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a b s t r a c t

While radiotherapy is a mainstay therapeutic modality for malignant tumor, the intrinsic tumor resistance

to radiotherapy, as well as the concomitant radiation injury to adjacent healthy tissues, greatly limits the

efficacy of cancer radiotherapy. As a result, the development of novel radioenhancers and radioprotectants

is highly desired for clinical radiotherapy. In recent years, nanozymes have inspired ever-growing research

interest because of their multi-enzyme activities and microenvironment-responsive feature. In view of

the significant progress of nanozymes in radiation medicine, we, in this review, systematically illustrate

the impressive progress of nanozymes for potentiating radiotherapy and radiation protection. First, the

types of nanozymes used in tumor radiotherapy are briefly discussed. Subsequently, the main strategies of

nanozymes to enhance the radiotherapy efficiency, including promoting the generation of reactive oxygen

species (ROS), relieving hypoxia in tumor microenvironment and combining with other cancer therapeutic

regimens, are summarized. Finally, the advances of typical nanozymes for preventing radiation-induced

hematopoietic damage and gastrointestinal damage are highlighted.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Radiotherapy, as a mainstay therapeutic modality, has been

extensively applied in clinical cancer treatment via direct DNA

double-strand destruction and indirect oxidative damage [1]. Un-

fortunately, the intrinsic tumor resistance to radiotherapy, as well

as the concomitant radiation injury to normal tissues adjacent to

tumor, greatly limits the efficacy of cancer radiotherapy [2]. Con-

sequently, it is of great significance to develop either feasible ra-

diosensitizers that enhance the radiosensitivity of cancer cells or

effective radioprotective agents that minimize the radiation dam-

age on normal tissues.

To date, numerous molecular drugs and functional nanoma-

terials have been explored to potentiate radiotherapy and allevi-

ate radiation-induced side effects [3–6]. For instance, the thiol-

containing drugs amifostine, a typical radioprotectant used in clin-

ics, protects the normal tissues from radiation-caused damage by

scavenging the excessive free radicals to allow a higher dose of ra-

diation [7]. The first-in-class radiosensitizer NBTXR3, that is func-

tionalized hafnium oxide nanomaterials, deposits high-energy ion-

izing radiation within tumors owing to the X-ray attenuation prop-
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erty of high-Z elements [8]. However, these limited radiotherapy-

related drugs in clinic suffer from the common drawbacks includ-

ing low reactive oxygen species (ROS) scavenging/generation ca-

pacity, irradiation damage in non-target tissues, side effects to nor-

mal organisms. More importantly, complex biological microenvi-

ronments, such as abundant biomolecules in living system, strong

acidic condition of gastrointestinal tract, low O2 levels of malig-

nant tumors, greatly hinder their curative effects in radiotherapy.

Therefore, the development of novel radioenhancers and radiopro-

tectants is highly desired for clinical radiotherapy.

Nanozymes have been recently explored in the field of tu-

mor radiotherapy owing to its exceptional advantages. For instance,

nanozymes with superoxide dismutase (SOD)-like and catalase

(CAT)-like activity efficiently reduce radiation-induced free radi-

cal damages by scavenging multiple ROS [9]. Some nanozymes are

able to enhance the radiosensitizing performance of tumor through

boosting the production of •OH or reversing tumor hypoxia [10,11].

Specifically, the multi-enzyme-like performance of nanozymes is

sensitive to the surrounding environments [12]. For instance, the

reported POD-mimicking nanoenzymes exert the catalytic activity

under acidic tumor microenvironment to achieve enhanced thera-

peutic effects.

Currently, although numerous published reviews have summa-

rized the remarkable advances of nanozymes in diverse fields, no
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Fig. 1. (a) The oxidation of various POD substrates catalyzed by Fe3O4 NPs and

H2O2. Reprinted with permission [16]. Copyright 2007, Nature Publishing Group. (b)

The enhanced POD-like activity of Pt hollow nanodendrites. Reprinted with permis-

sion [18]. Copyright 2018, John Wiley and Sons. (c) The GPx-like activity of typical

metal oxide nanomaterials. Reprinted with permission [19]. Copyright 2017, John

Wiley and Sons. (d) The glucose oxidation catalyzed by DMSN-Au-Fe3O4 nanoplat-

form. Reprinted with permission [22]. Copyright 2019, John Wiley and Sons. (e) The

catalytic oxidation of ascorbate by Pd-based nanomaterials. Reprinted with permis-

sion [23]. Copyright 2018, Nature Publishing Group.

comprehensive review has been devoted to the applications of

nanozymes as radioenhancers and radioprotectants in tumor ra-

diotherapy [13–15]. Therefore, in this review, we present the im-

pressive progress of nanozymes for potentiating radiotherapy and

radiation protection. First, the types of nanozymes used in tumor

radiotherapy are briefly discussed. Subsequently, the main strate-

gies of nanozymes to enhance the radiotherapy efficiency are sum-

marized. Finally, the advances of typical nanozymes for preventing

various common radiation-induced damages are highlighted.

2. Types of nanozymes used in radiotherapy and radiation

protection

Up to now, a variety of functional nanostructures with

oxidoreductase-like properties, such as peroxidase (POD), catalase

(CAT), oxidase (OXD), superoxide dismutase (SOD), have been suc-

cessfully applied for radiosensitization of tumor and radioprotec-

tion of normal tissues [9–11]. In this section, we briefly discuss the

types of nanozymes used in radiotherapy and radiation protection.

