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Abstract: Nanozymes are nanomaterials capable of mimicking natural enzyme catalysis in the complex biological environment of the 
human body. Due to their good stability and strong catalytic properties, nanozymes are widely used in various fields of biomedicine. 
Among them, nanozymes that trigger intracellular reactive oxygen species (ROS) levels for cancer therapy have gained significant 
attention. However, the ‘explosion’ of ROS in tumor cells was prevented by the high levels of glutathione (GSH) in the tumor 
microenvironment (TME). GSH, a prominent endogenous antioxidant, increases the resistance of tumor cells to oxidative stress by 
scavenging ROS. Certain nanozymes can deplete intracellular GSH levels by mimicking GSH oxidase (GSHOx), GSH peroxidase 
(GPx) or by interfering with the reduction of oxidized glutathione (GSSG). On the one hand, elevated the level of intracellular ROS 
and induced lipid peroxidation reaction leading to ferroptosis. On the other hand, it creates favorable conditions for the treatment of 
tumors with photodynamic therapy (PDT), sonodynamic therapy (SDT), chemodynamical therapy (CDT) and targeted therapy. In this 
paper, we present a comprehensive analysis of GSH-depleting nanozymes reported in recent years, including classification, mechan-
ism, responsiveness to TME and their roles in cancer therapy, and look forward to future applications and developments. 
Keywords: nanomaterials, enzyme mimetic, nanozymes, glutathione depletion, oxygen-dependent therapy, cancer therapy

Introduction
Cancer is a leading cause of death worldwide, with almost 10 million deaths reported in 2020.1 By 2030, it is projected that 
there will be 13.1 million deaths related to cancer (World Health Organization, WHO, http://www.who.int/en/). Major 
challenges in cancer treatment include tumor recurrence, metastasis and resistance to chemotherapeutic agents.2–5 

Chemotherapy, radiotherapy and surgery are currently the most effective treatments, but these traditional approaches have 
major limitations, including potential damage to healthy cells, tumor recurrence, poor visibility and tumor hypoxia.6–8 The 
development of new chemotherapeutic agents to combat cancer has received great attention as a research hotspot.

Like other areas of research, nanotechnology is an area of intense interest in cancer diagnosis and treatment. In recent 
years, the use of nanomaterials in ODCT has gained a considerable amount of attention, eg PDT, SDT and CDT are used 
to treat a variety of diseases such as cancer, infection and inflammation.9–11 Compared to conventional therapies, ODCT 
showed high selectivity, modifiability, and low levels of systemic toxicity.12,13 However, tumor hypoxia, which is the 
insufficient levels of oxygen within the TME, has been found to reduce the efficacy of ODCT.14 Nanozymes are a type of 
nanomaterial that exhibit enzyme-like activity. Various nanozymes, such as mimetic catalase (CAT), oxidase (OXD), 
peroxidase (POD), and superoxide dismutase (SOD), have been explored as potential therapies for cancer treatment.15 

They can achieve direct killing by increasing the level of ROS and indirect killing by depleting ROS.16

Lack of GSH, a key antioxidant in the antioxidant system, disturbs the redox balance of tumor cells, leading to ROS 
accumulation, cell damage and even death.17–19 Various nanozymes have been reported to deplete intracellular GSH 
levels or inhibit GSH production, resulting in reduced GSH clearance of ROS, thereby maintaining the state of oxidative 
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stress in tumor cells and enhancing the efficacy of ODCT.20,21 The depletion of GSH induced by the nanozymes has been 
associated with both ferroptosis and apoptosis as well as increased sensitivity to chemo- and radiotherapeutic drugs.22–24 

Ferroptosis due to ROS accumulation and GSH-dependent GPX4 inactivation has emerged as a regulated form of cell 
death in cancer therapy.25,26 However, there is a lack of detailed review on nanozymes depleting GSH in cancer therapy. 
This paper reviews the current status and prospects of nanozymes depleting GSH in cancer therapy (Figure 1).

Enzymes and Nanozymes
Natural enzymes act as biocatalysts for various biological reactions in vivo, controlling nutrient metabolism, energy 
conversion, and disease processes. However, the practical application of natural enzymes is greatly restricted due to their 
inherent limitations, such as poor stability, high production costs, and difficulty in recycling27–29 (Table 1). To address 
this issue, researchers have introduced artificial enzymes that imitate the activity of natural enzymes. POD-mimicking 
Fe3O4 nanoparticles (NPs) were first discovered by Yan et al in 2007.30 And since then, nanozymes have gained 
widespread attention for their modulatability, high reactivity, multifunctionality and intrinsic biocatalytic ROS generation 
and scavenging activities.31–33 In addition, nanozymes’ catalytic activity can be adjusted by altering their structure, 
shape, and composition and nanomaterials have been successfully used to mimic the catalytic activities of several natural 
enzymes (eg CAT, OXD, POD, SOD, etc).34–38 Nanozymes have a wide range of applications in fields such as energy, 
environment, antimicrobial agents, biosensing, and disease treatment due to their unique properties. Their efficient 
catalytic activity enables the effective elimination of organic pollutants and heavy metals, thereby enhancing the 
efficiency and sustainability of environmental treatment.39–41 Moreover, nanozymes are a promising solution to the 
problem of bacterial drug resistance: they act as antimicrobial agents by catalysing the production of highly active 

Figure 1 Article Structure. (By Figdraw) Four aspects of GSH-depleting nanozymes are presented: background, classification, TME responsiveness, and ODCT.
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substances, resulting in robust antibacterial activity.42,43 They are also utilised in biosensors for the rapid and dependable 
detection of a range of illnesses.44–46 In recent years, there has been extensive research on nanomaterials that mimic 
biological enzymes, such as CAT, OXD and POD (Figure 2). These nanozymes have shown promise in cancer therapy by 
enhancing intracellular biochemical reactions, accelerating ROS production, inducing cellular oxidative damage within 
hypoxic tumor tissues, and enabling effective cancer therapy.47–52

Analyzed from the point of view of regulating ROS, nanozymes can be classified into antioxidant and pro-oxidant 
categories53,54 (Table 2). Regarding pro-oxidation, nanoparticles elevate intracellular ROS levels by mimicking OXD, POD, 
or maintain intracellular ROS levels by consuming GSH by mimicking GSHOx, GPx. On the one hand, Iron-Based, Copper- 
Based, Based on Noble Metal, Carbon-based, and Vanadium-based nanoparticles have been shown to have POD-like activity to 
catalyze the generation of ROS from H2O2.55 Fe3O4NPs can simulate POD to produce Fenton reaction.56 Copper-based 
nanoparticles have also been reported to have the ability to mimic POD.57 Siddiqi et al58 demonstrated that some noble metal- 
based NPs exhibit excellent antimicrobial properties even at low concentrations. NC@Gox NPs generated by Xu et al59 

mimicked the POD activity to decompose H2O2 to produce ROS. Tian et al60 found that the VO2NPs possessed a POD-like 
activity and could be used for glucose colorimetric determination of glucose with good detection range and accuracy. On the other 

Table 1 Advantages and Challenges of Natural Enzymes and Nanozymes

Nanozymes Natural Enzyme

Advantages Simple to synthesise. High catalytic specificity.

Nanozymes are mostly made of inorganic materials and are low 

cost.

High catalytic activity.

Nanozymes have a larger specific surface area and are easier to 

modify.

High biosafety, natural enzymes are derived from plants and 

animals, and their safety has been proven in long-term 
applications.

Ease of mass production. Natural enzymes are now more widely used in practical 

applications in a variety of fields.
Stable and easy to store.

Some of the nanozymes showed even higher catalytic activity in 

high-temperature and acidic environments.

Versatility, the same Nps can mimic multiple enzyme activities at 

the same time, which may react in a cascade to enhance the 
functionality of the nanozymes.

Easily regulated, enzyme activity can be regulated in vitro by US, 
NIR, magnetic field and electric current.

High durability, retains its enzymatic activity after many uses.

Unique physicochemical characteristics such as fluorescence and 

conductivity.

Challenges Most have lower catalytic activity than natural enzymes. Prone to denaturation and inactivation.

Low substrate selectivity, which may affect effectiveness.In the 

biomedical field they may even cause toxic side effects.

Most of them need to be extracted from plants and animals, 

which is complicated and costly to prepare.

Safety not yet proven, possible long-term toxicity. Limited production and difficulty in obtaining large quantities.

The mechanism of nanozymes is still unclear. High storage requirements make long-term storage difficult.

Nanozymes are limited in variety and mostly confined to the 

study of oxidoreductase and hydrolase activities.

Requires more stringent reaction conditions and is difficult to 

use at high temperatures or in extreme environments such as 
strong acids or bases.
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hand, the maintenance of ROS levels by mimicking GSHOx and GPx to consumption of GSH also plays a role in promoting 
oxidation during nanoparticle antitumor studies. Some copper-based NPs were shown to have the ability to mimic GSHOx, and 
the consumption of GSH levels by these NPs and synergistically with their POD-like enzyme activities jointly maintained the 

Figure 2 Catalytic schematic of nanozymes mimicking OXD, POD, SOD, CAT. (By Figdraw) Where S represents the substrate and P represents the product.

Table 2 Pro-Oxidant and Antioxidant Nanozymes

Function Nanozymes Subtypes Features References

Promoting 

oxidation

POD-like 

activity

Iron-Based Fe3O4NPs have both magnetic and photothermal properties and were first 

found to have POD-like activity.

[56]

Copper-Based Cu2-xSeNPs have excellent photothermal conversion and anti-tumor effects. 

Cu2-xTeNPs possess potent intrinsic bactericidal activity.

[57]

Based on Noble 

Metal

Some based on noble metal NPs exhibit excellent antibacterial properties 

even at low concentrations.

[58]

Carbon-based The intrinsic POD-like activity of NC@Gox NPs breaks down H2O2 to 

produce ROS.

[59]

Vanadium-based VO2NPs can be used for the colorimetric determination of glucose due to 

their POD-like activity, which has good detection range and accuracy.

[60]

GSH 

oxidase-like 
activity

Copper-Based The copper-based NPs possessed two biological enzyme activities similar to 

GSH oxidase-like and POD-like. These two enzyme activities cooperate to 
maintain the oxidative stress state of tumor cells.

[61,62]

Antioxidant CAT-like 
activity

Cerium-based Scavenging ROS can protect cardiomyocytes in vitro. [63]

SOD-like 
activity

Carbon-based Carbon-based NPs reduce intracellular ROS levels through 
disproportionation reactions. In addition, GO has been found to function as 

a hydrolase.

[64]

Melanin-based Melanin-based unique antioxidant and anti-inflammatory effects contribute to 

the protection of ischemic brain.

[65]
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intracellular oxidation levels in tumor cells.61,62 Regarding antioxidants, nanoparticles reduce oxidation levels by mimicking the 
functions of SOD and CAT. Nanoparticles mimic CAT to catalyze the decomposition of H2O2 into O2 and water, preventing 
oxidation. Ceria nanoparticles prepared by Ni et al63 mimicked the activities of CAT and SOD to scavenge ROS, which were 
protective against cardiomyocytes in vitro. The SOD-mimicking nanozymes catalyzed the disproportionation of superoxide 
anion radicals to H2O2 and O2. Carbon-based NPs reduced intracellular ROS levels through the disproportionation reaction.64 

The unique antioxidant and anti-inflammatory effects of melanin-based nanoparticles help protect ischemic brains.65 This review 
focuses primarily on nanomaterials depleting GSH (mimicking GSHOx, GPx, OXD) for cancer therapy and discusses in detail 
recent advances and future perspectives.

Nanozymes Depleting Glutathione: Mechanisms and Role
GSH acts as an antioxidant and free radical scavenger and plays a critical role in several metabolic and physiological 
processes in the body, protecting cells from oxidative damage and damaging exogenous agents. It is involved in cell 
proliferation, division, differentiation and is the most commonly elevated metabolite during cellular oxidative stress.66–69 

Regarding cancer, high GSH expression is a key feature that distinguishes tumor tissue cells from normal tissue cells, 
which contain 8 to 10 times more GSH than normal cells.70 On the one hand, cerium oxide Nps protects cells and tissues 
from oxidative stress-induced damage due to its self-regenerating redox cycle. Singh et al71 further demonstrated the use 
of pegylated cerium oxide Nps as an effective pharmacological agent for the treatment of free radical mediated diseases 
at low GSH/GSSG ratios. On the other hand, many studies have shown that nanozymes improve the efficacy of ROS- 
based ODCT, radiotherapy, chemotherapy, and immunotherapy by mediating the depletion of GSH, which makes cancer 
cells more susceptible to oxidative stress. As previously mentioned, scholars have made significant efforts to develop 
strategies that effectively deplete GSH using nanozymes that mimic GSHOx, GPx and OXD.

