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Catalytic chemistry of iron-free Fenton
nanocatalysts for versatile radical nanotherapeutics

Qiqing Chen,a Dayan Yang,a Luodan Yu,b Xiangxiang Jing*a and Yu Chen *b

The conversion of nontoxic agents into therapeutic species in situ, just within the disease micro-

environment, is the ideal strategy because it can substantially enhance the therapeutic efficacy but

mitigate the side effect to normal cells/tissues. The emerging nanocatalytic medicine based on the

catalytic Fenton reaction can achieve this goal by triggering a disease-specific catalytic reaction to

produce therapeutic reaction oxygen species. Traditional iron-based Fenton nanocatalysts are the

dominant agents for triggering in situ reactions and radical nanotherapeutics, but they suffer from low

reaction rate and narrow pH operation range, significantly hindering their further biomedical applications

and clinical translation. Fortunately, the emergence of iron-free nanocatalysts provides alternative but

highly efficient nanoplatforms for achieving desirable Fenton reaction-based nanocatalytic radical

therapeutics. This comprehensive review discusses the very-recent progress on the elaborate design,

rational construction, purpose-oriented multifunctionalization and catalytic property–performance

relationship of iron-free Fenton nanocatalysts (e.g., transition metal-based, precious-metal-based,

nonmetal-based nanocatalysts and their composites) for versatile radical nanotherapeutics. The focus is

particularly on the underlying catalytic chemistry and mechanism for endowing these iron-free

nanocatalysts with unique/specific physicochemical properties for anticancer, antibacterial, antibiofilm

and synergistic biomedical applications. Finally, we concentrate on the unresolved critical issues, current

challenges and future development direction/prospects of these iron-free Fenton nanocatalysts for

future clinical translations.

1. Introduction

With the rapid social development, ever-increasing attention and
great efforts have been devoted to the health of human beings,
which have enabled the emergence of diverse theranostic
modalities and protocols for combating various serious diseases.
Nanotechnology-enabled nanomedicine has been regarded as the
intriguing next-generation advanced medicine that might revolu-
tionize disease theranostics to possibly achieve early diagnosis and
efficient therapeutics of diseases.1–8 Various novel therapeutic
modalities have emerged, accompanied by the creation of abun-
dant nanoplatforms with different nanostructures, compositions,
biological effects and theranostic performances. These include
the well-demonstrated and mostly explored photonic therapy
(e.g., photothermal or photodynamic therapy),9–14 sono-triggered
therapy (e.g., sonodynamic therapy, high-intensity-focused ultra-
sound ablation),15–18 magnetic hyperthermia,19–22 nanomedicine-
enabled targeted drug delivery,23–27 nanomedicine-enhanced gene

therapy,28–30 and some synergistic therapeutics.31–33 In particular,
the emergence of ‘‘nanocatalytic medicine’’ fully utilizes the
physicochemical properties (e.g., catalytic activity, energy-
converting property) and biological effects (e.g., enzyme-
mimicking behavior) of nanoparticles to achieve disease-specific
biological imaging and versatile nanotherapeutics.2,34,35

Reactive oxygen species (ROS)-based therapeutic biomedicine
involves the generation of diverse ROS by either exogenous
triggering or endogenous reaction, including hydroxyl radicals
(�OH), singlet oxygen (1O2), superoxide anions (�O2

�), H2O2,
etc.4,36 These ROS can induce therapeutic effects such as killing
cancer cells or antibacterial activity. Among the diverse ROS-based
nanotherapeutics, the catalytic Fenton reaction-induced ROS
generation belongs to the emerging concept of ‘‘nanocatalytic
medicine’’.37–39 The intrinsic mechanism of the catalytic Fenton
reaction is the conversion of hydrogen peroxide (H2O2) into
hydroxyl (�OH) radicals with the assistance of Fenton catalysts
under acidic conditions.40–44 Fenton-like reaction-based nano-
catalytic therapy based on radical production is highly preferable
for tumor treatment. The tumor-overexpressed H2O2 by super-
oxide dismutase overexpression in the range of 100 mM�1 mM acts
as the reactant for the Fenton reaction.45–47 The acidity makes it a
preferable reaction48 since it matches well with the mildly acidic
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tumor microenvironment due to the rapid glycolytic metabolism
of tumor cells.49 Therefore, such a Fenton-like reaction is highly
tumor-specific, which is fortunately hard to trigger in normal
cells/tissues, thus guaranteeing much less harm to normal cells/
tissues and therefore high therapeutic biosafety. Compared to
traditional therapeutic modalities such as chemotherapy and
radiation, such a Fenton-based nanotherapeutic modality only
exerts the therapeutic functionality in tumor tissue because of the
tumor specificity, which means that the therapeutic efficiency is
high while the therapeutic side effects are low, guaranteeing its
high potential for further clinical translation.