2.1. POD-mimicking nanozymes

In 2007, Fe3O4 nanostructures were firstly discovered with in-

trinsic POD-like property to catalyze the oxidation of specific

substrates with H2O2 (Fig. 1a) [16]. This POD-like activity re-

sults from the catalytic conversion of H2O2 into hydroxyl radi-

cals (•OH). In comparison with natural POD, the catalytic capabil-

ity of nanozymes can be enhanced through tuning their size, mor-

phology, structure and composition [17]. For instance, our previous

work demonstrates the POD-like activity of Pt hollow nanoden-

drites is superior to its counterpart Pd cubes due to the abun-

dant branches and hollow structure (Fig. 1b) [18]. Interestingly,

the acidic surroundings are more conductive to the execution of

the catalytic capability of POD-mimicking nanozymes than neu-

tral surroundings. It is known that the tumor microenvironment is

Fig. 2. (a) The CAT-like activity of Pt NPs under different pH values. Reprinted with

permission [27]. Copyright 2014, Royal Society of Chemistry. (b) The SOD-like ac-

tivity of GQDs and their protective capability against damage induced by X-rays.

Reprinted with permission [35]. Copyright 2016, American Chemical Society.

featured in mild acidity and overproduced H2O2. Therefore, POD-

mimicking nanozymes could be developed for tumor radiotherapy

and nanocatalytic therapy.

In addition to generate ROS, some POD-mimicking nanozymes

simultaneously exhibited glutathione peroxidase (GPx)-like activity

in the presence of GSH. By catalyzing the oxidation of GSH, they

decompose the toxic H2O2 into nontoxic substances. For instance,

both V2O5 and MnO2 nanomaterials with GPx-like activity are able

to clear excess ROS from impaired cells and provide cytoprotection

against harmful oxidative damage (Fig. 1c) [19]. As a result, GPx-

mimicking nanozymes may alleviate radiation-induced damage by

scavenging peroxide.

2.2. OXD-mimicking nanozymes

Oxidase catalyzes the oxidation of a substrate to corresponding

oxidized product with the assistance of O2 under ambient condi-

tions, concomitant with the production of either H2O or H2O2 [20].

To date, numerous nanostructures have been reported to catalyze

the oxidation of one or more substrates with O2, demonstrating

OXD-like activities [21]. For instance, Au NPs are capable of cat-

alyzing the oxidation of glucose into gluconic acid and H2O2 (Fig.

1d) [22]. Our group discovered that Pd-based nanocrystals accel-

erated the aerobic oxidation of pharmacological ascorbate to effi-

ciently generate ascorbic radicals and H2O2 (Fig. 1e) [23]. More-

over, the OXD-like activity of Pd nanostructures is facet-dependent.

Along with the accelerated production of H2O2, the introduction of

OXD-mimicking nanozymes contributes to enhancing the radiosen-

sitizing effect on tumor cells.

2.3. CAT-mimicking nanozymes

Catalase, a key antioxidant enzyme in many organisms, cat-

alyzes the breakdown of cellular H2O2 into water and O2 [24]. As

an alternative to natural catalase, several types of nanomaterials

have been discovered to possess CAT-like activities, including no-

ble metal nanostructures, metal oxide nanostructures, etc. [25,26].

Different from the POD-like activity, most nanomaterials display

CAT-like property in wide range of pH. For instance, Pt NPs dis-

played the CAT-like capability over broad-spectrum pH range from

1.12 to 10.96 (Fig. 2a) [27]. Inspired by this feature, CAT-mimicking

nanozymes have shown great potential in tumor radiotherapy. On
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the one hand, based on the over-expressed H2O2 at tumor site and

hypoxic tumor microenvironment, nanomaterials with CAT-like ac-

tivity are expected to alleviate tumor hypoxia by generating O2

in situ and thus effectively overcoming the radiation resistance of

tumor cells [28]. On the other hand, CAT-mimicking nanozymes

could be developed as promising radioprotective agents of normal

tissues adjacent to tumor via catalytic decomposition of toxic H2O2

[29]. Overall, CAT-mimicking activity of functional nanomaterials is

imperative to the development of nanozymes in radiotherapy.

2.4. SOD-mimicking nanozymes

Superoxide anion (O2
•−) is another important ROS for radia-

tion therapy. SOD has been known to have a protective function

in modulating the homeostasis of O2
•−. Thus, the supplementa-

tion of the SOD enzyme has been expected to be a potentially

therapeutic strategy for radiation protection [30]. However, natu-

ral SOD failed in the radioprotective application due to its rapid

clearance and inactivation by endogenous protease. Thus, the ex-

ploration and development of natural SOD alternatives is highly

desirable. Early in 1985, fullerene have been discovered to scavenge

O2
•− [31]. Recently, with the rapid progress of nanozymes, various

SOD-mimicking nanomaterials, such as CeO2 NPs, fullerenes, Pd

NPs, have been gradually used in radiation protection [32–34]. For

instance, graphene quantum dots (GQDs) displayed excellent scav-

enging capacity against O2
•−, thereby protecting the cells against

radiation-induced damage (Fig. 2b) [35]. The detailed progress of

nanozymes in radiotherapy and radiation protection will be dis-

cussed in the following sections.

3. Nanozymes for cancer radiation therapy

The intrinsic tumor resistance to radiotherapy greatly limits the

efficacy of cancer radiotherapy. In recent years, nanomaterials with

high-Z elements, such as Au, Bi2Se3, WS2, have been extensively

explored for enhanced radiotherapeutic efficacy [36–40]. However,

this strategy is still suffering from non-ideal selectivity to tumor.