Currently, there are two main strategies for depleting tumor GSH using nanozymes. The first involves mimicking 
GSHOx or GPx to downregulate extant GSH levels in tumour cells. After co-incubation of GSHOx or GPx mimicking 
nanozymes with GSH, 5.5′-dithiobis (2-nitrobenzoic acid) (DTNB) was used as a probe to detect the -SH group in GSH. 
The results showed that GSH was clearly reduced by analysing the UV-visible signal obtained from the resulting yellow 
product (5-Thio-2-nitrobenzoic acid(TNB)) at 412 nm72–74 (Figure 3).The second involves partial mimicking OXD 

Figure 3 Principle of GSH Detection by DTNB. (By Figdraw).
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nanozymes, which impede GSH production. They interfere with the reduction of GSSG to GSH by oxidising glutathione 
reductase (GR) or the coenzyme of GR (reduced nicotinamide adenine dinucleotide phosphate (NADPH)).75,76 

Nanozymes have considerable advantages over enzymes for inducing GSH depletion, including high stability, low 
cost, tunability and easy multifunctionalisation. This makes them potential candidates for biomedical applications, 
particularly in cancer therapy. This review will focus on the biomedical applications of nanozymes depleting glutathione.

Classification of Nanozymes Depleting Glutathione
Nanomaterials with multiple enzymatic activities, including GSHOx, GPx, OXD, POD, and CAT, have been developed 
by scientists to increase intracellular ROS levels through enzymatic cascade reactions.77,78 This section will focus on 
nanomaterials that imitate GSHOx, GPx, and OXD (oxidized GR and NADPH) to reduce GSH levels. The discussion of 
the ‘explosion’ of ROS generated by multiple enzyme cascades will be presented in section 6.

Mimic Glutathione Oxidase
In tumor cells, the high concentration of GSH (≈10 × 10−3M) greatly limits the effectiveness of nanozymes in treating 
tumors.79 Nanomaterials exhibiting GSHOx-like catalytic activity facilitate the oxidation of GSH to GSSG and the 
reduction of O2 to H2O2.80 The reaction equation is: GSH + O2 → GSSG + H2O2. During this process, O2 is reduced to 
generate reactive products such as ROS, including superoxide anion radicals (-O−

2) and H2O2. Additionally, the depletion 
of GSH weakens the resistance of tumor cells to oxidative stress, making them more susceptible to ROS damage.80,81 

This subsection presents a classification of nanomaterials according to the elements that may confer GSHOx activity to 
them. This classification is presented in five categories: NPs containing iron, copper, noble metals, carbon and other 
metallic elements. The GSHOx mimicking behavior and GSH depletion mechanisms of these NPs are presented.

Iron-Containing
Spherical pyrite (FeS2) NPs with the ability to mimic GSHOx have been reported by Fan et al.72 After incubation of 
FeS2NPs with GSH at concentrations of 0.1,0.3 and 0.5 mg/mL, respectively, the absorbance of TNB produced by the 
reaction of DTNB with GSH showed a dose and time dependent decrease in absorbance at 412 nm. Furthermore, GSH 
depletion was enhanced in the oxygen (O2) environment and inhibited in the nitrogen (N2) environment. It is further 
shown that FeS2 mimics GSHOx to oxidise GSH and consume O2 to generate H2O2, providing sufficient raw material for 
ROS generation. Huang et al82 conducted a study in which they encapsulated FeS2NPs and the chemotherapeutic drug 
camptothecin into an injectable hydrogel. They achieved photoreactive controlled release of FeS2 and camptothecin 
under the photothermal effect mediated by near infrared light (NIR) at 0.5 W/cm2. In a separate report, Liu et al83 created 
FeS2 biomimetic nanozymes by enclosing FeS2NPs in exosomes derived from cancer cells. This resulted in an extended 
blood circulation time of FeS2 in vivo. Additionally, FeS2 was engineered to possess immune evasion capabilities and 
homologous targeting towards tumor tissues, thereby enhancing its biological potential for application.

Heterogeneous diatomic site nanozymes utilize two different metal atoms in close proximity to achieve functional com-
plementarity and synergy. They can modulate the energy barriers of reaction intermediates through electron interaction between 
the two neighboring heterogeneous metals.84 Scholars have developed iron-containing heterogeneous nanozymes with two-atom 
sites to accelerate the depletion of GSH in tumor cells. Chen et al85 designed a Mn/Fe diatomic nanozyme (DAzyme) with 
satisfactory GSH consuming ability by coordinating Mn/Fe atoms to nitrogen atoms in hollow zeolitic imidazolate framework 
(ZIF). X-ray photoelectron spectroscopy (XPS) confirmed the dual active sites of Mn and Fe in Mn/Fe DAzyme. Zhang and 
colleagues86 produced FeCo/Fe-Co DAzyme by etching N-doped graphene-encapsulated FeCo nanocages with sulfuric acid at 
80°C. Aberration-corrected high angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) clearly 
revealed the dispersed atomic metal sites on the shell of N-doped graphene. Co-incubation of 4T1 cells with 50 μg/mL of FeCo/ 
Fe-Co DAzyme depleted almost 57% of intracellular GSH without causing any toxicity. The recent study by Lu et al87 

showcased the impressive GSHOx catalytic activity of covalent organic framework COFFePc (quasi-iron phthalocyanine) nanosheets. 
The Michaelis Menton kinetics of GSH catalyzed by COFFePc indicate that the calculated values of Km and Vmax were 9.78×10−3 

M and 8.17×10−5 M/S, respectively. These values were found to be significantly higher than those of other iron-containing 
nanozymes (Vmax (COFFePc) ≈ 80 Vmax (FeS2 or FeCo/Fe-Co)) (Table 3). Upon internalisation into 4T1 cells, COFFePc is released 
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into the cytoplasm due to lysosomal dysfunction. It consumed over 85% of GSH at a concentration of only 30ug/mL. When 
combined with NIR, this consumption increased to over 90%.

Scholars have also explored the mechanism of iron-containing NPs that mimic GSHOx. Hu et al90 prepared Co-FeSe2 

nanoflowers using a simple thermal injection method. After 4 hours, the conversion of GSH catalyzed by Co-FeSe2 

reached 70%. This was due to the consumption of GSH by oxidising Fe3+/Co3+ ions and Se-Se bonds. Wang et al91 

prepared Co/La-Prussian blue (PB) nanozymes that exhibit GSHOx activity. The authors confirmed the reaction 
mechanism of GSH depletion by verifying the change in Co/La-PB valence before and after the reaction using XPS. 
Following the reaction, the peak at 711.6 eV was notably weakened, indicating the reduction of some Fe3+ to Fe2+. 
Similarly, the peak area at 781.7 eV, representing Co2+, increased, providing evidence that some Co3+ was reduced to Co2 

+. These results suggest that metal ions (Co3+ and Fe3+) in the high oxidation state act as oxidants and deplete GSH in the 
cells. Chiang et al92 prepared Fe3+ coordinated nanozymes using Fe3+/Fe2+ as a redox coupling agent to effectively 
deplete GSH. Lin et al93 similarly demonstrated this, the redox pairs (Fe3+/Fe2+) of GSH were 2.08 and 1.57 before and 
after incubation with their prepared nanozymes, resp.

Copper-Containing
Copper-based NPs were also used as GSHOx analogues. Ye et al94 synthesised Cu2-xSe NPs with GSHOx mimicking 
activity at room temperature via an ascorbic acid reduction reaction, which impairs intracellular antioxidant regulation by 
depleting overexpressed GSH. Zhao et al73 prepared polyethylene glycol@Cu2-xS@Ce6 nanozymes (PCCN) using a one- 
step hydrothermal method. The redox pair of Cu+/Cu2+ in PCCN has great potential for oxidizing GSH. The high-valent 
Cu2+ with oxidative capacity catalyzes the production of GSSG from GSH. As the concentration of PCCN increases, the 

Table 3 Depletion of GSH Nanozymes Mimics Vmax and Km for GSHOx, GPx, POD, OXD, and CAT

Depleting GSH Nanozymes Formulation Mimic Enzyme Activity Substrate Vmax(M/s) Km(mM) References

FeS2 GSHOx GSH 9.8 × 10−7 0.66 [72]

(BSA)-Ce6&NO-RuO2 CAT H2O2 3.967 × 10−5 3.66 [75]

GPx H2O2 7.883 × 10−7 1.8

GSH 1.103 × 10−6 90.2

FeCo/Fe-Co GSHOx GSH 1.07 × 10−6 1.775 [86]

OXD TMB 1.833 × 10−7 0.47

POD H2O2 2.811 × 10−7 0.845

COFFePc POD H2O2 1.35 × 10−6 3.036 [87]

TMB 4.3 × 10−6 1.06

GSHOx GSH 8.17 × 10−5 9.78

PEG-Cu2WS4 POD H2O2 3.8 × 10−3 1250 [88]

GSHOx GSH 3.2 × 10−5 1.28

Cu2O GSHOx GSH 16.16 × 10−6 0.47 [89]

POD H2O2 6.86×10−8 0.301

Mn3Cu3O8 GSHOx GSH 8.85 × 10−6 0.287

POD H2O2 3.09 ×10−7 0.231

Cu2O@Mn3Cu3O8 GSHOx GSH 14.95 × 10−6 0.436

POD H2O2 1.013 ×10−7 0.112
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amount of GSH progressively decreases. The intracellular depletion of GSH was assessed, and it was found that 150ug/ 
mL of PCCN consumed almost 60% of the GSH in 4T1 cells. Hao et al88 synthesized a nanozyme called polyethylene 
glycol-modified Cu2WS4 (CWP) using the sacrificing template method. The enzymatic kinetics of GSH oxidation 
catalysed by CWP, which simulated GSHOx, were further investigated. The Vmax and Km values were found to be 
3.2×10−5 M/S and 1.28 × 10−3M, respectively. Co-incubation of CWP at a concentration of 20 μg/mL with 4T1 cells 
resulted in a 25% reduction in intracellular GSH content.

Hou et al89 prepared a core-shell-structured nanozyme, Cu2O@Mn3Cu3O8 (CMCO). The shell of Mn3Cu3O8 prevents 
normal tissues from being exposed to the Cu2O core until it reaches the tumor lesion, reducing systemic toxicity. 
Furthermore, Mn3Cu3O8 has an enhanced electron-hoarding capacity and a d-band center closer to the Fermi level, making 
it a potential mimic of GSHOx. DTNB was used as a probe to detect CMCO depletion of GSH. The Vmax and Km values 
were 14.95×10−6 M/S and 4.36×10−4 M, respectively. After treatment, CMCO reacts with H2S in an acidic environment and 
decomposes into Cu ions, Mn ions, and ultra-small Cu7S4 NPs. These NPs can be efficiently excreted from the body in the 
urine through the renal filtration system, preventing the long-term retention of inorganic NPs in the body.

