptosis. Specifically, SOD- and CAT-like activities converted
O2

•− to O2 to alleviate hypoxia, while GPx and TPx-like activities

Fig. 13 (A) Principal component analysis considering all motor phenotypes. (B) Anxiety-like behavior evaluated by the open field test and elevated
plus maze tests. (C) Depression-like behavior evaluated by immobility time, climbing time, swimming time, and latency to first immobility. (D) Object
recognition behavior evaluated by the novel object recognition test, including the experimental setup, the movement pattern of the mice, and the
novel object exploration time compared to the familiar one. Adapted with permission from ref. 49. Copyright (2021) John Wiley and Sons.
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consumed GSH to reduce ROS losses (Fig. 14A). Angiopep-2 was
also used to modify Fe-CDs, which were called Fe-CDs@Ang, to
improve their transport across the blood–brain barrier and selec-
tively target glioblastoma. Further animal experiments showed
that Fe-CDs@Ang was effective in inhibiting glioma growth and
improving the survival of mice with gliomas (Fig. 14B).110

As well as enhancing the effectiveness of ROS produced by
POD- and OXD-like nanozymes, GPx-like nanozymes can also
improve the efficacy of other therapeutic strategies. For
example, MnFe2O4@MOF nanozymes with CAT- and GPx-like
activities were synthesized for enhanced photodynamic
therapy (Fig. 14C). As a photo-sensitizer, MnFe2O4@MOF con-
verted O2 into 1O2 under laser irradiation, thus resulting in
obvious oxidative stress. The CAT-like activity could overcome
hypoxia by continuously producing O2 from endogenous H2O2.
The GPx-like activity could deplete overexpressed GSH and gene-
rate a better photodynamic effect. Further experiments showed
that the consumption of GSH by MnFe2O4@MOF itself effectively
decreases 1O2 depletion.56 A similar effect was observed when
PtCu3 nanocages with GPx-like activity were used to consume
GSH to enhance sonodynamic therapy, in which 1O2 and •OH
were generated under ultrasound. An in vitro experiment con-
firmed that GSH could be continuously depleted via a circular
reaction in the presence of H2O2, thus weakening the capacity of
tumor cells scavenging ROS by GSH and enhancing sonotoxicity
(Fig. 14D).53 Likewise, incorporating GPx- and CAT-like activities
into chemotherapeutic drugs would provide a superior anticancer
effect.55 The GPx-like activity could deplete GSH and minimize
GSH-medicated cisplatin detoxification. With nanomaterials’

unique physicochemical properties, enzyme-like activities, such
as POD, could be accelerated via photothermal effects. COF-909-
Cu, for instance, possessed photothermal properties that
enhanced the production of •OH and contributed to the chemo-
dynamic therapy efficiency.98 In another example, a simple
SnFe2O4 nanozyme was used to combine photothermal, photo-
dynamic, and chemodynamic therapies, resulting in significant
tumor growth inhibition.57 In both cases, GPx-like activity was
responsible for reducing GSH levels.

4.5. Others

In addition to the examples mentioned above, GPx-like nano-
zymes have several other applications. According to Kavok and
co-workers, orthovanadate nanoparticles that mimic GPx, such
as GdVO4/Eu

3+,81,82 were evaluated for their anti-aging effects
on Wistar rats. Besides providing direct antioxidant effects,
GdVO4/Eu

3+ moderately inhibited the bioenergetic process and
stimulated GSH turnover/regeneration, which declined with
aging, thereby activating the GSH-dependent antioxidant
system. In this way, GdVO4/Eu

3+ will antioxidant defense and
extend the health span. Additionally, GPx-like V2O5 nanozymes
have been reported to inhibit human immunodeficiency virus
(HIV-1) replication. By replenishing the impaired GPx activity
and reducing H2O2 levels in infected cells, V2O5 nanozymes
prevented HIV-1 reactivation by reducing the expression of
genes, proinflammatory cytokines, and pro-apoptotic mole-
cules involved in virus activation.122

Aside from therapeutic uses, GPx-like nanozymes could
also be used for detection and epoxidation. A Fe2+ sensor