Compared to these high-Z nanomaterials, nanozymes exert in situ

catalytic reaction to promote the generation of ROS or relieve tu-

moral hypoxia for the radiosensitizing effects of tumor, exhibiting

microenvironment-responsive feature. In this section, we will re-

view the effective approaches of nanozymes-mediated radiother-

apy, mainly including promoting oxidative damage to tumor, re-

lieving hypoxia in tumor microenvironment and combining with

other cancer therapeutic regimens (Table 1) [10,11,28,41-63].

3.1. Promoting the generation of ROS

The generation of ROS under ionization radiation plays a criti-

cal role for tumor radiotherapy [64]. Nevertheless, the increase of

radiation dose not only enhances intracellular oxidative stress in

tumor site, but also brings strong oxidative damage on normal tis-

sues. Therefore, selective enhancement of oxidative stress level in

tumors is preferable to realize the tumor-specific radiotherapy.

ROS-elevated nanozymes have shown to be an innovative strat-

egy to enhance radiotherapy by amplifying the tumor oxidative

stress. For instance, AuAg alloy NPs with superior POD-like activity

presented tumor microenvironment-activated •OH generation (Fig.

3a) [11]. Moreover, the boosting •OH accelerates the release of toxic

Ag+ within tumor, ultimately resulting in effective radiotherapeu-

tic outcome. Similarly, radiosensitizing Fe-based nanozyme, such as

Au-FeSe2 [41], gallic acid-ferrous nanocomplexes (GA−Fe(II)) [42],

also could improve the oxidative stress level and enhance cancer

radiotherapy by catalyzing endogenous H2O2 in tumor sites (Fig.

3b).

Table 1

A summary of nanozymes for cancer radiation therapy.

Nanomaterials Enzyme-like

activities

Ref.

Promoting

oxidative damage

AuAg POD [10]

Au-FeSe2 POD [41]

GA−Fe(II) POD [42]

Au@Pd OXD [43]

BiP5W30 POD [44]

WO3@Ag2WO4 POD [45]

Au-Bi2S3 POD [46]

Cu2(OH)PO4 POD [47]

SnS2@Fe3O4 POD [48]

Relieving hypoxia MnO2 CAT [49]
131I-HSA-MnO2 CAT [50]

Au@MnO2 CAT [51]

TaOx@MnO2 CAT [52]

BiO2−x CAT [11]

MOF-Au CAT [28]

Ferrihydrites CAT [53]

Pt CAT [54]

Ir CAT [55]

Bi2Se3−MnO2 CAT [56]

Mn12 CAT [57]

Pd@Au CAT [58]

Combined therapy Hf-DBP-Fe POD, CAT [59]

UCNPs@MnO2 CAT [60]

MnO2–CPT CAT [61]

MnO2-PTX CAT [62]

Nano-miR181a POD, CAT [63]

Fig. 3. (a) Combined X-ray and POD-mimicking AuAg alloy nanozyme for can-

cer therapy. Reprinted with permission [10]. Copyright 2020, American Chemi-

cal Society. (b) Enhanced radiotherapy by ultrasmall gallic acid-ferrous nanozyme.

Reprinted with permission [42]. Copyright 2019, American Chemical Society. (c) The

H2O2 formation over time during the catalytic oxidation of ascorbate by Pd-based

nanomaterials. Reprinted with permission [43]. Copyright (2021), Nature Publishing

Group.

In addition to POD-mimicking nanozymes, we recently em-

ployed the Au@Pd core-shell nanostructures with OXD-like activity

to yield high concentration of H2O2 by catalyzing the oxidation of

pharmacological ascorbates, selectively enhancing the radiosensi-

tizing effect of Au-based nanostructures on the malignant tumors

(Fig. 3c) [43]. Notably, the mildly acidic tumor microenvironment

favors the OXD-like activity of Au@Pd nanozymes compared to nor-

mal tissues, which guarantees the selective radiosensitizing effect

of tumor.

Although POD- or OXD-mimicking nanozymes could be used in

tumor radiotherapy, the spontaneous catalytic reaction is unable to
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Fig. 4. (a) Radiation-stimulated generation of •OH by Au-Bi2S3 heterostructures.

Reprinted with permission [46]. Copyright 2019, American Chemical Society. (b) Tu-

mor inhibition by X-ray irradiated Cu2(OH)PO4 nanocrystals. Reprinted with permis-

sion [47]. Copyright 2019, American Chemical Society. (c) The possible mechanism

for radiation-enhanced redox cycling of nanozyme. Reprinted with permission [48].

Copyright 2021, Elsevier.

harness the spatiotemporal control during the whole therapeutic

procedure. Thus, the development of X-ray-responsive nanozymes

is conducive to achieve accurate and controllable radiosentizing ef-

fects within tumor.

In recent years, Zhao, Gu and their colleagues designed a series

of nanostructures to combine X-ray stimulus with nanozymes for

enhanced radiotherapy [44–46]. For instance, Au-Bi2S3 heterostruc-

tures are able to transfer ionization radiation-triggered low energy

electrons to Au element, facilitating electron-hole pairs’ separation

(Fig. 4a) [46]. As a result, Au-Bi2S3 nanocomposites decomposed

the intratumoral H2O2 into highly toxic •OH under X-ray irradi-

ation. They also reported that Cu2(OH)PO4 nanomaterials could

generate Cu+ sites via X-ray-induced photo-electron transfer pro-

cess (Fig. 4b) [47]. As an active component of nanozymes, Cu+

catalytic sites efficiently decomposed intratumoral over-expressed

H2O2 into •OH, ultimately giving rise to the successful inhibition

to tumor after radiotherapeutic treatment.

Recently, Fe3O4 nanozymes were combined with SnS2
nanoplates to increase their POD-like activity (Fig. 4c) [48].