Due to the unique chemical reaction activity of the element copper, atomic copper active sites are present in many 
natural enzymes, such as cytochrome C oxidase and SOD, which are involved in important biochemical processes.95 

Therefore, the depletion of GSH by artificial Cu single atom nanozyme (SAzyme) for catalytic antitumor therapy has 
gained attention. In 2021, Cheng et al96 constructed Cu single atom sites/N-doped porous carbon nanozymes and 
demonstrated the consumption of GSH by Cu SAzyme. Recently, Lin et al97 have constructed a Cu-nanotransformer 
using a Cu2+/phloretin co-loaded disulfide bond (S-S) bridged dendritic mesoporous organosilica(DMSN) NPs skeleton. 
Upon internalization of the Cu-nanotransformer by CT26 cells from BALB/c mice, the overexpressed GSH reacted with 
S-S, leading to the collapse of the backbone of DMSN NPs. This resulted in the release of loaded phloretin and adsorbed 
copper ions. Cu ions that were not released were immobilized by Si-OH to form a Cu SAzyme. This enzyme contains 
Cu-O4 and Cu-O2 atomic centers that have high spatial distribution and atomic stability, which consumed nearly 30% of 
intracellular GSH. Na et al98 prepared dual single-atom ultrathin 2D metal organic framework (MOF) NSs (Pd/Cu 
SAzyme). After 3 hours, Pd/Cu SAzyme at a concentration of 200ug/mL consumed 60% of GSH. After 12 hours, more 
than 90% of GSH was consumed. In addition, they explored the mechanism of GSH depletion, which is based on Cu2+ 

mediated oxidation of GSH to produce the GSCuSG complex. When Cu2+ binds to -SH, it is reduced to Cu+ and forms 
the intermediate Cu+ (SG). ∙GS then splits from another GSH molecule and reacts with Cu+ (SG) to facilitate the 
formation of GSCuSG, completing the process of GSH oxidation. It is also well illustrated that the ability of copper- 
containing NPs to mimic GSHOx is closely related to the redox pair Cu+/Cu2+.

Noble Metal-Containing
The noble metal material has excellent catalytic activity. NPs made from it have a greatly increased specific surface area 
and abundant dangling bonds, making them more promising catalysts for applications.99–101 Currently, noble metal NPs 
and nanoframes loaded with noble metals have successfully mimicked GSHOx. This section focuses on the depletion of 
three noble metal materials, Au, Pt and Pd, for GSH. Liu and colleagues102 prepared Au-Cu2+-ZIF-DOX (ACD) 
nanozymes by encapsulating Au nanoclusters (NCs) and DOX into Cu2+-doped ZIF-8 shells. After incubation of Au 
NCs with GSH, the absorbance at 412 nm gradually decreased to 78.6% after 3h, 41% after 24h and 18.5% after 48h. 
This decrease in absorption favours the CDT of tumors. Chang et al103 prepared Bi2Te3 NCs loaded with Au/Pd 
bimetallic NPs, named BAP NCs. The consumption of GSH significantly increased with the concentration of BAP 
NCs (0–120 μg/mL) and the reaction time (0–5 min). Following incubation with BAP NCs, the relative GSH levels in 
4T1 cells decreased significantly by 60%. Ye et al104 prepared a super-stable metallo-supramolecular nanoassembly 
(FPIC) based on amino acids, driven by Pt4+, using a simple reprecipitation method. In the presence of GSH, the 
absorbance of DTNB at 412 nm decreased as the concentration of Pt ions in FPIC NPs increased. After co-incubating 
FPIC NPs with 4T1 cells for 12 hours, the GSH/GSSG ratio decreased from 100% to 50%.

To enhance the catalytic performance, Gong et al105 constructed a novel nanocomponent (carbon dots (CDs)@Pt 
single atoms (SAs)/NCs@DOX) with 34.8% platinum loading. The Km and Vmax of CDs@Pt SAs /NCs in the catalytic 
reaction of GSH were 1.04 mm and 7.46×10-6 M/s, respectively, which were comparable to those reported for GSHOx- 
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like nanozymes. The XPS results indicate that the content of Pt0+ increased from 23.4% to 41.24% after the reaction of 
CDs@Pt SAs/NCs with GSH. This suggests that Pt2+ was reduced to Pt0+ to complete the oxidation of GSH.

After the addition of GSH, the fluorescence quantum yield of CDs@Pt SAs/NCs changed from 3.05% to 5.8%, which 
was lower than that of CDs, which could be due to only a small part of the Pt0+ shedding exposing some of the N atoms 
present on the surface of CDs@Pt SAs/NCs. It is suggested that CDs@Pt SAs/NCs exhibit remarkable catalytic 
properties, probably due to the fact that most of the Pt SAzyme/NCs are retained as active sites on the CD surface. 
Recently, Xu et al106 designed a bimetallic ion-modified MOF nanozymes (Zr4+-MOF-Ru3+/Pt4+-Ce6@HA, 
ZMRPC@HA) for long-term catalytic therapy of tumors. The experimental results indicate that although the ZM 
skeleton nanomaterials adsorbed GSH on their own, only 21% of GSH was removed after 6h. In contrast, the 
introduction of Pt4+ into ZM greatly increased the GSHOx activity of the nanomaterials. At a ZMP concentration of 
200 μ/mL, the GSH consumption rate reached 56% within 30min and ultimately 85% after 120min of reaction. 
ZMRPC@HA dispersed in a simulated TME solution containing 100 μM H2O2 and 2mM GSH maintained a 71.8% 
depletion of GSH after three days, which is expected to be a long-term and stable GSH depletion strategy in tumor 
therapy.

Carbon-Containing
Dugan et al107 first suggested that carbon nanomaterials have enzyme-like activity. They found that fullerene derivatives 
can act as SOD mimics, scavenging -O−

2. In recent years, scholars have begun to explore the depletion of GSH by 
carbon-based nanomaterials such as carbon nanotubes, CDs, and graphene oxides (GOs) as a potential strategy for 
tumour therapy. This section discusses carbon nanotubes and CDs that mimic GSHOx. GOs mimicking GPx will be 
discussed in 4.2. Soheila et al108 discovered that both single-walled carbon nanotubes and multi-walled carbon nanotubes 
can down-regulate GSH, leading to an increase in cellular oxidative stress. Yousef et al109 further observed a significant 
decrease in intracellular GSH levels in mice exposed to carbon nanotubes in animal experiments. Zeng et al110 reported 
a biocompatible nanozyme based on chlorogenic acid (ChA) doped CDs. The ChA CDs (100 μg/mL) were treated with 
different concentrations of GSH in the presence of DTNB. The absorbance of GSH at 422 nm decreased with increasing 
time and GSH concentration, indicating effective removal of GSH by the ChA CDs. Recently, Luo et al111 prepared CDs- 
based nanosystems modified by poly-ethylenimine, carrying siRNA and DOX, which exhibited GSHOx activity. Co- 
incubation of CD-poly-ethylenimine (200 μg/mL) with GSH showed a time- and concentration-dependent depletion 
of GSH.

Heteroatom doping can effectively enhance the catalytic activity of catalysts by optimizing the electronic structure of 
the active sites in carbon materials.112 Shen et al113 have developed a new nanoplatform called Pt/N-CD@TiO2-x, which 
incorporates N-doped CDs and can be used for both detecting and depleting GSH. With regard to the detection of GSH, 
when N-CDs and Pt/N-CD NPs were incubated with LO2 cells (GSH, 0.36±0.04 mm), HeLa cells (GSH, 2.23 
±0.15 mm), and 143B cells (GSH, 2.54±0.23 mm), respectively, there was a notable absence of fluorescence contrast 
between the three groups of cells in the presence of N-CDs. In contrast, high fluorescence contrast was observed for Pt/ 
N-CD NPs with 143B cells and HeLa cells after 6 h of incubation. With regard to glutathione (GSH) depletion, no 
significant depletion was observed in the pristine N-CD. In contrast, the characteristic absorbance peak of DTNB (412 
nm) of Pt/N-CD NPs exhibited a sharp decrease with increasing incubation time, indicating that GSH depletion by Pt/ 
N-CDs was occurring. Wang et al64 doped MnO into mesoporous carbon (MC) to create a smart MC nanoplatform 
(CCM). The CCM was able to consume nearly 70% of GSH after co-incubation with 4T1 cells and maintain low 
intracellular GSH levels for 24 hours, demonstrating an efficient and long-lasting GSH consumption ability. The catalytic 
reaction rate of CCM was slightly lower under hypoxic conditions than under normoxic conditions by about 70%, further 
suggesting that CCM mimics the behaviour of GSHOx. Zhang et al114 constructed Fe3+-modified l-histidine-sourced CDs 
(FeCDs). The GSH/GSSG ratios of the groups subjected to oxidative stress control, CD treatment, or FeCDs treatment 
were approximately 85%, 60%, and 30%, respectively. The statement suggests that CDs are capable of consuming GSH, 
and the presence of Fe3+ enhances this ability, resulting in the dual consumption of GSH. It is evident that carbon-based 
nanoenzymes have the capability to imitate GSHOx and can also serve as effective carriers for constructing multi-
functional nanoplatforms.
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Metal-Organic Frameworks
Metal-Organic Frameworks (MOFs) are a class of porous crystalline materials formed by self-assembly of metal ions/ 
clusters with organic ligands via coordination bonds. In recent years, MOFs have been widely explored as biomimetic 
platforms for Nanozymes due to their modifiability, high specific surface area, and structural tunability, providing 
innovative strategies for efficient catalysis, biosensing, and disease treatment.115 Wang et al116 created a bimetallic 
nano-enzyme system ZIF-8/SrSe derived from MOF and encapsulated with DOX enzyme kinetic analyses showed that 
the nanozyme exhibited substantial GSHOx-like activity and efficiently oxidized reduced GSH to GSSG. Furthermore, 
ZIF-8/SrSe@DOX nanoparticles efficiently transported DOX, which caused DNA damage and further promoted 
apoptosis and Ferroptosis. Lin et al93 fabricated a biocatalytic Janus nanocomposite based on an iron-zirconium 
porphyrin metal-organic framework [PCN-224(Fe)] for ultrasound-driven SDT and 808 nm NIR light-mediated PDT. 
ROS production was facilitated by GSH consumption and oxygen supply. Recently, a nanoplatform synthesized by Tu 
et al117 by embedding a monovalent Au nanozyme into a photosensitive MOF structure using an in situ redox method 
effectively depleted existing GSH, thereby improving the efficacy of PDT and PTT. Wu et al118 designed MOF-based 
nanoplatforms that similarly oxidized GSH to GSSH.

Containing Other Metal Elements
Nanomaterials that contain other metals, such as Mn, vanadium (V), bismuth (Bi), and cobalt (Co), were also success-
fully used to simulate GSHOx. Gang et al119 prepared a nanoplatform with mesoporous silica NPs as the core and MnO2 

as the shell. This platform markedly reduced GSH levels in 4T1 cells. Xu et al120 constructed a bimetallic nanoplatform 
with atomically dispersed Mn/gadolinium (Gd) double sites by hydrothermal method, which also exhibited efficient 
consumption of GSH. Additionally, the Gd sites modulated the local electrons of the atomically catalyzed Mn sites, 
thereby enhancing the GSHOx activity of the nanoplatform. Bai et al121 prepared nanozymes composed of hydroxya-
patite and CuMnOx, and verified the mechanism of GSH depletion. Hydroxyapatite-CuMnOx was dispersed in phosphate 
buffer with or without the addition of GSH and the release of Mn was determined at different times. The oxidation of 
GSH resulted in a gradual decrease in the ratio of Mn4+/Mn2+ in solution, indicating that Mn4+ oxidised GSH to produce 
Mn2+. Hao et al122 conducted experiments that demonstrated the depletion of GSH by high-valence Mn ions. They 
designed bismuth-Mn-shell nanoflowers containing glucose oxides for GSH depletion in 4T1 tumors. In this case, the 
reduction potential of Mn3+ to Mn2+ was found to be similar to the oxidation potential of GSH to GSSG, indicating 
a possible correlation between the oxidation of GSH and Mn3+/Mn2+. XPS results revealed that after treatment with 2mM 
GSH for 4h, the valence state of Mn consisted of 38.3% Mn3+ and 61.7% Mn2+, suggesting that Mn3+ conferred the 
nanomaterial with the ability to mimic GSHOx. The presence of Mn was almost undetectable in the 10 mm GSH-treated 
solution, indicating that the high concentration of GSH had been completely consumed by Mn3+.