Iron (Fe)-based homogeneous or heterogeneous catalysts are
the most explored catalytic systems for triggering the Fenton
reaction. Diverse Fe-based nanocatalysts have been fabricated
for achieving Fenton reaction-based nanocatalytic therapies
for cancer treatments, including Fe3O4 nanoparticles,50–52

Fe5C2 nanoparticles,53 FeS nanosheets,54 and some Fe-based
nanocomposites.55 These iron-based nanocatalysts have been
demonstrated to be highly effective in biofilm disruption.56–58

Although Fe-based nanomedicines are effective in inducing
ROS generation for radical nanotherapeutics, the Fe(II)-
catalyzed Fenton reaction still suffers two critical issues.
On the one hand, strongly acidic conditions are required for
the Fe(II)-catalyzed Fenton reaction, which is difficult to
achieve in the mildly acidic tumor microenvironment.59

On the other hand, the reaction rate of the Fe(II)-catalyzed
Fenton reaction is relatively low (B63 M�1 s�1), hindering the
production of sufficient ROS for therapeutic applications.60

Therefore, increasing attention has been directed toward
exploring the alternatives to Fe-based nanocatalysts in Fenton
reaction-based radical nanotherapeutics, which has become

one of the fastest research frontiers in nanomedicine and
nanobiotechnology.

It has been demonstrated that some metal-based nano-
catalysts are more preferable as the catalysts for the catalytic
Fenton reaction.42,49,61 For instance, compared to iron-based
nanocatalysts, Cu-involved nanocatalysts can exert catalytic
Fenton activity on the Fenton reaction in a much broader
pH range.62,63 Cu(II) is also more easily reduced to Cu(I) in
the cycle of Cu(II)/Cu(I), as compared to Fe(III) to Fe(II) in the
cycle of Fe(III)/Fe(II), thus enabling a higher reaction rate
(1 � 104 M�1 s�1, B160-fold higher as compared to Fe(II)) in the
Fenton reaction to transform H2O2 into hydroxyl radicals.49,64–66

Therefore, versatile Cu-based nanocatalysts have been devel-
oped for Fenton reaction-based tumor therapy, including
copper peroxide, CuS, CuSe, Cu–cysteine mercaptide, copper
hydroxyphosphate, etc. In addition, the abundant compositions
and some specific physicochemical properties of iron-free
Fenton nanocatalysts endow them with unique functionality
for radical nanotherapeutics, such as Fenton reaction-based
synergistic therapy including the integration with photother-
mal ablation, photodynamic therapy (PDT) and chemotherapy.

In addition to Cu-based nanocatalysts as the efficient alter-
natives to the traditional iron-based Fenton nanoagents for
nanocatalytic tumor therapy, a variety of iron-free nanocatalysts
has very recently been introduced into the catalytic reaction for
versatile biomedical applications. In this review, we discuss
the intrinsic catalytic chemistry of iron-free nanocatalysts for
satisfying the versatile radical nanotherapeutics, especially
their unique physicochemical properties and catalytic perfor-
mance for triggering the catalytic Fenton reaction in situ to
produce ROS and subsequently induce desirable therapeutic
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effects (Fig. 1). Versatile iron-free nanocatalysts are involved
in this review, among which transition metals and precious
metals-based nanocatalysts play the dominant roles, with some
examples of carbon-based nonmetal nanocatalysts. From
the viewpoint of catalytic chemistry, the underlying catalytic
mechanism of the Fenton reaction in the disease micro-
environment is also discussed, accompanied by the specific
biomedical applications in cancer therapy, antibacterial activity
and antibiofilm formation. The integration of Fenton reaction-
based oxidative therapy with other therapeutic modalities is
further discussed through the elaborate design of multi-
functional iron-free Fenton nanocatalysts. The specific features
and advantages of this therapeutic modality, as enabled by the
nanocatalytic Fenton reaction, are compared to other tradi-
tional therapeutic protocols, in addition to the advantages of
iron-free nanocatalysts as compared to traditional Fe-based
Fenton nanocatalysts. Finally, we discuss the state-of-the-art
challenges, unresolved critical issues and future prospects of
this catalytic therapeutic modality as enabled by iron-free
nanocatalysts for further potential clinical translation.