Under X-ray irradiation, SnS2 nanoplates as electron donors trans-

fer electrons to the Fe3O4 nanozymes, promoting the regeneration

of Fe2+ catalytic sites on the surface of Fe3O4. Overall, X-ray-

enhanced nanozymes provides an effective strategy for cancer

treatment.

3.2. Relieving hypoxia in tumor microenvironment

The radiosensitivity of cancer cells is highly associated with the

oxygen tension in tumor regions since O2 plays a crucial role in the

immobilization of ionization radiation damage effects [65]. How-

ever, hypoxic microenvironment is one of the unique distinguishing

features in many malignant tumors owing to the deficient O2 sup-

ply/demand during the oncogenic process. As a result, hypoxic tu-

moral locations promote the tumor resistance to radiotherapy and

are greatly correlated with the poor prognosis in cancer patients

[66]. Therefore, development of novel therapeutic approaches to

restore tumor oxygenation will exert favorable effects on radiother-

apy.

Although numerous traditional strategies, including hyper-

baric oxygen therapy, artificial blood substitutes, and drugs with

hypoxia-specific cytotoxicity, have been explored to enhance the

radiation sensitivity, their clinical translation is limited by unsatis-

factory clinical outcome. Recently, inspired by the rapid progress of

Fig. 5. (a) The reactivity of multifunctional albumin-MnO2 nanomaterials toward

H2O2 to produce O2. Reprinted with permission [49]. Copyright 2014, American

Chemical Society. (b) In vivo tumor hypoxia relief by BSA-Au-MnO2 composites.

Reprinted with permission [51]. Copyright 2017, Royal Society of Chemistry.

nanotechnology, some innovative therapeutic regimens by employ-

ing nanoradiosensitizers with O2-elevating ability were developed,

such as delivering exogenous O2, generating O2 in situ, attenuat-

ing HIF-1 expression in solid tumors [67,68]. Among these strate-

gies, on-site generation of O2 via catalyzing endogenous H2O2 in

tumor microenvironments presents an exceptional advantage since

the overexpression of H2O2 is a well-known hallmark of malignant

tumors. Therefore, the employment of natural CAT or nanomateri-

als with CAT-like activity has been an effective way to specifically

adjust hypoxic tumor microenvironment, thereby potentiating ra-

diation therapy. Recently, several nanozymes with CAT-like activ-

ity have been employed as radiosensitizers, such as Mn-based, Fe-

based, Bi-based, and Pt-based nanomaterials [25,52,53,69].

In 2014, intratumoral injection of MnO2 nanostructures was

first reported to effectively alleviate tumor hypoxia in murine

breast tumor model via accelerating the decomposition of endoge-

nous H2O2 into O2, thereby enhancing the efficacy of radiotherapy

(Fig. 5a) [49]. By embedding MnO2 NPs in biocompatible polymers

or lipids to modulate the hydrophobicity, in vivo oxygen genera-

tion rate of the MnO2 NPs through both systemic and local ad-

ministration was found to be tunable for different clinical settings

of radiotherapy [70,71]. Meanwhile, MnO2 nanozyme showed tu-

mor microenvironment-responsive enhancement in magnetic reso-

nance (MR) imaging that have the potential for real-time guidance

and monitoring during tumor radiotherapy [72]. In addition to X-

ray, MnO2 nanozyme also greatly enhances the antitumor effect of

internal radioisotope by relieving tumor hypoxia and radionuclide
131I labeled albumin-bound MnO2 NPs have been developed as a

highly effective radioisotope therapy agent [50].

Moreover, the integration of MnO2 nanostructure with high-

Z nanomaterials was designed to simultaneously overcome the

hypoxia-associated radioresistance and insufficient deposition of

radiation energy in tumors. For instance, as a novel radiosensitiz-

ing agent, Au@MnO2 core–shell nanostructures not only could ab-

sorb and deposit X-ray energy within tumors, but also ameliorate

tumor hypoxia microenvironment (Fig. 5b) [51]. Similarly, other

nanocomposites, such as core–shell TaOx@MnO2 nanostructures,

WS2@MnO2 NPs, also exert dual radiosensitizing mechanism to ac-

complish the synergistic radiotherapy sensitization effect [52,73].
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Fig. 6. (a) The increased production of O2 by BiO2−x nanosheets. (b) BiO2−x

nanosheets mediated radiotherapy via effective absorption of X-ray energy and CAT-

like activity. Reprinted with permission [13]. Copyright 2019, Royal Society of Chem-

istry.

In addition to Mn-based nanozymes, several other nanomateri-

als with unique CAT-like activity (e.g., BiO2−x nanosheets, porous

Pt NPs, silicene@Pt composites, Au NCs, MOF-Au nanohybrids,

Cu2−xSe@PtSe NPs, and Ir@liposome) also have been developed to

improve the radio-therapeutic efficacy [10,54,55,74]. For instance,

ultrathin BiO2−x nanosheets have been developed as a multifunc-

tional nanoradiosensitizer for simultaneously increasing the sensi-

tivity of radiotherapy and alleviating tumor hypoxia (Fig. 6) [13]. To

confer CAT-mimicking Ir NCs efficient tumor homing capacity, Liu

and his colleagues encapsulated the ultrasmall Ir NCs within PEGy-

lated liposomes [55]. The treatment of Ir@liposome remarkably en-

hanced the therapeutic effect of radiotherapy by improving tumor

oxygenation and enhancing energy deposition of ionizing radiation

within tumors.

Although various nanomaterials with CAT-like properties have

been explored for radiotherapy, the production efficiency of O2 is

still unsatisfactory. Therefore, there is an urgent need to improve

the CAT-like activity of these nanozymes.