Vanadium has multiple valence states, with the most common being V4+ and 0.5+123 The enzymatic activity of 
V-containing nanomaterials is affected by the different valence states. Li et al124 synthesized four vanadium oxide 
nanozymes (Vnps) using a simple method. The Vnps included Vnps-I, which consisted of pure V5+; Vnps-II, which 
consisted of mixed V5+/V4+; and Vnps-III and Vnps-IV, which consisted of V4+. Vnps-III was found to consume 
significantly more GSH than the other three nanozymes at all concentrations. Co-incubation of only 10ug/mL of 
Vnps-III with 4T1 cells resulted in the consumption of nearly 85% of the intracellular GSH. Recently, Yang et al125 

developed a new nanoplatform (ZnSnO3@MXene) by loading ultra-small ZnSnO3 NPs onto MXene, a V-containing 
V2CTx NCs. The ZnSnO3@MXene nanoplatform showed a time-dependent depletion of GSH when DTNB was used as 
a probe. The V4+ produced by ZnSnO3@MXene was converted to V3+ with POD-mimicking ability by oxidising GSH, 
achieving a dual enzyme-catalysed cycle of GSHOx and POD. Li et al126 fabricated Bi NCs (Bi-N/C) on nitrogen-doped 
porous carbon. The absorbance at 412 nm decreased as the concentration of Bi-N/C increased, indicating that Bi-N/C 
could potentially mimic GSHOx. Using a simple sacrificial template method, Lin et al127 synthesized Co single atom- 
supported N-doped carbon nanozymes (Co SA-N/C). The introduction of Co atoms greatly down-regulated the GSH 
level, as evidenced by the significant decrease in absorbance at 412 nm when compared to SA-N/C. Furthermore, it has 
been discovered that nanomaterials containing molybdenum,128 nickel,129 and cerium 20 can imitate GSHOx. The above 
demonstrates the potential of nanozymes containing high valence metal ions in mimicking GSHOx (Figure 4).
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Mimic Glutathione Peroxidase
It is well established that natural GPx is a peroxide disintegrating enzyme that is widely distributed throughout the 
organism. It oxidises GSH to GSSG, thereby reducing toxic peroxides to non-toxic hydroxyl compounds. Concurrently, it 
catalyses the decomposition of H2O2, thus protecting the structure and function of the cell membrane from the 
interference and damage of peroxides.68,130 The reaction equation is: GSH + H2O2 → GSSG + H2O. Synthetic NPs 
that mimic GPx compete with natural GPx for inhibition, thereby weakening the protective effect of natural GPx on 
tumor cells. This subsection will introduce 6 NPs that mimic GPx.

Yang et al74 designed an ultrasmall bimetallic oxide nanozyme, CuFe2O4 NPs, which was shown to possess GPx 
activity. The nanozyme was mixed with GSH and the UV-visible signal of -SH in GSH at 412 nm was detected using 
DTNB as a probe. The results demonstrated a significant depletion of GSH within six hours. Zhao et al131 prepared 
polyethylene glycolated MC (MC-PEG) as a carrier for indocyanine green and compared it with polyethylene glycolated 
GOs (GO-PEG). The consumption of 10 mm GSH by 200 µg/mL of MC-PEG was almost complete within 10 h, 
resulting in a solution of 6-nitro-m-toluic acid that changed from yellow to almost colorless. In contrast, the color of the 
GSH/GO-PEG solution remained largely unchanged, indicating that MC-PEG exhibits an exceptional ability to consume 
GSH. At the cellular level, naphthalene-2,3-dicarboxaldehyde was employed as a sulfhydryl tracer for labelling 
intracellular GSH. Following a 8 hour co-incubation period with GO-PEG, there was no discernible change in GSH 
levels in 4T1 cells. In contrast, the green fluorescence in 4T1 cells was diminished after 4 h of incubation with MC-PEG, 
and almost completely extinguished after 8 h. Zhu et al132 synthesized amorphous CoSnO3 nanocubes with efficient GPx- 
like catalytic activity. The decrease in DTNB absorbance at 412 nm with increasing incubation time demonstrated the 
effective consumption of GSH by CoSnO3, which may be attributed to the Sn4+-mediated GPx-like activity of CoSnO3. 
The content of GSH in tumor tissues of mice following different treatments was further examined. The GSH/GSSG ratios 
(less than 25%) of the CoSnO3 group and CoSnO3 combined with NIR were found to be significantly lower than those of 
the control group and the NIR alone group. Hu et al133 successfully mimicked GPx by synthesising PtMnIr NPs via 
a one-step solvothermal method. The absorbance of GSH at 412 nm decreased rapidly with time in the presence of 
PtMnIr. The excellent catalytic activity may be attributed to the induced asymmetric charge distribution and interactions 
between different metals. Specifically, Pt can regulate the adsorption of -OH on Ir species in an inverse manner, and 

Figure 4 The nanozymes release metal ions, causing GSH depletion as well as ROS accumulation. (By Figdraw).

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S515734                                                                                                                                                                                                                                                                                                                                                                                                   5623

Sun et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



alloying Mn may result in a downward shift of the d-band centre of Pt, which may lead to a reduction in the strength of 
the bond between Pt and oxygenated species. In a study by Li et al,134 a defect engineering strategy was employed to 
prepare Pt-doping MoOx (PMO) redox nanozymes with rapid degradation properties. These nanozymes were then 
assembled onto Poly (lactic-co-glycolic acid) (PLGA) via a microfluidics chip, thus resolving the conflict between 
maintaining therapeutic activity and rapid degradation. The absorbance of the DTNB solution containing PLGA@PMO 
and GSH decreased significantly with the reaction time. XPS spectroscopy was employed to analyze the changes in the 
oxidation state of Mo ions during the above-described enzyme-catalyzed process. The Mo6+ concentration of the 
untreated PMO nanozymes was 45.2%, while that of the GSH-treated nanozymes was 25.3%. This indicates that Mo6 

+, which has oxidative potential, was involved in the GSH oxidation. In a recent study, Zhang et al135 successfully 
anchored Ir NCs on Co (OH) nanosheets and prepared an Ir content of 6.2 wt% (Ir6.2-Co (OH)). The characteristic 
absorption of DTNB at 420 nm was significantly diminished in solutions dispersed with both Ir6.2-Co (OH) and Ir1.4-Co 
(OH). Conversely, the characteristic absorption of DTNB in the Ir and Co (OH) groups exhibited minimal change, which 
could be attributed to the absence of Ir4+. The potential mechanism of Ir6.2 -Co (OH) nanozymes mimicking GPx was 
further elucidated by XPS characterization. The ratio of Ir3+/Ir4+ following the reaction with GSH was 1.13, representing 
a 1.8-fold increase from the state prior to GSH oxidation. Furthermore, no significant alterations were observed in the Co 
2p and O 1s spectra. This indicates that the oxidation of GSH is primarily attributed to the shift in the valence state of the 
interfacial Ir-O site from Ir4+ to Ir3+.

Mimic Oxidase
The above NPs, which mimic GSHOx and GPx, oxidize GSH to GSSG, thereby reducing the intracellular GSH level. 
Nevertheless, GSH can be generated de novo through alternative metabolic pathways in vivo, which may diminish the 
efficacy of the nanozymes in killing tumor cells. For instance, even in the absence of glucose, glutamine is converted to 
glutamate by glutaminase (GLS), ultimately resulting in the production of GSH.136,137 GR catalyzes the conversion of 
GSSG to GSH with the involvement of NADPH.138 Consequently, as researchers delve deeper into the subject of GSH 
consumption, they are increasingly turning their attention to the possibility of inhibiting GSH production in order to 
reduce GSH levels even further. Sun et al21 grafted the GLS inhibitor CB839 onto the nanoparticle enzyme and blocked 
the glutamine pathway and GSH biosynthesis. However, in this process, it was the externally attached CB839 that played 
a role and did not reflect the properties of NPs mimicking enzyme catalysis. In recent studies, scholars have found that 
the two nanozymes that mimic OXD, downregulate GR and NADPH, respectively, thereby interfering with GSH 
production.

Zhong and colleagues75 prepared a multicomponent bovine serum albumin (BSA)-Ce6&NO-RuO2 nanozyme 
(BCNR). On the one hand, BCNR was observed to convert GSH to GSSG, thereby exerting GPx mimetic activity. 
The GSH level was found to gradually decrease with the prolongation of incubation time. The GPx-mimic activity of 
BCNR was investigated by independently varying the concentrations of H2O2 and GSH, and the catalytic performance of 
BCNR was studied by steady-state kinetics. The Km and Vmax of BCNR with H2O2 as substrate were 1.8 mm and 
47.3 μM/min, respectively. The Km and Vmax values of BCNR with GSH as substrate were 90.2 mm and 66.2 μM/min, 
respectively. On the other hand, the generation of ONOO− under sonication stimulation resulted in a downregulation of 
GR and the avoidance of GSH regeneration. In a recent study, Lin et al76 prepared a MnOx-coated Au (AMO) nanoflow 
as a nanozyme for NADPH oxidase, which was reported to be an effective tumor therapy. The intracellular treatment 
with 100ug/mL and 150 ug/mL of AMO for 10 h resulted in the consumption of more than 70% and 95% of GSH, 
respectively. This suggests the potential of AMO for GSHOx. Secondly, the rapid decrease in intracellular GSH levels 
may be partly attributed to the oxidation of NADPH by AMO. Following 10 hours of intracellular treatment with 100 µg/ 
mL of AMO, there was a discernible decline in cellular NADPH levels in treated cells relative to untreated controls. 
Concurrently, cellular NADP+ levels exhibited an upward trend, indicating that AMO possesses the capacity to catalyze 
the oxidation of NADPH to NADP+. The selective inhibition of intracellular GSH production and depletion of the 
existing GSH through the use of a single nanoparticle may represent a novel approach to the development of anti-tumor 
nanozymes in the future. This approach could potentially facilitate the achievement of ROS “explosion” in tumor cells, 
thereby overcoming one of the major obstacles currently limiting the efficacy of such therapies.
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Nanozymes Depleting Glutathione for Tumor Microenvironment 
Responsiveness
TME is composed of various non-epithelial cells in the tumor tissue as well as extracellular matrix. The development, 
growth and metastasis of tumors are closely related to the TME in which the tumor cells are located.139,140 Malignant 
tumor cells are in a TME characterized by weak acidity, hypoxia and high expression of GSH and H2O2.141 In order to 
develop GSH-depleted nanozymes as antitumor drugs, it is essential to ensure their stability within the TME. A further 
requirement is to design nanozymes that can respond to the TME to deplete GSH, thereby rendering the TME a favorable 
factor contributing to the anti-tumor activity of the nanozymes. This subsection will examine the response properties of 
the nanozymes of GSH-depleted to various factors, including pH, temperature, substrate concentration, and other 
variables (Table 4).

Table 4 Depletion of GSH by Nanozymes in Response to pH, Temperature, Substrate, Electrical Stimulation and US

Depleting GSH 
Nanozymes 
Formulation

Responsiveness Feature References

Au-Cu2+-ZIF-DOX PH responsiveness Degradation of ZIF-8 under acidic conditions increased the release of DOX by 
up to 41.97% after 36 h.

[102]

T-BTO /MoS2@CA CA is PH-responsive and mediates H2O2 self-supply. [128]

HA-CuMnOx Acidic conditions enhanced the activity of the nanomaterials to mimic GSHOx, 

which may be related to the increased release of Mn4+.

[121]

Bi-DOPA@BSA- 

GOx@MnOx

BDS-GOx@MnOx can effectively generate H+ in a weakly acidic environment, 

which promotes the degradation of MnOx and further release of GOx.

[122]

COFFePc As pH decreases COFFePc NSs target lysosomal aggregates, allowing them to 

exhibit excellent multi-enzyme mimicry including GSHOx in acidic lysosomes.

[87]

PEG/Ce-Bi@DMSN Temperature 

responsiveness

High temperature enhances the activity of PEG/Ce-Bi@DMSN to mimic 

GSHOx, thereby promoting its consumption of GSH.

[20]

PEG- chitosan/PDA The ability to deplete GSH increases with increasing temperature. [92]

Cu2O@Mn3Cu3O8 After 1064 nm laser irradiation, the intracellular GSH content of CT26 cells 

decreased from 70% to 30%.

[89]

PDA-CD/POM@GOx/ 

HA

Accelerated GSH depletion by photothermal effects induced by 808 nm laser 

irradiation

[142]

AuPt@Cu-PDA After NIR irradiation, the intracellular Cu2+ content was significantly enhanced, 

and the excess Cu2+ acted as an oxidant to deplete intracellular GSH.