2. Cu-Based Fenton nanocatalysts

Copper (Cu) plays a significant role in the redox reactions of
natural enzymes where Cu is present with the integration with
proteins or other ligands.67–70 Free Cu ions are toxic and they
cannot be directly used in the body. For the catalytic Fenton

reaction, Cu-involved nanocatalysts are featured with three
distinctive advantages for tumor therapy. First, the Cu-triggered
Fenton reaction can be operated in a broad pH range. Second,
Cu(II) is vulnerable to reduction to Cu(I). Third, the hypoxic tumor
microenvironment could protect the oxidation of Cu(I) by oxygen.
Therefore, versatile Cu-based Fenton nanocatalysts have been
developed for nanotherapeutics, including copper peroxide,
CuS, CuSe, Cu–cysteine mercaptide, copper hydroxyphosphate,
etc., which have been discussed in detail as the paradigms in
this section.

Based on the high coordination capability of Cu ions with
sulfhydryl-group-containing ligands, a Cu-containing nano-
formulation of Cu–cysteine mercaptide (Cu–Cys) was constructed
for the Cu-catalyzed Fenton reaction and the subsequent nano-
catalytic tumor radical therapy.71 Based on much higher GSH
levels in tumor cells as compared to normal cells, these Cu–Cys
nanoparticles were easily reduced by intracellular GSH to trans-
form Cu2+ into Cu+. This process also consumed GSH to modulate
the tumor-reducing microenvironment. The tumor-overexpressed
H2O2 was then transformed into highly toxic hydroxyl radicals by
the Cu+-catalyzed Fenton-like reaction (Fig. 2a). Comparatively, in
normal cells, the low-level GSH would not reduce Cu2+ into Cu+,
and the low-expression H2O2 would also not be converted into
ROS, enabling the high therapeutic biosafety of these Cu–Cys
nanocatalysts. On administering equivalent doses (5 mg kg�1) of
Cu–Cys nanoparticles and the typical chemotherapeutic drug
doxorubicin (DOX) into NOD-SCID immune-deficient mice bearing
MCF-7R orthotopic xenografts (Fig. 2b), there was a substantially

Fig. 1 Scheme showing the types of iron-free Fenton nanocatalysts and specific Fenton reaction-based radical nanotherapeutics such as tumor therapy
and antibacterial application.
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enhanced tumor-suppression effect in the nanoparticles group
(inhibition rate of 72.3%) as compared to the DOX group
(inhibition rate of 17.1%), accompanied by the high histo-
compatibility of this nanocatalytic therapeutic process.71

For the nanocatalyst-enhanced Fenton reaction, the H2O2

amount, as the reactant, determines the reaction rate/degree
and final ROS production. Although the H2O2 level in tumor
cells is higher than that of normal cells, the endogenous H2O2

amount is typically not high enough to achieve the desired
therapeutic outcome. To solve this critical issue, copper per-
oxide (CP) nanodots were rationally constructed for catalyzing
the H2O2-self-supplying Fenton reaction to achieve nanocatalytic
radical therapy (Fig. 2c).72 These CP nanodots were fabricated by
coordination between H2O2 and Cu2+ based on the assistance of
hydroxide ions, where poly(vinylpyrrolidone) (PVP) was used for
surface modification. CP nanodots produced H2O2 under acidic
conditions to provide the reactants for the subsequent Cu-catalyzed
Fenton reaction and then produce hydroxyl radicals, which further
induced the tumor-cell death by lysosomal lipid peroxidation.
By the intravenous administration of these PVP-coated CP nano-
dots into U87MG tumor-bearing mice, the tumor growth was
substantially suppressed in a dose-dependent manner (Fig. 2d).
This work provides a paradigm for the construction of H2O2 self-
supplying iron-free nanocatalysts for efficiently triggering the intra-
cellular Fenton reaction and radical nanotherapeutics.