Fig. 14 (A) Induction of autophagy-lysosome pathways in tumor therapy by the Fe-CDs@Ang enzymatic cascade. (B) Bioluminescence images of
mice with gliomas. Adapted with permission from ref. 110. Copyright (2022) Elsevier. (C) An illustration of MnFe2O4@MOF for tumor therapy.
Reprinted with permission from ref. 56. Copyright (2019) John Wiley and Sons. (D) An illustration of PtCu3 nanocages for tumor therapy. Adapted
with permission from ref. 53. Copyright (2019) John Wiley and Sons.
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based on GPx-like CuO-POM nanozymes was developed by Liu,
Zhu, and co-workers. As o-phthalaldehyde reacted with GSH, a
specific fluorescent isoindole derivative was formed, while the
GPx-like activity consumed GSH as well, thus decreasing fluo-
rescence. Since Fe2+ would recover fluorescence, a fluorometric
sensor was constructed with a detection limit as low as 8.0
nM.94 In addition, the selenium-doped graphite carbocatalyst
also demonstrated GPx-like activity in epoxidating multiple
aromatic and aliphatic alkene compounds, with ∼90% conver-
sion rate and ∼75% epoxide yield.120

5. Conclusions and prospects

The development of GPx mimics can be traced back nearly 40
years ago; however, the study of GPx-like nanozymes has not
appeared until recently. It was the discovery of V2O5 nanowires
mimicking GPx activity in 2014 that sparked interest in nano-
zymes with GPx-like activities. A growing amount of research
has been conducted in the field of GPx-like nanozymes since
then. This review summarizes the recent progress in the field
of GPx-like nanozymes systematically and comprehensively.
Starting from the mechanism of natural enzymes, the
common catalytic mechanisms of GPx-like nanozymes are
explored, followed by the classification of GPx-like nanozymes
divided into Se-, V-, Mn-, Cu-based, and others based on their
active centers, and their main applications in treating diseases
caused by oxidative stress are also illustrated. In spite of the
significant progress made on GPx-like nanozymes, many chal-
lenges remain to be addressed in the future.

(1) There is a lack of understanding of the structure–activity
relationship and rational design methods of GPx-like nano-
zymes. GPx-like nanozyme research is currently largely based
on screening and random synthesis. Meanwhile, the GPx-like
activity is discovered along with other enzyme-like activities,
hindering further understanding of the origin of GPx-like
activity and its influencing factors. It is crucial for the success
of future research on GPx-like nanozymes to have detailed
findings regarding the structure–activity relationship. GPx-like
nanozyme databases can be constructed using theoretical cal-
culations, machine learning, and other methods along with
experimental exploration to understand the relationship
between enzyme activity and material properties. By doing so,
it will be possible to design and develop highly active GPx-like
nanozymes in a rational manner.

(2) There is not enough systematic analysis and in-depth
research on GPx-like catalytic mechanisms and kinetics. To
better understand catalytic reactions, it is essential to begin
with understanding the internal mechanisms of GPx-like
nanozymes. However, few studies have been conducted to fully
understand the dynamics and mechanism of GPx-like nano-
zymes. The identification and characterization of active com-
ponents, changes in the valence state of active site elements,
and identification of intermediates in catalytic processes have
not been thoroughly investigated. To explore more detailed
catalytic mechanisms, practical theoretical computational

methods as well as experimental techniques are needed,
which is of great significance for future design and rational
application.

(3) Research using GPx-like activity alone for biomedical
treatment is relatively limited. A majority of bioapplications
rely on multiple enzyme-like activities, with GPx-like activity
only acting as an auxiliary component. It has been shown that,
however, in some bioapplications, such as anti-inflammation,
nanozymes can still exert the necessary effect even when there
is merely GPx-like activity. It may be possible, therefore, to
conduct more in-depth research on biological mechanisms
and to understand the differences between multienzyme-like
activities and only GPx-like activity in disease therapy, in
addition to treating with only GPx-like nanozymes in the
future. GPx-like nanozymes will benefit from these in-depth
investigations in the future when developed for biomedical
applications.

(4) Despite the success of GPx-like nanozymes in bio-
medical applications, their biosafety, potential toxicity, and
pharmacokinetics remain the main obstacles to clinical appli-
cation. Currently, nanozymes’ overall toxicity assessment,
in vivo applicability, in vivo metabolic issues, and clinical
adverse effects have not been sufficiently investigated. More
attention should be paid to future research that encompasses
everything from therapeutic modalities to toxicity assessments
in pre-clinical trials. In order to improve the biosafety and
increase the clinical translation potential of nanozymes, future
research should correlate nanomaterial features and manufac-
turing procedures with their safety properties.
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