[143]

PEG-Cu2WS4 GSH responsiveness In the TME, CWP NPs catalysed GSH oxidation close to or already at Vmax. [88]

Cu-O2/Cu-O4 Sazyme DMON depletes a portion of GSH in the tumour cells, synergising with Cu 

SAzyme to achieve a dual depletion of GSH.

[97]

COFFePc High concentrations of GSH increased the dispersion of COFFePc NSs due to 

their responsiveness to GSH.

[87]

CuMnO@Fe3O4 The R1 and R2 relaxation rates of the CuMnO@Fe3O4 NPs demonstrated 

a positive correlation with the increase in GSH and H+ concentrations, thereby 

validating the T1 and T2 contrast enhancement resulting from GSH and H+ 

activation.

[144]

(Continued)
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PH Responsiveness
Increased acidity is a feature of hypoxic tumors and their TME.148 In general, normal cells only produce lactate during hypoxia 
and obtain energy through aerobic respiration and lactic acid fermentation. In tumor cells, downstream glycolytic enzymes are 
over-expressed to meet the energy demands caused by rapid tumor cell division. In malignant tumors, an extracellular pH of 
6.5–6.9 (physiological pH 7.2–7.4) is typically observed, due to the high anaerobic metabolism of the tumor tissue, which 
results in the production of large amounts of acid.149–151 Under acidic conditions, the spatial structure of natural enzymes is 
altered, rendering them inactive. In contrast, the nanozymes exhibited superior anti-tumor properties in acidic TME, greatly 
expanding their application as anti-tumor drugs.

Liu et al102 designed Au-Cu2+-ZIF-DOX (ACD) nanozymes with pH-responsive drug release and the ability to consume 
GSH, which reduces drug leakage in normal tissues and achieves rapid release in acidic TME. When ACD was subjected to 
pH 7.4, the drug was released at a slow rate, with a cumulative release of 5.82% after 36 h. Upon reduction of the pH to 5, 
degradation of ZIF-8 under acidic conditions led to an increase in the release of the drug, with a cumulative release of up to 
41.97% after 36 h. Chen et al128 synthesised thin layers of MoS2 NSs on the surface of piezoelectric tetragonal barium titanate 
(T-BTO). After pH-responsive cinnamaldehyde (CA) modification, acidic TME-responsive nanocatalysts (T-BTO 
/MoS2@CA) were prepared with the ability to mimic POD and GSHOx. T-BTO/MoS2 exhibited good stability in an acidic 
environment (pH 1.6–6.0), and the pH-responsive CA release-mediated H2O2 self-supply provided sufficient substrate for its 
POD mimicry. A limitation of this study is that the ability of the nanoenzymes to consume GSH under different pH conditions 
was not separately investigated. Bai et al121 proceeded to prepare HA-CuMnOx nanocomposites and investigate the effect of 
pH on GSH consumption. The absorbance values of DTNB at 405 nm were 0.659, 1.344, 1.352, 2.045, and 2.057 when the pH 

Table 4 (Continued). 

Depleting GSH 
Nanozymes 
Formulation

Responsiveness Feature References

T-BTO/MoS2 As the concentration of H2O2 increased, the absorbance at 652 nm also 

increased significantly.

[128]

Cu-Pd@MIL-101 The nanozyme mimics SOD and replenishes H2O2 levels in cells. [145]

PtMnIr [133]

Co/La-PB@MOF-199/ 

GOx

H2O2 The pH response of MOF-199 allows accurate release of GOx into tumours to 

catalyse the reaction of glucose and O2 to produce H2O2.

[91]

Ce–Gd@CDs–GOx responsiveness The absorbance at 405 nm of Ce-Gd@CDs-GOx introduced with GOx was 

significantly higher than that of NPs not containing GOx

[146]

Cu2-xSe-GOx Cu2-xSe-GOx exhibited enhanced green fluorescence, further substantiating 

that GOx-mediated H2O2 production augmented the analogue POD activity of 
Cu2-xSe-GOx.

[94]

PtMnIr Local electrical 
stimulus 

responsiveness

The local electrical current stimulus enhanced the activity of PtMnIr to mimic 
GPx, which led to the depletion of GSH.The XPS results suggested that this was 

due to the fact that the current stimulus altered the oxidation state of the metal 
and led to the release of the metal ions into the surrounding environment.

[133]

T-BTO/MoS2 US responsiveness BTO/MoS2 induced significant GSH depletion mediated by US and caused up to 
76.3% GSH loss after 6 h.

[128]

Fe2+-Janus 
nanocomplexes

US increases production of -O−
2. [93]

Mo-doped Cu9S5 During US excitation, the yield of NO gas produced by m-MCS@LA was 
increased.

[147]
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was equal to 3, 5, 6, 7, and 8, respectively. These values indicate that the acidic condition enhanced the activity of the 
nanomaterials to mimic GSHOx and was more favourable for GSH consumption. In order to gain further insight into the 
underlying mechanism, the impact of pH on the release of Mn ions was investigated. The results demonstrated that 
approximately 40% of Mn ions were released from HA-CuMnOx when pH = 7.4 and GSH was present, with this percentage 
increasing to 62% with increasing acidity. This indicates that the accelerated GSH depletion under acidic conditions may be 
associated with the increased release of Mn4+. Furthermore, the release of Mn, Fe and Cu ions from the CuMnO@Fe3O4 core- 
shell nanozyme designed by Zhang et al144 has also been demonstrated to be pH-dependent. Recently, Yan et al152 developed 
acid-responsive, iron-coordinated polymer nanoparticles (PPA/TF) encapsulating the mitochondria-targeting drug α-toco-
pheryl succinate (α-TOS). In the weakly acidic intracellular environment of tumors, PPA/TF further promoted pH-responsive 
drug release and caused ferroptosis.

The pH-dependence exhibited by the aforementioned nanozymes indicates that lowering the pH of the TME will provide 
a more optimal environment for the nanozymes to deplete GSH against tumors. Hao et al122 prepared a bismuth-manganese 
core-shell nanoflower containing glucose oxidase (GOx), designated BDS (Bi-DOPA@BSA)-GOx@MnOx, with the capacity 
to deplete GSH. GOx catalysed the production of glucose from glucose, acidifying the TME. Experimental results demon-
strated that there was no significant change in the pH of the BDS@MnOx solution under either acidic (pH=6.5) or neutral 
(pH=7.4) conditions. In contrast, the pH of the simulated TME solution with the addition of BDS-GOx@MnOx changed 
significantly, decreasing by approximately 3.4 in 8 h, whereas it only decreased by 1.0 under neutral conditions. This suggests 
that GOx plays an important role in regulating pH, and that BDS-GOx@MnOx can efficiently generate H+ under weakly 
acidic environments, thus promoting the degradation of MnOx and the further release of GOx. Furthermore, lysosomes, acidic 
organelles with a pH range of 3.5 to 5.5, are highly prevalent in tumor cells.153,154 The development of nanozymes capable of 
lysosomal aggregation is also anticipated to enhance their ability to consume GSH. Lu et al.87 A novel acid-responsive self- 
assembly strategy based on FePc-rich COF NSs was developed, which enabled the lysosome-targeting of COFFePc NSs due to 
their abundant negative hydroxyl groups and rigid structure. TEM and atomic force microscope images demonstrated that 
COFFePcNSs exhibited uniformly thick nanosheets at pH=4, in comparison to the morphology of COFFePcNSs at pH 7, which 
suggests that COFFePcNSs can self-assemble in acidic solution. Dynamic light scattering was used to measure the size of the 
nanomaterials in solution. The results showed that the hydrodynamic diameter increased with decreasing pH, indicating that 
the COFFePcNSs gradually underwent aggregation. In particular, the hydrodynamic diameter increased significantly within 
a short period of time at pH 4. COFFePc NSs target lysosomal aggregates, allowing them to exhibit excellent multi-enzyme 
mimicry including GSHOx in acidic lysosomes. This provides a promising opportunity to combine with other therapeutic 
strategies, such as PDT, CDT, and SDT, to enhance anti-tumor effects.

Temperature Responsiveness
The development and growth of tumors is closely linked to the local temperature of the tumor cells. Numerous studies have 
reported that when the local temperature of the tumor rapidly rises above 42°C, it causes cell rupture or denaturation of 
proteins to kill the tumor cells.155–157 Previous studies have often considered tumor temperature regulation from 
a macroscopic perspective and rarely from a TME perspective.158,159 However, in the case of GSH-consuming NPs enriched 
in tumor tissue, the site where they generate heat in the presence of NIR is in the TME. It is also in the TME that the nanozymes 
showed stronger enzymatic activity with increasing temperature within a certain range. Therefore, we categorise temperature 
as an element of the TME and investigate the responsiveness of GSH-consuming nanozymes to temperature.

Lin et al20 developed a multifunctional bacteriophage-like PEG/Ce-Bi@DMSN nanozyme by decorating ultra-small CeO2 

nanozymes on large mesopores of Bi2S3@DMSN. The profile of the PEG/Ce-Bi@DMSN nanozyme in the presence of 25 °C 
and 50 °C on GSH depletion was investigated separately. The PEG/Ce-Bi@DMSN nanozymes exhibited a reduction in 
absorbance at 412 nm at 50 °C relative to 25 °C at 5, 10, 15 and 20 min of reaction. It was shown that high temperature 
enhanced the activity of PEG/Ce-Bi@DMSN mimicking GSHOx, thus promoting its consumption of GSH. Chiang et al92 

prepared and measured the GSH consumption ability of PEG-chitosan/PDA at 25 °C, 37 °C and 50 °C, respectively. The 
results showed that the GSH consumption capacity of PEG-chitosan/PDA increased with increasing temperature. Hou et al89 

prepared Cu2O@Mn3Cu3O8 (CMCO) and co-incubated it with CT26 cells to decrease the intracellular GSH content to 
approximately 70%. Following 1064 nm laser irradiation, the intracellular GSH content decreased to 30%. Cheng et al142 
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constructed a nanocomposite, PDA-CD/POM@GOx/HA (PCPGH), containing polymetallic oxyacid (POM) using β-cyclo-
dextrin (β-CD) functionalised polydopamine (PDA-CD) as a matrix. Following irradiation with an 808 nm laser for a duration 
of six minutes, the temperature of the 50 μg/mL PCPGH solution reached 60 °C. In comparison to the PCPGH group, there 
was a notable increase in GSH consumption following laser irradiation. This suggests that the photothermal effect induced by 
808 nm laser irradiation accelerates the process of GSH consumption. Liu et al143 prepared Cu-PDA and AuPt@Cu-PDA 
nanoplatforms, respectively. In 4T1 cells, both Cu-PDA+NIR and AuPt@Cu-PDA+NIR depleted GSH more than Cu-PDA 
and AuPt@Cu-PDA alone (Figure 5). In order to further investigate the mechanism of accelerating GSH by photothermal 
effect, the intracellular Cu2+ content was measured. It was observed that following NIR irradiation, the intracellular Cu2+ 

content was markedly elevated, with the surplus Cu2+ acting as an oxidant to deplete the intracellular GSH. This indicates that 
the heightened temperature responsiveness of such nanozymes’ capacity to deplete GSH may be associated with their excess 
of heavy metal ions with oxidative capacity released at elevated temperatures. In comparison to natural enzymes, nanozymes 
exhibit a broader temperature range within which they are able to exert their activity. It is also encouraging to note that the 
catalytic effect of the nanozyme can be enhanced by increasing the temperature within a certain range. This provides a solid 
foundation for glutathione-depleted nanozymes in photothermal therapy (PTT) and PDT applications.

Substrate Responsiveness
High levels of GSH (≈10 × 10−3 M) and H2O2 (50 ~ 100×10−6 M) in tumor cells provide substrates for GSH-depleting 
nanozymes.160,161 It is and its essential to probe the responsiveness of the nanozymes to GSH and H2O2 in an 
environment that mimics TME.