Similarly, Cu-doped superoxide dismutase (SOD)-encapsulated
CaCO3-mineralized nanoparticles were constructed for the
pH-responsive release of loaded SOD and Cu ions.73 SOD
induced the generation of H2O2, providing the reactant, which
was further catalyzed by the released Cu ions for hydroxyl
radical production and subsequent oxidative-stress augmenta-
tion to induce the cancer-cell toxicity with negligible toxicity to
normal NIH3T2 and HEK293 cells. The loading of glucose
oxidase (GOx) onto the surface of 2D Cu–TCPP nanosheets also
triggered the sequential nanocatalytic reaction for antibacterial
use, where GOx catalyzed glucose to produce gluconic acid and
H2O2. The produced H2O2 acted as the Fenton reactant and
gluconic acid decreased the local pH to accelerate the reaction
rate.74

The introduction of external energy input could further
enhance the Fenton reaction efficiency as catalyzed by iron-
free nanocatalysts. As a paradigm, copper hydroxyphosphate
nanocrystals (Cu2(OH)PO4 NCs) with size of 5 � 2 nm were
constructed for Fenton-like nanocatalytic therapy, which was
triggered by X-ray irradiation to convert CuII sites into CuI

sites.75 The converted CuI showed enhanced catalytic performance
on transforming endogenous tumor-overexpressed H2O2 into
hydroxyl radicals (Fig. 3a). Based on the photoelectric effect, the
X-ray photons interacted with the atoms in the lattices of
Cu2(OH)PO4 NCs to concomitantly induce the avalanche of

Fig. 2 (a) Schematic illustration of the construction of Cu–Cys nanoparticles and their specific catalytic properties in triggering the Fenton-like reaction
to produce toxic hydroxyl radicals and subsequently inducing cancer-cell apoptosis. (b) In vivo tumor-size changes by the treatments of either the
chemotherapeutic drug DOX or Cu–Cys nanocatalysts.71 Copyright 2019, American Chemical Society. (c) Scheme showing the fabrication of CP
nanodots for stepwise H2O2 production and subsequent Cu-catalyzed Fenton reaction, inducing the intracellular generation of hydroxyl radicals to kill
the tumor cells by lysosomal lipid peroxidation. (d) Tumor-volume changes after the administration of CP at different doses (5 and 10 mg kg�1).72

Copyright 2019, American Chemical Society.
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low-energy electrons and holes, which was separate from high-
energy electrons and holes and was unable to trigger the
subsequent ionization (Fig. 3b). These post-generated low-
energy electrons and holes realized the respective generation
of OCT-CuI and TBP-CuIII sites by being thermalized in the
OCT-CuII and TBP-CuII sites. Importantly, such a Cu-triggered
Fenton reaction was difficult to trigger in normal cells/tissues
because of the oxygen-rich environment and much lower H2O2

level as compared to the tumor tissue. Based on the high tissue-
penetrating depth of X-rays, this strategy is highly promising
for the treatment of deep-seated tumors by triggering the
Cu-catalyzed Fenton reaction in situ.75

Extensive studies have shown that some Cu-based nano-
particles, such as CuS, are featured with high photothermal-
conversion properties for photonic tumor hyperthermia.79–83

Therefore, it is reasonably anticipated that such a photothermally-
induced local temperature elevation could accelerate the
Cu-catalyzed Fenton reaction because this catalytic reaction is
temperature-dependent. As such, ultrasmall Cu2�xS nano-
particles, with particle size of less than 5 nm, were fabricated
with surface PEGylation for photothermally-enhanced catalytic
Fenton reaction and synergistic tumor therapy (Fig. 4a).76 The
co-existence of Cu2+ and Cu+ was more preferable for producing
hydroxyl (�OH) radicals, and the NIR irradiation at the second
biological window (NIR-II) elevated the local temperature to
further accelerate the ROS generation, along with photoacoustic
(PA) imaging guidance and monitoring. The synergy was demon-
strated not only in inducing cancer-cell death in vitro, but also in
inhibiting tumor growth in vivo against 4T1 tumor xenografts on
nude mice. Cu+ was released from polyvinylpyrrolidone-modified
CuS nanocrystals with a highly active (102) surface to trigger the
Fenton-like reaction for radical-based tumor nanotherapeutics,
which was also responsive to the endogenous tumor micro-
environment and NIR laser irradiation.84 Similarly, Cu2Se hollow

nanocubes (Cu2Se HNCs) were constructed by an anion exchange
protocol with pre-synthesized Cu2O nanocubes as the hard tem-
plate (Fig. 4b).77 These Cu2Se HNCs exhibited similar performance
to the aforementioned Cu2�xS–PEG nanoparticles, by which the
NIR-II-activated photothermal-enhanced nanocatalytic efficacy of
the Fenton reaction was achieved for synergistic ROS production-
induced cancer-cell death and photothermal cancer ablation
(Fig. 4c).