To date, several innovative strategies have been proposed to op-

timize their CAT-like activity, such as fabricating nanocomposites

to give the electron-rich state of catalytic site, changing the sur-

face functional group to optimize the active site densities, con-

structing the oxygen vacancy in nanostructures to tune the sur-

face defects [53,56,69]. For instance, Bi2Se3−MnO2 nanocompos-

ites could improve the CAT-like activity of the MnO2 and inten-

sify the radiation damage on tumor cells since the interaction be-

tween Bi2Se3 and MnO2 results in an electron-rich state of Mn

atoms [56]. Recently, Fan et al. unveiled the dominant effect of hy-

droxyl groups on the CAT-like activity of ferrihydrites (Fig. 7) [53].

As a result, ferrihydrite with abundant hydroxyl groups effectively

improved tumor oxygenation and enhanced the radiotherapeutic

outcome. To discover the effect of surface vacancies on the CAT-

like activity of nanozyme, Zhao et al. designed the defect-abundant

BiO2-x nanosheets and found that the presence of oxygen vacan-

cies greatly increased the catalytic activity compared with that of

Bi2O3 and efficiently relieved the hypoxia-related radiotherapy in-

effectiveness [69]. Therefore, the rational design of CAT-mimicking

nanozymes will promote the catalytic decomposition of H2O2 for

benefiting the reverse of hypoxia-induced radiotherapy tolerance.

In addition to the physicochemical properties of nanomateri-

als, the CAT-like activity of nanozymes is also sensitive to sur-

rounding environment. Under tumor acidic environment, some pH-

responsive nanozymes have been developed to enhance radiation

responses of tumors. For instance, atomically precise Mn12 clusters

exhibited pH-dependent oxygen production and oxygen evolution

capability is significantly increased when pH varies from 7.4 to 6.8

(Fig. 8a) [57]. Consequently, hypoxic tumor microenvironment was

significantly relieved after the introduction of Mn clusters.

Fig. 7. (a) Activity regulation of CAT-mimicking ferrihydrite nanozymes for en-

hanced radiotherapy. (b) Proposed mechanism of active hydroxyl sites on the CAT-

like activity of ferrihydrite. Reprinted with permission [53]. Copyright 2021, Elsevier.

Fig. 8. (a) The pH-triggered enzyme-like activity of Mn clusters to enhance radi-

ation responses of tumors. Reprinted with permission [57]. Copyright 2020, Royal

Society of Chemistry. (b) NIR-II laser enhanced the CAT-like activity of Pd@Au

nanosheets to overcome tumor hypoxia. Reprinted with permission [58]. Copyright

2019, John Wiley and Sons.

Besides, with the assistance of light irradiation, the CAT-like

activity of nanomaterials could be enhanced. For instance, NIR-

II laser could enhance the catalytic activity of Pd@Au core–shell

nanostructure toward H2O2 by generating hot electrons and thus

alleviate tumor hypoxia (Fig. 8b) [58]. Thus, construction of pH-

or light-responsive nanozymes is conducive to improve the CAT-

like activity. Overall, in situ generating O2 by nanozymes provided

a new idea for radiosensitization of hypoxic tumors.

3.3. Combination with other cancer therapeutic regimens

Nanozymes have great potential for enhancing the therapeu-

tic efficacy of radiotherapy via relieving the hypoxic microenvi-

ronment and enhancing the oxidative stress of tumor cells. How-

ever, their catalytic capability is limited by the tumor microenvi-

ronment and the shortage of H2O2. In consequence, the combina-

tion of nanozymes and other therapeutic regimens is necessary to

enhance the radiotherapeutic outcomes.

Considering the effects of tumor hypoxia on the establishment

of immunosuppressive tumor microenvironment, Lin et al. reported

a biomimetic nanozyme, Hf-DBP-Fe, that catalyze the high levels

of H2O2 within tumor to produce both O2 and •OH (Fig. 9a) [59].
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Fig. 9. (a) The synergistic treatment of radiation and immune checkpoint blockade

in the presence of Hf-DBP-Fe nanozyme. Reprinted with permission [59]. Copyright

2020, Royal Society of Chemistry. (b) Relative tumor growth curve after combined

treatment of PDT and radiotherapy with the injection of MnO2 nanozyme anchored

with upconversion NPs. Reprinted with permission [60]. Copyright 2019, John

Wiley and Sons. (c) The radiotherapeutic outcomes of graphdiyne-CeO2-miR181a

nanocomplex. Reprinted with permission [63]. Copyright 2021, John Wiley and Sons.

the combination of nanozymes with immune checkpoint blockade

presents a highly effective radiotherapeutic outcome, eradicating

both local and distant tumors.

Inspired by the oxygen-dependent feature of both photody-

namic therapy and radiotherapy, Shi, Bu and their colleagues de-

signed MnO2 nanozyme anchored with upconversion NPs that can

catalytically produce O2 in hypoxic regions for achieving the syn-

ergistic tumor therapeutic effects (Fig. 9b) [60].

Moreover, nanozyme could be used to load antitumor drugs

(paclitaxel, cisplatin, oxaliplatin, camptothecin, and so on) or miR-

NAs to improve chemoradiation therapy [61,62,75]. For instance, by

delivering the hydrophobic drug camptothecin, the hollow MnO2

nanozyme alleviated hypoxia in the tumor site and killed the

proliferating cancer cells, effectively augmented radiation-induced

tumor destruction [61]. Recently, Chen and her colleagues con-

jugated graphdiyne-CeO2 nanocomposites with a radiosensitizing

miRNA (miR181a) (Fig. 9c) [63]. On the one hand, graphdiyne-CeO2

nanocomposites exhibited superior CAT-like activity for alleviating

tumor hypoxia. On the other hand, with the efficient delivery of

miR181a into tumor site, nanocomplex reversed radioresistance of

tumor and significantly increased the radiotherapeutic efficiency.