Glutathione Responsiveness
As mimics of natural enzymes, GSH-depleted nanozymes also exhibit the general pattern of enzymatic reactions in terms 
of the rate of initiation in relation to substrate concentration. Hao et al88 investigated the enzymatic reaction rates of CWP 
NPs corresponding to different GSH concentrations (0–3 mm) and fitted the Michaelis-Menten equation. As the GSH 
concentration approached 3 mm, the rate at which the CWP NPs mimicked the GSHOx enzymatic reaction had 
stabilized. It can be surmised that the GSH oxidation catalyzed by CWP NPs under the stimulation of GSH in the 
tumor microenvironment is approaching or has reached its Vmax. Lin et al97 devised a strategy for the in-situ synthesis of 
Cu SAzyme, whereby the GSH-responsive deformability of DMON is employed to convert adsorbed copper ions into 
isolated atoms anchored by oxygen atoms (Cu-O2/Cu-O4). During this process, DMON also consumes a portion of GSH 

Figure 5 AuPt@Cu-PDA NPs with photothermal conversion effect were synthesized by Liu et al (By Figdraw).
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within tumor cells, resulting in the dual depletion of GSH. Lu et al87 proceeded to prepare COFFePc NSs and test their 
stability following incubation with varying concentrations of GSH. These concentrations were 10×10−3, 1×10−3 and 
0.1×10−3 M. The results demonstrated that the size of COFFePc NSs exhibited a significant increase in the COFFePc NSs 
+1 and 10×10−3 M GSH groups. Nevertheless, the dimensions of the COFFePc NSs+0.1×10−3M GSH group remained 
largely unaltered. High concentrations of GSH increased the dispersion of COFFePc NSs due to their responsiveness to 
GSH. Following the application of 1 mm GSH, some of the building blocks were observed to separate from the FPIC 
NPs prepared by Ye et al,104 resulting in a slight decrease in particle size. Upon increasing the GSH concentration to 
5 mm, the nanostructures exhibited a complete collapse, resulting in optimal dispersion, which is consistent with the data 
analyzed by dynamic light scattering. The reason for this phenomenon may be since Pt ions have a stronger affinity for 
S oligopeptides than they do for O atoms. Furthermore, drug release profiling demonstrated that up to 62% of curcumin 
was released from FPIC NPs following incubation with GSH (5 mm) for 24 h, which was considerably higher than the 
release of curcumin in the absence of GSH. The GSH-responsive FPIC nanoparticles exhibited good dispersion and 
physiological stability in the TME, which facilitated the achievement of site-specific drug release and the minimization of 
in vivo toxicity. Furthermore, the GSH response facilitates tumor imaging. Zhang et al144 demonstrated that their 
prepared CMF NPs exhibited both imaging and GSH-consuming properties. The R1 and R2 relaxation rates of the 
CMF NPs demonstrated a positive correlation with the increase in GSH and H+ concentrations, thereby validating the T1 
and T2 contrast enhancement resulting from GSH and H+ activation. The same changes were also observed in the MRI 
results. Consequently, the dual activation of T1 and T2 signals and the depletion of GSH provide a robust foundation for 
the activation of CDT and MR signals in TME.

H2O2 Responsiveness
A number of GSH-depleting nanozymes also possess the capacity to mimic the activities of POD and CAT. POD-mimicking 
nanozymes convert endogenous H2O2 to H2O and ROS, while CAT-mimicking nanozymes convert endogenous hydrogen 
peroxide H2O2 to oxygen O2.162–164 This approach is particularly attractive in hypoxic TME. The high concentration of H2O2 in 
tumor cells provides a sufficient substrate for GSH-depleted nanozymes that mimic the catalysis of POD and CAT. The T-BTO/ 
MoS2 nanozymes prepared by Chen et al128 demonstrated the capacity to mimic POD while consuming GSH. The -OH 
generated by the POD oxidizes the colorless 3.3’,5,5’-tetramethylbenzidine (TMB) to blue oxidized TMB. Following the 
reaction of T-BTO/MoS2 with different concentrations of H2O2 (0.2, 0.4, 0.6, 0.8, 1 mm), the absorbance at 652 nm was detected. 
The results demonstrated a significant increase in absorbance at 652 nm in response to an increase in H2O2 concentration. 
Furthermore, the aforementioned gap exhibited a gradual increase over time, spanning from 0 to 10 min. Lin et al93 prepared 
a biocatalytic Janus nanocomplex (termed UPFB) containing Fe2+ to mimic GSHOx. During this process, Fe2+ catalyzed the 
formation of -OH from endogenous H2O2 via the Fenton reaction. The absorbance at 652 nm was examined for the reaction of 
UPFB with different concentrations of H2O2 (5, 10, 25, 50, 100 uM). The results demonstrated that the absorbance at 652 nm 
increased significantly with the increase of H2O2 concentration.

There is evidence that POD and CAT enzymatic reactions occur, and that there may be a deprivation of H2O2 in tumor 
cells.165 Replenishment of H2O2 is highly correlated with the efficiency of CDT, PDT, and other similar processes.166,167 

Therefore, it is also necessary to consider the H2O2 replenishment ability of nanozymes when designing them. About the 
supplementation of H2O2 by nanozymes, two principal approaches may be identified. One approach is to equip the 
nanozymes with the capacity to mimic SOD, enabling them to catalyze the disproportionation of -O−

2 to generate O2 and 
H2O2. Li et al145 modified 9.5 wt%Cu-Pd@MIL-101 (9.5% CPMP) with a PEG-modified, which is a nanozyme with 
simultaneous POD, SOD and glutathione depletion. The highly water-soluble tetrazolium salt (WST) can react with -O−

2 

to form a water-soluble dye with a strong UV-vis absorption signal at 440 nm. The ability of different concentrations of 
9.5% CPMP to mimic SOD was evaluated using this method, and it was found that the absorbance at 440 nm gradually 
became smaller as the concentration of 9.5% CPMP increased. The PtMnIr NPs designed by Hu et al133 also possessed 
SOD activity, and the absorbance of the solution decreased with increasing concentration of PtMnIr NPs. This evidence 
indicates that NPs deplete -O−

2 by mimicking SOD and replenish the level of H2O2 in tumor cells. A second method of 
supplementing H2O2 is to modify the nanomaterials with GOx. GOx catalyses the reaction between glucose and oxygen 
to form gluconic acid and H2O2.168,169 Wang et al91 prepared Co/La-PB@MOF-199/GOx for the self-supply of H2O2 in 
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TME by loading GOx onto Co/La-PB@MOF-199. The particle size of Co/LaPB@MOF-199/GOx was significantly 
reduced at pH 5.8, as demonstrated by dynamic light scattering assay. This is due to the pH-responsive nature of MOF- 
199, which results in a certain degree of nanoparticle decomposition in the TME. This enables the precise release of GOx 
into the tumor, where it catalyzes the reaction of glucose and O2 to produce H2O2. Ce-Gd@CDs-GOx nanozymes were 
prepared by Sun et al.146 The probe used to detect H2O2 generation was titanium oxide sulfate (Ti (IV) OSO₄). Upon 
oxidation by H2O2, Ti (IV) OSO₄ forms a yellow perovskite complex, Ti (IV) O2SO4, with characteristic UV absorption at 
405 nm. The absorbance at 405 nm of Ce-Gd@CDs-GOx nanozymes with GOx incorporated was significantly higher 
than that of NPs without GOx, indicating that the prepared nanozymes were capable of producing more H2O2 through the 
catalytic reaction of GOx. Ye et al94 designed Cu2-xSe-GOx NPs and evaluated the intracellular -OH content in the 
presence of Cu2-xSe and Cu2-xSe-GOx using the 2.7-dichlorodihydro-fluorescein diacetate as an indicator. Notably, 
Cu2-xSe-GOx exhibited enhanced green fluorescence, further substantiating that GOx-mediated H2O2 production aug-
mented the analogue POD activity of Cu2-xSe-GOx. Similarly, the supply of H2O2 by GOx was confirmed in the 
nanozymes prepared by Lin170 and Cheng et al.142

Other Factor
The GSH-depleted nanozymes were also responsive to local electrical current stimulation and US. Hu et al133 employed 
the sulfhydryl tracer violet method to detect the GSH depletion process in vitro. The PtMnIr+E group exhibited 
a reduction in green fluorescence compared to the PtMnIr and E groups following electrical treatment. This suggests 
that local electrical current stimulus enhances the activity of PtMnIr to mimic GPx, thereby depleting GSH. To ascertain 
the mechanism by which electrical treatment enhances PtMnIr enzyme activity, XPS results were further compared 
between PtMnIr and PtMnIr+E. It was observed that the concentrations of Pt2+, Mn3+ and Ir3+ increased significantly, 
from 18.9%, 35.7% and 20.2% to 31.5%, 46.3% and 40.6%, respectively. It can be concluded that the observed increase 
in GPx activity is a consequence of the current stimulation, which alters the metal oxidation state and results in the 
release of metal ions into the surrounding environment. The T-BTO with piezoelectric properties, designed by Chen 
et al,128 demonstrated enhanced enzymatic activity of GSHOx when subjected to US-mediated charge generation. In 
comparison to the control and BTO/MoS2, BTO/MoS2 induced a significant depletion of GSH under US-mediated 
conditions, resulting in a loss of up to 76.3% GSH after 6 h. Under US irradiation, BTO undergoes mechanical 
deformation and generates induced surface charges promoting the consumption of GSH by BTO/MoS2. The UPFB 
NPS were prepared by Lin et al93 and were used to confirm the ability to produce -O−

2 by singlet oxygen generation 
efficiency (ΦΔ). The ΦΔUPFB value for 808 nm laser and US irradiation without H2O2 addition (ΦΔUPFB = 0.016) was 
significantly larger than that for 808 nm laser irradiation only (ΦΔUPFB = 0.012). Furthermore, Hou et al147 constructed 
a nanozyme, m-MCS@LA, which is a loaded L-arginine mesoporous Mo-doped Cu9S5 nanozyme. The yield of NO gas 
produced by m-MCS@LA was increased during US excitation. Yang et al75 also demonstrated that after 5 min of 
ultrasound stimulation, N-acetyl-L-cysteine released approximately 19.57 μm of NO, which was significantly higher than 
the release of NO in the N-acetyl-L-cysteine group alone. NO gas molecules not only exerted a synergistic effect through 
gas therapy but also enhanced the effect of CDT by inhibiting protective autophagy.

In the preceding four subsections, we have separately discussed the response of GSH-depleted nanozymes to different 
factors. In the design of actual nanozymes, however, these factors are not split. For instance, nanozymes that modify 
GOx are responsive to both pH and H2O2. It is a common practice among scholars to design nanozymes with multi-factor 
responsive properties with the intention of achieving more effective anti-tumor effects. Furthermore, the responsiveness 
of nanozymes to different factors has led to the development of various tumor therapies, including nanozymes-based 
CDT, PDT, SDT, and so forth.

Nanozymes Depleting Glutathione in Oxygen-Dependent Cancer Therapy
Nanomaterial-mediated ODCT (eg, CDT, PDT, SDT) has attracted considerable attention from scholars due to its 
remarkable efficacy.171–173 GSH-depleted nanozymes induced a ROS ‘explosion’ in TME through a cascade reaction 
between GSHOx, GPx, CAT, OXD, POD, and SOD. This section will present a systematic introduction to the innovative 
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concept of combining GSH-depleting nanozymes with key anti-cancer pathways to construct bio-inspired synergistic 
cancer therapies based on the ODCT perspective.

Chemodynamic Therapy
CDT represents a novel class of tumor therapeutic technology that exploits the TME to trigger the Fenton (Fenton-like) 
reaction of nanomedicines, thereby producing potent oxidative radicals, such as -OH, for tumor-specific treatment. In 
comparison with conventional therapies, CDT exhibits enhanced tumor specificity, selectivity, reduced systemic toxicity 
and a diminished risk of side effects.174,175 Nevertheless, However, the use of CDT is severely hampered by GSH for 
-OH scavenging and insufficient levels of H2O2 within malignant tumors. The construction of CDT nanosystems with 
high yield and full utilization of ROS at the tumor site represents a significant area of research within the field of CDT. 
This subsection describes six GSH-consuming nanozymes for CDT.