Most Cu-based nanocatalysts for the Fenton reaction are
based on inorganic Cu-involved nanosystems that might suffer
from low biodegradability in vivo. Comparatively, Cu-composed
organic nanoparticles could potentially solve this biodegrada-
tion issue. For instance, Cu2+-mediated protein self-assemblies
(designated as C-m-ABs) were constructed by the combination
of Cu ions and the photosensitizer indocyanine green (ICG).78

The intracellular GSH reduced Cu2+ to Cu+, which caused the
catalysts for the Fenton reaction to produce �OH. Importantly,
the light irradiation enhanced the �OH production efficacy,
enabling C-m-ABs to act as a photo-Fenton-like nanocatalyst
(Fig. 4d). C-m-ABs were also effective in converting H2O2 into O2

to modulate the tumor hypoxia and enhance the photodynamic
performance of the loaded ICG photosensitizer.

It is well-known that Cu+ is more preferable and catalytically
active for triggering the Fenton reaction to produce ROS.
We recently designed a nanocarrier-based Cu2+-to-Cu+ conver-
sion reaction for Fenton reaction-enhanced chemotherapy.
Disulfiram (DSF) has been approved by the US Food and Drug
Administration (FDA) for the treatment of alcohol dependence,
and is also highly effective in cancer chemotherapy with
Cu-dependent cytotoxicity.87–91 We designed PEGylated Cu2+-
doped hollow mesoporous silica nanoparticles (PEG/Cu-HMSNs)
for tumor-specific Cu2+ release to enhance the chemotherapeutic
efficacy of DSF by Fenton reaction-induced ROS generation
(Fig. 5a).85 The released Cu2+ ions were easily coordinated with

Fig. 3 (a) Schematic illustration of the as-constructed Cu2(OH)PO4@PAAS nanocrystals for achieving an X-ray-triggered Fenton-like reaction just within
the tumor microenvironment rather than the normal cells/tissue. (b) The scheme of the underlying mechanism for the generation of CuI sites in
Cu2(OH)PO4@PAAS nanocrystals by exogenous X-ray irradiation.75 Copyright 2019, American Chemical Society.
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DSF to form Cu–dithiocarbamate complexes (CuETs), which were
highly toxic to cancer cells. The DSF/Cu2+-chelating process gene-
rated an intermediate product of Cu+ ions that could efficiently

trigger the Fenton-reaction under the specific tumor micro-
environment of overexpressed H2O2 and mild acidity. This process
produced highly toxic hydroxyl (�OH) radicals for synergistically

Fig. 5 (a) Schematic illustration of the intracellular therapeutic procedure of DSF@PEG/Cu-HMSNs by the synergistic Cu-catalyzed Fenton reaction-
induced ROS generation and CuET formed in situ.85 Copyright 2019, American Chemical Society. (b) Schematic illustration of the construction of Cu(II)/
DDC-loaded nanodrugs for intracellular delivery and synergistic chemotherapy and Cu(II)-triggered Fenton reaction-induced radical therapy.86

Copyright 2019, American Chemical Society.

Fig. 4 (a) Schematic illustration of the construction of Cu2�xS–PEG nanocatalysts for the photothermally-enhanced Fenton reaction-induced
nanocatalytic tumor therapy with PA-imaging guidance.76 Copyright 2019, Elsevier. (b) Schematic illustration of the fabrication mechanism of
PEG–Cu2Se hollow nanocubes (Cu2Se HCNs) for (c) synergistic photothermal ablation and hyperthermia-enhanced Fenton reaction for nanocatalytic
tumor therapy.77 Copyright 2019, American Chemical Society. (d) Schematic illustration of the construction of nanobelt-shaped Cu2+–protein
assemblies for synergistic cancer therapy, including photo-triggered enhanced ROS production by the Cu-catalyzed Fenton reaction and photodynamic
procedure, accompanied by PA and MR imaging guidance and monitoring performance.78 Copyright 2019, John Wiley and Sons.
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enhancing the cytotoxicity of CuETs, achieving high tumor-
inhibition efficacy. This design principle also provides a
paradigm for designing tumor-specific chemotherapy with
‘‘nontoxicity-to-toxicity’’ translation performance. Similarly,
Cu(II) diethyldithiocarbamate (Cu(DDC)2) was loaded into
poly(ethylene glycol)-b-poly(ester-carbonate) nanoparticles for
achieving a combination therapy that was based on Cu(DDC)2-
induced chemotherapy and the residual Cu(II)-initialized
Fenton reaction-induced radical (�OH) oxidative therapy
(Fig. 5b).86 The low dose of the Cu(II)/DDC-loaded nano-
medicine augmented the anticancer outcome as demon-
strated both in vitro and in vivo.