4. Nanozymes for radiation protection

The widespread application of ionizing radiation has raised

ever-growing concerns of accidental total body irradiation, which

can seriously damage human health. Based on the radiation

exposure dose, acute radiation syndrome can be divided into

hematopoietic, gastrointestinal, and neurovascular syndromes, all

of which involve the oxidative damages to the cells and organs

[76]. While amifostine has been pursued as a radioprotective agent

for a long history, the short half-life and systemic toxicity greatly

limits its radioprotective efficacy [77]. Therefore, it is highly desir-

able to develop novel radioprotectants with improved antioxidant

activities.

In recent years, nanozymes with ROS-scavenging properties,

such as fullerene, cerium oxide, MoS2, and Pt NCs, have been

widely used in preventing radiation damages [78–81]. Based on

the advances in this field, in this section, we will review the

applications of nanozymes for radiation protection, mainly in-

Table 2

A summary of nanozymes for radiation protection.

Nanomaterials Enzyme-like activities Substrates Ref.

Radiation-induced hematopoietic damage

Pt SOD O2
•− [81]

PtPd SOD, CAT O2
•− , H2O2 [82]

PtPdRh SOD, POD, CAT O2
•− , •OH, H2O2 [29]

CeO2 SOD, CAT O2
•− , H2O2 [83]

Mn12 SOD O2
•− , •OH [57]

MoS2 SOD, CAT O2
•− , H2O2 [79]

C60(OH)24 SOD O2
•− [80]

Graphdiyne SOD O2
•− , •OH [84]

M@graphene SOD, CAT O2
•− , •OH, H2O2 [85]

Bi2Se3 SOD, CAT O2
•− , H2O2 [86]

Nb2C SOD, CAT O2
•− , •OH, H2O2 [87]

Radiation-induced gastrointestinal damage

PtPdMo POD, SOD O2
•− , •OH, H2O2 [88]

CeO2 SOD, CAT O2
•− , H2O2 [89]

CeO2/Mn3O4 SOD, CAT O2
•− , H2O2 [90]

Graphdiyne SOD O2
•− , •OH [91]

CNSI SOD O2
•− , •OH [92]

Fig. 10. (a) Hollow PtPdRh nanocubes for enhanced antioxidant perperty. (b) Sur-

vival fraction of cells after exposure to PtPdRh nanozymes. (c) Survival percentage

of mice treated with Pt, PtPd, or PtPdRh. Reprinted with permission [29]. Copyright

2018, John Wiley and Sons.

cluding radiation-induced hematopoietic damage and radiation-

induced gastrointestinal damage (Table 2) [29,57,79-92].

4.1. Nanozymes for hematopoietic acute radiation syndrome

The hematopoietic system is extremely vulnerable to ionizing

radiation [93]. Currently, most of promising radioprotectors are not

suitable for hematopoietic acute radiation syndrome owing to their

limited radioprotective efficiencies. With nanotechnology’s rapid

development, the discovery of nanozymes provides a new strat-

egy for radioprotection. Nanozymes can scavenge multiple ROS by

mimicking the property of antioxidant enzymes (e.g., CAT, SOD,

GPx) and thus suppress the oxidative damage of radiated cells

[33,94,95]. To date, various nanozymes (e.g., noble metal, metal

oxide, and carbon-based) have been reported as radioprotective

agents for hematopoietic acute radiation syndrome [78–81].

Among noble metal nanomaterials, Pt-based nanostructures

have been widely developed as radioprotective agents and their

radiation production effects could be enhanced by adjusting the

composition and formation of hollow structure [81,82]. For in-

stance, PtPd hollow nanocubes designed by Long and his col-

leagues greatly improved the antioxidant activity of Pt-based

nanostructures [82]. As a result, PtPd nanozymes significantly re-

duced ROS level of radiated cells and prolonged the mice survival

time under 7Gy radiation. Recently, PtPdRh hollow nanocubes de-

signed by Wang et al. not only exhibit the antioxidant enzyme-like

property, but also eliminate •OH (Fig. 10a) [29]. The colony forma-
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Fig. 11. (a) Survival fraction of L-02 cells pretreated with ceria nanozyme after ex-

posure to 0–20Gy of radiation. (b) Images of comets in irradiated L-02 cells with or

without ceria nanozyme. Reprinted with permission [83]. Copyright 2015, Elsevier.

(c) The structure and UV–vis absorption spectrum of Mn12 clusters. (d) Survival

percentage of mice pretreated with Mn12 clusters. Reprinted with permission [57].

Copyright 2020, Royal Society of Chemistry.

tion test showed that pretreatment of PtPdRh nanozymes effective

increased the cell viability even under 6Gy radiation (Fig. 10b).

Furthermore, PtPdRh hollow nanocubes greatly improved the sur-

vival percentage of irradiated mice, indicating the remarkable radi-

ation protection against ionizing radiation (Fig. 10c). Notably, com-

pared to other nanozymes (e.g., metal oxides-based nanozymes,

carbon-based nanozyme), noble-metal based nanozymes contain-

ing high Z elements, such as Pt atoms, presented superior an-

tioxidant enzyme-like activities. Although these nanozymes con-

tain high Z elements can deposit radiation energy on the surround-

ings of nanozymes, the low dosage of nanozymes are insufficient to

induce enough radiation energy. Therefore, nanozymes containing

high Z elements could be developed for radioprotection.