Liu et al102 synthesised Au NCs and DOX loaded, copper ion-doped ZIF-8 nanoplatforms (ACDs) for the purpose of 
TME-activated tumor CDT and combination chemotherapy. Upon the gradual degradation of Cu2+-doped ZIF-8 in an acidic 
TME, Cu2+, DOX, and Au NCs were released. The Cu2+ ions consumed GSH via redox reactions, and the generated Cu+ 

mimicked POD to convert internal H2O2 to -OH. In addition, the Au NCs not only consumed GSH as GSHOx, but also 
mimicked POD to catalyze the conversion of H2O2 to -OH. The enhanced tumor CDT was achieved by GSH depletion, 
elevated H2O2 levels and sufficient -OH. In addition, the chemotherapeutic effects were enhanced by the inhibition of DOX 
efflux and increased drug sensitivity due to GSH depletion and -OH generation. Hao et al122 prepared TME-responsive BDS- 
GOx@MnOx, which enhanced CDT by depleting GSH and glucose as well as generating a high concentration of -OH. In 
particular, MnOx nanoflowers formed on Bi exhibited the capacity to respond to acidic TME, depleting GSH and releasing 
GOx, which initiated a glycolytic reaction. This resulted in a reduction in intracellular acidity in tumor cells and the generation 
of substantial quantities of H2O2, which ultimately led to an enhanced Fenton reaction. The multi-enzyme cascade of 
starvation therapy and CDT, in conjunction with the aforementioned processes, resulted in BDS-GOx@MnOxNPs exhibiting 
excellent anti-tumor capabilities both in vivo and ex vivo. Furthermore, BDS@MnOx enhanced CT and MR imaging, thereby 
facilitating the diagnosis and treatment of malignant tumors. Sun et al21 designed DMSN-Au-Fe3O4 NPs grafted with a GLS 
inhibitor (CB839). These nanozymes, which block the glutamine pathway and GSH biosynthesis, and decrease ROS depletion 
at the tumor site, are catalytically converted to H2O2 by GOx-mimicking AuNPs. Subsequently, the compound was converted 
to -OH by POD-mimicking iron oxide nanoparticles. The combined action of the three components resulted in a significant 
increase in intracellular ROS levels and a notable enhancement in the efficacy of the CDT process. The 9.5% CPMP prepared 
by Li et al145 demonstrated the capacity to mimic POD, SOD and GSHOx. The 9.5% CPMP was found to mimic SOD, thereby 
compensating for the lack of H2O2 in tumor cells. The combination of POD and GSHOx was observed to elevate the level of 
-OH and maintain high oxidative stress in tumor cells. The results of in vivo experiments demonstrated that the stable 9.5% 
CPMP NPs exhibited effective CDT effects on tumors, with good biosafety and biocompatibility. Ye et al94 designed Cu2-xSe- 
GOx for TME-triggered cascade catalysis, with the objective of enhancing cancer therapy. Among the components of this 
system, Cu2-xSe has the capacity to mimic GSHOx effectively oxidizing GSH, thereby reducing the consumption of ROS. 
Additionally, Cu2-xSe serves as a mimic of CAT, catalysing the conversion of H2O2 to O2 in cancer cells. Subsequent to this, 
GOx consumes a significant quantity of intracellular glucose, with the assistance of O2. This process not only elevated the 
acidity of the tumor cells but also generated highly cytotoxic -OH due to the POD activity of Cu2-xSe. Cui and colleagues146 

were successful in the construction of a Ce-Gd@CDs-GOx nanozyme platform. The nanozymes demonstrated high catalytic 
efficacy in promoting -OH generation and glucose oxidation, thereby achieving synergistic anticancer activities of nanoca-
talysis and starvation therapy. Furthermore, due to Gd3+ doping, these nanozymes can be used for T1-weighted MRI to guide 
precise treatment.

Photothermal Therapy and Photodynamic Therapy
The use of PTT in the treatment of tumors was inspired by magnetothermal therapy and was first reported by Hirsch 
et al176 in 2003. Upon exposure to NIR, the photosensitive NPs convert the absorbed light energy into thermal energy, 
resulting in a rapid increase in local temperature above 42°C, which effectively kills tumor cells.177 Concurrently, these 
nanoparticles will transfer the energy to the surrounding oxygen, thereby generating highly active singlet oxygen. 
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Monomorphic oxygen can react with nearby biomolecules in an oxidative manner to generate ROS, thus enabling PDT of 
tumors.178,179 This subsection describes 10 GSH-consuming nanozymes for PTT and PDT.

The PEG/Ce-Bi@DMSN nanozymes prepared by Lin et al20 exhibited CAT mimetic activity and GSH depletion capacity. 
This weakened the antioxidant defences of tumor cells and made the cells more sensitive to ROS. Among these, CeO2 

nanozymes catalyzed the Fenton-like reaction to produce highly toxic -OH in acidic TME. The activation of PTT by Bi2S₃ in 
the NIR-II region significantly enhanced POD-mimic, CAT-mimic activities and GSH depletion. The HA-CuMnOx@ICG 
nanozymes constructed by Bai et al121 not only have CAT, and GSH consuming ability. It also mimics that POD can convert 
intracellular H2O2 into highly toxic ROS. HA-CuMnOx@ICG-mediated PTT facilitates the catalytic reaction of the nanozymes 
and promotes the generation of ROS. Zhu et al132 synthesised CoSnO3, which exhibited triple enzyme-like catalytic activity. This 
included CO2+-mediated POD-like catalysis for ROS production, Sn4+-mediated depletion of overexpressed GSH, and also 
achieved catalytic decomposition of endogenous H2O2. The photothermal conversion efficiency of CoSnO3 NPs was as high as 
82.1% at 1064 nm NIR. With NIR, the triple enzyme-like catalytic activity of CoSnO3 NPs was further enhanced to facilitate the 
development of a fully integrated multimodal tumor therapy. The Fe3+@PEG-CS/PDA nanozymes, designed by Chiang et al,92 

exhibited remarkable photothermal conversion efficiency and structural stability, in addition to acid-triggered Fe3+ release. The 
Fe3+ chelating nanozymes converted H2O2· to OH via GSH depletion and heat/acid enhancement of the Fe2+/Fe3+-mediated 
Fenton’s catalytic reaction. The PDA-mediated Michael reaction and Fe3+/Fe2+ redox coupling resulted in a substantial depletion 
of intracellular GSH. It was demonstrated that Fe3+@PEG-CS/PDA nanozymes were effective in increasing intracellular GSH 
depletion and -OH production in NIR-triggered thermotherapy. Wang et al91 synthesised Co/La-PB@MOF-199/GOx, which 
could achieve self-supply of H2O2 by encapsulation of MOF-199 and loading of GOx. Meanwhile, due to the CAT and POD-like 
activities of Co/La-PB@MOF-199, the successive production of -OH was achieved by the multienzymatic cascade under NIR 
for photothermal enhanced catalytic therapy. Cheng et al142 designed PDA-CD/POM@GOx/HA, in which GOx catalyzes the 
conversion of glucose to H2O2 and gluconic acid. POM mediates the generation of -OH, depleting the intracellular GSH pool. 
PDA-POM-mediated photothermal enhancement of the multi-enzyme cascade catalytic and GSH depletion activity ultimately 
triggers apoptosis-ferroptosis, which is a form of synergistic tumor therapy. Zhang et al144 prepared PCMF nanoplatforms by 
binding a platelet-derived growth factor receptor-β-recognising cyclic peptide target to the surface of CMF. In the presence of 
TME conditions, PCMF decomposed and produced a number of Fenton-catalytic active metal ions (eg, Cu+, Mn2+, and Fe2+) 
with Fenton catalytic activity. This process resulted in a significant depletion of GSH, the acceleration of Fenton and Fenton-like 
reactions, the elevation of ROS levels, and the induction of apoptosis and ferroptosis in cancer cells. Furthermore, PCMF 
demonstrated the capacity to activate the T1 relaxation rate (23.15 mM−1s−1) and T2 relaxation rate (177.5 mM−1s−1), which 
facilitated tumor imaging. The COFFePc developed by Lu et al87 demonstrated satisfactory photothermal performance under NIR. 
In acidic conditions, COFFePc exhibited good OXD-, SOD- andPOD-like activities and efficiently produced more -OH through 
a self-cascade reaction. The synergistic effect of toxic -OH and photothermal energy enabled COFFePc NSs to accumulate in 
lysosomes, leading to lysosomal membrane permeability and apoptosis. The release of COFFePc NSs from damaged lysosomes 
allows for further consumption of GSH and the production of H2O2. This amplifies oxidative stress through significant GSHOx- 
like activity, inducing ferroptosis in tumor cells. The POD and CAT-like activities of AuPt@Cu-PDA, prepared by Liu et al,143 

facilitate the generation of -OH and O2 from H2O2. O2 can be further converted to toxic -O−
2 by its OXD mimetic activity. This 

effect is further enhanced by the remarkable photothermal properties of AuPt@Cu-PDA. In addition, Cu2+ can effectively 
deplete endogenous overexpressed GSH, thereby amplifying oxidative stress. Most importantly, excessive accumulation of Cu2+ 

disrupts copper homeostasis, leading to aggregation of lipoylated dihydrolipoamide S-acetyltransferase and ultimately cuprop-
tosis. In a simulated TME, the core-shell structured CMCO nanozymes synthesized by Hou et al89 were found to induce high 
efficiency ferroptosis-boosted-cuproptosis through mild photothermal effects. Due to the Cu+/Cu2+ and Mn2+/Mn3+/Mn4+ redox 
pairs, CMCO nanoenzymes exhibit a variety of enzyme-mimicking activities, including GSHOx-like, POD-like, and CAT-like 
activities. CMCO mimics GSHOx to consume GSH, which reduces the ability to chelate copper ions, exerts copper toxicity, and 
induces cuproptosis in cancer cells. The CAT-like activity catalyzes the generation of O2 from H2O2, which enhances cuproptosis. 
Moreover, based on the Fenton - like reaction, and iron death caused by GSH elimination induced by GPX4 inactivation. This is 
accompanied by the lipid peroxidation (LPO) and the accumulation of ROS, which cleave stress-induced heat shock proteins, 
thereby reducing their protective capacity against cancer cells and further sensitising cuproptosis. Zhang et al180 designed a tumor 
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cell-targeted nanomimetic delivery system that improves hypoxia, responds to TME, and efficiently loads ICG. Providing a new 
strategy for cost-effective and convenient synergistic treatment of cervical cancer with PTT and CDT.

Sonodynamic Therapy
SDT represents a novel, non-invasive and precise method of tumor treatment, in which NPs are employed as an 
efficacious acoustic sensitizer to “target” tumor cells and tumor neovascular endothelial cells in high 
concentrations.181,182 Upon stimulation by ultrasound in vitro, NPs generate single oxygen species that cause tumor 
cell death.183 This section describes two GSH-depleting nanozymes for SDT. Lin et al93 prepared a biocatalytic Janus 
nanocomplex for both US-driven and 808 nm NIR light-mediated by combining core-shell-shell upconversion nanopar-
ticles (UCNPs, NaYF4:20%Yb,1%Tm@NaYF4:10%Yb@NaNdF4) and iron-zirconium porphyrin metal-organic frame-
works [PCN-224(Fe)] (called UPFB). It was shown that UPFB not only exhibited PDT performance under 808 nm laser 
irradiation, but also could be synchronously activated by US for SDT effect. Among them, Fe3+ mimicked CAT to 
catalyze the production of O2 from H2O2 to alleviate hypoxia in TME, and it consumed excess intracellular GSH to 
promote ROS production. Meanwhile, in TME, Fe2+ converted by Fe3+ reacts with intracellular H2O2 to generate toxic 
-OH. In addition, UPFB can be used as a good contrast agent for fluorescence imaging and T2-weighted MRI, which 
provides precise guidance for tumor treatment. In a recent study, Yang et al75 synthesized BCNR nanozymes (Figure 6). 
Under US sonosensitizers of Ce6 and RuO2 exhibit highly efficient singlet oxygen. The SOD and CAT mimetic activities 
of RuO2 further enhanced the sensitivity of Ce6 to ultrasound stimulation behavior. Concurrently, the cleavage of 
S-nitrosothiol group in BCNR liberated NO, which then reacted with singlet oxygen to spontaneously generate highly 
cytotoxic peroxynitrite (ONOO-). The antioxidant homeostasis in the TME was disrupted by the depletion of intracellular 
GSH due to the GPx mimetic activity of RuO2 and the downregulation of the GR by ONOO-. Concurrently, the 
inhibition of GPX4 activity resulted in an enhanced iron death sensitivity of tumor cells. The efficacy of iron death was 
greatly enhanced with the accumulation of lipid hydroperoxide produced by ONOO-. In a recent study, Jiang et al184 

prepared small-sized iron-platinum nanoparticles using a thermal reduction method. The nanoparticles effectively 
decomposed H2O2 to generate O2, reversing the tumor hypoxic environment. More satisfactorily, they generated 

Figure 6 Under US, BCNR oxidized GSH and inhibited GR, ultimately leading to iron death. (By Figdraw).
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single-linear state oxygen under ultrasound irradiation, thereby killing tumor cells and inhibiting their proliferation, 
which is potentially valuable in enhancing oxygen-enhanced sonodynamic cancer therapy.