CeO2 nanomaterials are the most reported metal oxide

nanozymes used for the radiation protection owing to their CAT-

and SOD-like properties [79,96,97]. The enzyme-mimicking activi-

ties and biocompatibility of CeO2 can be enhanced by functional

modification. For instance, Li and coworkers prepared polyethylene

glycol (PEG) stabilized CeO2 NPs [83]. Compared to naked nano-

materials, modified CeO2 enhanced Ce3+/Ce4+ ratios in nanostruc-

ture and improved cellular uptake, protecting normal cells against

radiation-induced damage (Fig. 11a). Comets assay verifies this re-

sult and PEG modified CeO2 reduced oxidative DNA damage more

efficiently than naked ones (Fig. 11b).

In addition to CeO2 nanomaterials, Mn-based nanomaterials are

another metal oxide nanozymes in radiation protection. Lv et al.

synthesized Mn12 clusters with highly effective antioxidant activ-

ity (Fig. 11c) [57]. Pretreatment with Mn12 clusters significantly in-

creased the viability of irradiated CHO cells. The survival rate of

6.5Gy irradiated mice was enhanced from 50% to 100% after single

injection of Mn12 clusters within 30 days (Fig. 11d). Critically, the

damaged hematopoietic system, including the total bone marrow

DNA and BMC content almost returned to normal range.

Fullerene, a cage-like carbon nanomaterial, is known as a free

radical sponge in effectively eliminating multiple ROS. For instance,

Vesna et al. used fullerenol to prevent mice against radiation dam-

age [80]. After 8Gy irradiation, rats pretreated with fullerenol

showed a high survival fraction. Recently, Zhao et al. reported that

graphdiyne also exhibited strong free radical scavenging activity

(Figs. 12a and b) [84]. The graphdiyne nanozyme could clean up in-

tracellular ROS and reverse radiation-induced DNA damage. Impor-

tantly, the introduction of graphdiyne recover the SOD and MDA

activities in damaged organs.

Fig. 12. (a) Illustration of the graphdiyne for radioprotection. (b) SOD-mimicking

activity of graphdiyne. Reprinted with permission [84]. Copyright 2019, American

Chemical Society. (c) Morphological characterization of Fe@graphene nanohybrids.

(d) In vivo radioprotection of metal@graphene or amifostine. Reprinted with per-

mission [85]. Copyright 2018, Springer.

Fig. 13. (a) Preparation of 2D Nb2C nanosheets. (b) Radiation protection of Nb2C

nanosheets in vivo. (c) Bone marrow mononuclear cells count of irradiated mice

with Nb2C nanosheets. Reprinted with permission [87]. Copyright 2019, American

Chemical Society.

In addition, the antioxidant enzyme-like activity of carbon-

based nanomaterials could be enhanced by combined with metal

atoms owing to the electron transfer between carbon nanomateri-

als and metal core. For instance, Wang and his colleagues designed

Fe-, Co-, and Ni-coated graphene, respectively, all of which present

intriguing antioxidant properties in eliminating O2
•−, •OH, H2O2

(Fig. 12c) [85]. The nanocomplex remarkably increases the survival

percentage of mice with the recovery of mouse bone marrow DNA

(Fig. 12d).

Recently, several 2-D nanomaterials have also been developed

in radiation protection [86,98]. For instance, Zhang et al. syn-

thesized biocompatible Bi2Se3 NPs for gamma radiation protec-

tion owing to the intriguing CAT-like activity and catalytic re-

duction property [86]. The nanostructures are able to protect the

hematopoietic system from gamma rays-induced damage. Studies

conducted by Ren et al. have shown that 2D MXene nanoflakes

possess antioxidant enzyme-like activities in radioprotective appli-

cation (Fig. 13a) [87]. The experimental results showed that nio-

bium carbide (Nb2C) nanosheets remarkably improved the survival

percentage of irradiated mice (Fig. 13b). At 7th day after radia-

tion, the BMC content pretreated with Nb2C was increased nearly

7 times compared to the irradiated mice (Fig. 13c). After 30 days,

the BMC content was even close to the normal level.
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Fig. 14. (a) Illustration of PtPdMo nanozyme for radiation protection. (b) The re-

covery of radiation-induced intestinal villi loss and DNA strand breaks by damages

after the treatment of PtPdMo nanozyme. Reprinted with permission [88]. Copy-

right 2019, Frontiers.

Fig. 15. (a) Catalytic reduction of H2O2 and O2 of CeO2/Mn3O4 nanozymes. (b) Ra-

diation protection of CeO2/Mn3O4 nanozymes on intestinal stem cells. (c) HE stain-

ing of mice duodena after different treatments. (d) Immunostaining of intestinal

cells after irradiation. Reprinted with permission [90]. Copyright 2020, John Wiley

and Sons.

4.2. Nanozymes for gastrointestinal tract radioprotection

Under high energy ionizing radiation, gastrointestinal tract

damages are the common side effects in clinical radiotherapy,

greatly reducing patients’ life quality [99]. Thus, the exploration

of novel radioprotectors to protect gastrointestinal tract from

radiation-induced damage is highly desired.

Recently, several nanozymes with good free radical scavenging

ability have been designed to alleviate radiation-induced intesti-

nal damages. For instance, PtPdMo nanocubes with multi-enzyme

activities effectively reduced the excess ROS (Fig. 14a) [88]. As a

result, radiation-induced intestinal epithelial damage and oxidative

stress were greatly reduced. Furthermore, the treatment of PtPdMo

nanozyme promoted the recovery of intestinal villi and DNA strand

breaks by radiation damages (Fig. 14b).