In conclusion, in normal cells, oxidants represented by ROS and antioxidants represented by GSH are in a dynamic 
equilibrium, analogous to the yin and yang poles of the Chinese ‘Tai Chi’. Nanozymes based CDT, PDT, SDT achieve an 
imbalance by increasing the anode (increasing ROS through GOx, POD, OXD) or decreasing the cathode (depleting 
GSH through GSHOx, GPx or inhibiting GSH production) to eliminate tumor cells.

Ferroptosis
Ferroptosis, a novel form of regulated cell death, is centrally characterized by the aberrant accumulation of iron-dependent 
lipid peroxidation and the inactivation of antioxidant defense systems. In recent years, NPs have emerged as a key tool in the 
regulation of ferroptosis due to their unique physicochemical properties.152 Wang et al116 created a bimetallic nanozymatic 
system (ZIF-8/SrSe) encapsulated with DOX. ZIF-8/SrSe nanozymes exhibit strong GSHOx-like activity and effectively 
oxidize reduced GSH to GSSG while inhibiting GPX4 and solute carrier family 7 member 11 (SLC7A11). This resulted in iron 
homeostasis imbalance, pronounced caspase activation, and subsequent induction of apoptosis and ferroptosis in tumor cells. 
The ChA CQDs designed by Zeng et al110 exhibited significant GSHOx-like activity and subsequently promoted cancer cell 
ferroptosis by interfering with the lipid repair system catalyzed by GPX4.The DNA nanozymes designed and prepared by 
Zhou et al185 inhibited hypoxia inducible factor-1α (HIF-1α) while achieving GSH depletion and cellular ferroptosis. Fe/Cu 
bimetallic nanozymes prepared by Wang et al186 catalyzed the production of ROS and depletion of GSH from excess 
intracellular H2O2. Excess H2O2 and GSH are the major factors of radioresistance and chemoresistance, and their reduction 
enhances chemotherapy and radioisotope therapy. Produced ROS and depleted GSH further induce mitochondrial dysfunc-
tion. Promotion of lipoylated dihydrolipoamide S-acetyltransferase and aggregation of lipid peroxidation leads to ferroptosis 
and cuproptosis. In a recent study, Ir@Au nanozymes prepared by Lin et al187 enhanced the radiosensitivity of tumors by 
disrupting the energetic homeostasis of tumor cells and inducing ferroptosis. It generated additional ROS for CDT, depleted 
GSH, and interfered with the tumor’s antioxidant defenses. When exposed to ionizing radiation, the nanozymes absorb 
photons and emit electrons that interact with water to amplify ROS production. This ROS accumulation, in combination with 
radiation, enhances DNA damage and lipid peroxidation, reverses radiation resistance and promotes ferroptosis.

Target Treatment
Nanoparticle-based targeted therapy empowers nanocarriers with the ability to specifically recognize the site of a lesion 
through engineering for efficient drug enrichment and controlled release (Table 5). Xu et al188 developed a platelet 

Table 5 Nanozyme Targeting Therapy

Nanozymes Strategies Therapies Features References

Platelet membrane 

biomimetic 

monoatomic nanase

Platelet membrane 

modification

CDT, 

Immunological 

therapy

The double starvation effect significantly reduced the levels of 

intracellular glucose and ATP, resulting in a significant decrease 

in cellular GSH.

[188]

PdAg-CaP- 

L-buthionine 
sulfoximine

Hyaluronic acid 

surface modification

PTT It is activated by near-infrared light, inducing photothermal and 

photodynamic effects, causing ROS bursts, and promoting 
apoptosis by triggering immunogenic cell death.

[189]

Cu-SAzymes Bioorthogonal 
approach

PTT The release of Cu ions in the presence of GSH induces 
cuproptosis.

[190]

CuMnO@Fe3O4 Coupled to platelet- 
derived growth factor 

receptors

PTT, CDT The weak acid- and GSH-activated T1 and T2 relaxation rate of 
nanozyme contributes to T1 and T2 dual contrast imaging at 

the tumor site. 

[144]

Aupd-GSH 

suppression system

Tumor homologous 

membrane 

camouflage

CDT, 

Chemotherapy

The nanozyme abrogates the reductive adaptation by exerting 

its molecule-targeted GSH suppression, thereby achieving 

a dual-disruption on cancer redox homeostasis. 

[191]
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membrane-mimicking single-atom nano-enzyme for cancer therapy. Due to platelet membrane modification, the nano- 
enzyme can effectively target tumors. Promoting ROS production in tumors enhanced the immune response, especially 
by increasing memory T cell abundance and inhibiting distant tumor growth and tumor metastasis. Jiang et al189 

developed a framework consisting of PdAg mesoporous nano-enzymes and CaP mineralised layers fitted with the 
GSH inhibitor L-buthionine sulfonamide. Further surface modification of hyaluronic acid allowed targeting of CD44. 
In acidic tumor microenvironments, Ca2+ is initially released, leading to mitochondrial dysfunction and ultimately 
apoptosis. Surprisingly, Fan et al190 developed a new in situ bombarding-embedding technique for the ultra-fast synthesis 
of sputtered SAzymes. Sputtered copper SAzymes (CuSA) with unique planar Cu- C3 coordination structures were 
prepared using this method. Bioorthogonal method was further employed to design CuSA with enhanced tumor-specific 
targeting. The nanoenzymes not only possessed minimal off-target toxicity, but also had ultra-high CAT, OXD, and POD 
polymerase activities to generate ROS storms for effective tumor destruction. Zhang et al144 developed a TME- 
responsive CuMnO@Fe3O4 core-shell nanozymes, a platelet-derived growth factor receptor-β-recognising cyclic peptide 
target was coupled to the surface of the nanozymes to fabricate tumor-specific nanozymes with enhanced targeting 
capabilities, providing new insights into high-sensitivity and tumor-specific therapy. In a recent study, Bai et al191 

developed AuPd alloy nanozymes- GSH biosynthesis inhibitor co-donating nanozymes further camouflaged with tumor- 
homologous cell membranes to fabricate hybrid nano-systems with biostability and tumor-targeting capabilities, initiating 
safe and precise redox-destruction cancer-based therapies that and sensitizing standard chemotherapy.

Toxicity Reduction Strategy
How to reduce the toxicity of nanoparticles is an important research direction in the field of nanomedicine. Whether the 
application is anti-tumor, antibacterial or anti-inflammatory, biosafety is a prerequisite. Scholars often modulate the crystal 
phase of nanoparticles or use chemical or physical methods to modify and functionalize the surface of nanoparticles in order to 
enhance biocompatibility.192,193 Wu et al194 reported an amorphous ZIF-8 (aZIF-8) with a high loading of 5-Fu by pressure- 
induced amorphisation. aZIF-8 has a longer blood circulation and lower lung accumulation than ZIF-8 at the same injected 
dose, with less drug release and good biocompatibility, which significantly improves its therapeutic efficacy in ECA-109 
loaded mice, with a survival rate of 50 days after treatment reaching 100%. Regarding the modification of nanoparticles, 
polyethylene glycol, polyvinylpyrrolidone can be used to encapsulate NPs, or to bind them to natural molecules such as 
albumin, which ultimately reduces the immune recognition by the immune system.195–197 To avoid long-term toxicity of 
nanoparticles in the body, biodegradable materials can be preferred. Such as mesoporous silica and liposomes, which can 
reduce the toxicity and match its application cycle.198–200 In addition, the metabolic tachycardia rate in vivo can be accelerated 
by designing the size and morphology of nanoparticles. Control particle size in the range of 5–100 nm to avoid capture by the 
mononuclear phagocytosis system.201,202 Control the hydrated particle size to less than 5.5 nm to promote its excretion via 
urine and select spherical, lamellar or rod-like structures to regulate cellular uptake rates.203–206 Moreover, pH response, 
temperature response, and substrate response can be utilised to control the reaction time, intensity, and release rate of the 
carried drug.207–209 More promisingly, the enrichment characteristics of nanoparticles can be utilised to increase the 
enrichment of target tissues and reduce the exposure of non-target organs by means such as coupling antibodies or small 
molecule ligands.210–212 In conclusion, the toxicity of nanomaterials can be reduced by surface modification and functiona-
lisation, selection of biodegradable materials, design of size and morphology, stimulus responsiveness, and targeting. Among 
them, the targeting effect has far-reaching research value.

Summary and Prospect
Since the initial discovery of Fe3O4 NPs with POD-mimicking activity in 2007, nanozymes have emerged as a crucial area of 
research in the fields of medicine, healthcare and industry. In particular, nanozymes have demonstrated remarkable therapeutic 
efficacy in the field of oncology, inducing intracellular ROS ‘explosions’ in tumor cells via a multi-enzyme cascade of 
GSHOx, GPx, SOD, CAT, POD, and OXD. This paper presents an overview of the mechanism and role of GSH-depleting 
nanozymes in recent years, their classification, TME-responsiveness and application in ODCT. Although GSH-consuming 
nanozymes have made significant progress in the treatment of tumors, there are still some noteworthy challenges to be 
addressed.
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(I) Selectivity: The issue of inadequate substrate selectivity in nanozymes remains unresolved, with the potential to 
impact therapeutic efficacy and even result in toxic side effects. Modifying the nanozymes to enable specific substrate 
recognition could enhance tumor targeting accuracy and sensitivity.

(II) Catalytic efficiency: The catalytic efficiency of the majority of current nanozymes remains inferior to that of 
natural enzymes. It is anticipated that diatomic and monoatomic nanozymes will enhance the catalytic efficiency of 
nanozymes. Furthermore, the activity of nanozymes is constrained by intricate TME, and the design of multifactorial 
responsive nanozymes will enhance the enzyme activity.

(III) Cascade catalysis: It is possible that a nano-enzyme with several enzymatic activities at the same time may 
exhibit synergistic effects in the anti-tumor process. Therefore, it is therefore of great importance to elucidate the 
sequence and comprehensiveness of the catalytic cascade catalyzed by multiple enzymes.

(IV) Biosecurity: The majority of current toxicity studies of nanozymes are limited to short-term cytotoxicity and 
in vivo toxicity assessments. The potential toxicity and clearance of nanozymes for long-term metabolism may limit their 
wide application.

(V) Single atom: SAzyme have been demonstrated to exhibit remarkable catalytic activity. However, further 
evaluation of their toxicity and stability is necessary.

(VI) Scope of application: Most of the research in the field of nanozymes has focused on the study of oxidoreductase 
and hydrolase activities. Other enzyme activities, such as transferase and lyase, have yet to be extensively investigated. 
Future work should explore the potential of nanozymes to mimic the activities of other enzymes for various applications.

(VII) Carrier:The fabrication of nanosystems with commendable biocompatibility, excellent targeting efficiency and 
multifaceted functionality is achieved through the grafting of tiny NPs onto suitable carriers.

(VIII) Mechanism research: The prevailing hypothesis is that the catalytic effect of nanozymes is primarily 
attributable to the metal ions they release. It is of great importance to conduct further theoretical studies in order to 
gain a more comprehensive understanding of the complete mechanism of nanozymes.

(IX) Targeted therapies: Exploring targeted therapies with low side effects, high precision and strong targeting, and 
synergising with other therapies to promote the development of individualised medicine is a trend for future research.
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