As mentioned above, CeO2 NPs have been widely used as effi-

cient antioxidant nanozymes [100]. Early in 2010, CeO2 nanozyme

has been reported by Colon et al. to confer radioprotection against

gastrointestinal epithelium by reducing the excess ROS and stim-

ulating the production of SOD during radiation [89]. Recently,

through ligand and strain effects, Hyeon et al. produced het-

erostructured CeO2/Mn3O4 nanocrystals with highly catalytic an-

tioxidant property to protect intestinal tissue from radiation dam-

ages [90]. As shown in Fig. 15a, CeO2/Mn3O4 nanozyme presents

higher catalytic activities than sole component of nanocrystal.

In irradiated mouse intestinal organoid model, the expression

of proliferation marker (Ki67) and crypt buds was significantly in-

creased after the treatment of CeO2/Mn3O4 nanozyme while crypt

buds and Ki67-positive cells were completely eradicated after ion-

izing radiation (Fig. 15b). These results indicate that CeO2/Mn3O4

nanozyme restores the regenerative capabilities of irradiated in-

testinal stem cells. Thus, the CeO2/Mn3O4 nanozyme would be an

effective radioprotectant for preventing radiation-induced intesti-

nal damages.

Notably, oral administration is the best manner for gastroin-

testinal tract treatment since it is the most convenient and ef-

fective way for the drug to arrive in gastrointestinal tract. In-

spired by this requirement, Zhao, Gu and their colleagues system-

atically studied the carbon-based nanozymes for gastrointestinal

tract radioprotection since they could maintain the structure sta-

bility and enzyme-like activity under complicated gastric acid con-

ditions (Fig. 16) [91,92]. More importantly, oral administration en-

sures the carbon-based nanozymes with good biocompatibility re-

tention in the gastrointestinal tissue for longer time. The animal

experimental results display carbon-based nanozymes remarkably

alleviated radiation-induced diarrhea and pathological damage of

both stomach and intestinal tissue. Interestingly, the antioxidant

enzyme-like activity of carbon nanomaterials is conducive to main-

tain the balance of intestinal flora, which is also beneficial for re-

ducing radiation enteritis.

In addition to the hematopoietic system and gastrointestinal

tract, other organs (e.g. lung, skin, liver, testis, brain) are also

vulnerable to high-energy ionizing radiation. The current reports

have demonstrated that nanozymes are effective for preventing

and protecting various radiation-induced organ damages. For in-

stance, MoS2 dots effectively decreased the lipid peroxidation level

of liver and lung from irradiated mice [81]. The treatment of Nb2C

not only moderated radiation-induced hemorrhagic foci in the pul-

monary interstitium, but also reduced hypertrophied hepatocytes

[87]. In addition, the severe vacuolation and decreased the num-

ber of spermatogenic cells were also restored to a normal level.

Graphdiyne can effectively decrease the X-ray-induced edema and

ulcers of skin in mice, and promote wound recovery [101]. How-

ever, the effects of nanozymes on radiation-induced organs dam-

age (skin, lung, liver, brain, etc.) are still rarely reported. Therefore,

in future it is necessary to explore the protect effect of nanozymes

on radiation-induced other normal tissues or organs.

5. Summary and outlook

The intrinsic tumor resistance to radiotherapy and the concomi-

tant radiation injury to adjacent healthy tissues have been the cru-

cial scientific issues in clinical radiotherapy. Recently, the rapid de-

velopment of nanozymes in biomedicine provides a good opportu-

nity to solve these problems. In this review, we provide a system-

atic summarization of nanozymes in radiation medicine. On the

one hand, the main strategies of developing nanozymes to enhance

the radiotherapy efficiency are discussed, mainly including promot-

ing the generation of intratumoral ROS, relieving hypoxia in tumor

microenvironment and combining with other cancer therapeutic

regimens. On the other hand, the rational design and application

of typical nanozymes in preventing radiation-induced hematopoi-

etic damage and gastrointestinal damage are highlighted.

Although notable progress of nanozymes has been made in

the tumor radiotherapy, their translation from bench to clinic is

still in its infancy period and faces many challenges to be ad-

dressed. (1) Most of the reported nanozymes are inorganic nano-

materials, which hardly biodegradable and have a long-term reten-

tion in biological systems. Therefore, improving the biodegradabil-

3322



Y. Chong, J. Ning, S. Min et al. Chinese Chemical Letters 33 (2022) 3315–3324

Fig. 16. The scheme of carbon-based nanozymes for intestinal radioprotection. Reprinted with permission [91]. Copyright 2020, John Wiley and Sons.

ity and decreasing the retention of nanozymes are critically impor-

tant to promote their clinical applications in radiation medicine.

(2) Based on the multiple enzyme-like activities, nanozymes have

shown great potential in radiomedicine. Great efforts have been

devoted to enhance the catalytic activities of nanozymes by tun-

ing the composition and structure of nanomaterials, however, their

activities are still unsatisfied compared to natural enzymes. More-

over, the lack of substrate specificity also remains a major bar-

rier for the biomedical applications of nanozymes. (3) Most of

nanozymes used in radiotherapy only focus on the radioprotec-

tive/radiosensitizing phenomenon, while the corresponding biolog-

ical mechanisms are not deep discussed. Therefore, a systemic and

in-depth understanding of the biological behavior of nanozymes

in human beings is urgently needed. Overall, the clinical explo-

ration of nanozymes in radiation medicine is rather limited and

great efforts should be made to accelerate the clinical translation

of nanozymes in radiation medicine.
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