In addition to the interaction of released Cu from meso-
porous silica framework with DSF for synergistic chemotherapy
and radical therapy, the simultaneous incorporation of Cu and
Fe components into the framework of mesoporous silica was
demonstrated to trigger the Fenton reaction and produce
hydroxyl radicals for enhancing the therapeutic efficacy of
loaded traditional anticancer drug (doxorubicin, DOX).92

As an alternative to the combination of Cu-catalyzed Fenton
reaction-induced radical therapy with chemotherapy, a Cu(I)-
based MOF acted as the Fenton nanoagent for generating
hydroxyl radicals to enhance the photodynamic efficacy in
combating cancer.93 The integration of Cu2+ and graphitic
carbon nitride (g-C3N4) enabled the construction of a compo-
site photosensitive nanocatalyst with dual ROS-generation
capability with depletion performance of intracellular GSH
levels based on the Cu2+-catalyzed Fenton-like reaction and
photo-activated photodynamic ROS generation.94 Similarly, the
GSH-depletion capability was also achieved on two-dimensional
ultrathin Cu–TCPP nanosheets to enhance ROS-based radical-
generation efficacy.95

The Cu-catalyzed Fenton reaction-based radical therapeutic
process could enhance the therapeutic outcome of immuno-
therapy, which originated from several examples of nano-
medicine-augmented immunotherapy.98–101 On this ground,
Cu-clusters and porphyrin-based tetracarboxylic acid were
assembled to form nanoscale nMOF for the combination of
Cu2+-triggered catalytic reaction-based chemodynamic therapy,
light-triggered photodynamic therapy (PDT) and checkpoint
blockade immunotherapy (Fig. 6a).96 These nanoscale nMOFs
degraded in acidic conditions to release Cu2+ and porphyrin.
On the one hand, the released Cu2+ produced hydroxyl radicals
by disturbing the metabolism of estradiol and potentially the
Fenton-like chemical reaction. On the other hand, the released
porphyrin acted as a photosensitizer for the photodynamic
generation of single oxygen (1O2). The combined Cu2+-
triggered chemodynamic therapy and porphyrin-based PDT
destroyed the primary tumors and subsequently released the
tumor antigens. The further injection of anti-PD-L1 antibody
induced the efficient suppression of distant tumors by the
abscopal effect, which was demonstrated in a melanoma
mouse model. This work provides the paradigm for the rational
combination of Cu2+-trigged radical therapy with checkpoint
blockade immunotherapy for the efficient treatment of both
primary and distant tumors.96

In addition, based on the desirable catalytic performance of
Cu ions for the Fenton reaction, these Cu2+ ions were directly
incorporated into the framework of organic–inorganic hybrid
dendritic mesoporous organosilica nanoparticles (Cu-DMONs).97

The framework-incorporated Cu2+ ions acted as the Fenton
reagents to trigger ROS production (�OH) in situ, and the
framework-hybridized tetrasulfide groups consumed the anti-
oxidant glutathione (GSH) for radical protection (Fig. 6b).
Combined with doxorubicin (DOX)-based chemotherapy, these
DOX-loaded Cu-DMONs with high oxidative stress-inducing
performance were demonstrated to possess high immune-
adjuvant activity, which induced the maturation of antigen-
presenting cells and the secretion of proinflammatory cyto-
kines. Therefore, they were combined with immune checkpoint
blockades (PD-L1) to achieve enhanced and synergistic chemo-
immunotherapeutic efficacy, where not only the growth of
primary tumors was substantially inhibited, but the growth of
non-treated distant tumors was also significantly inhibited
because of the induced high immunotherapeutic effect.97

3. Mn-Based Fenton nanocatalysts

Manganese (Mn) is one of the trace elements found in the
human body and manganese element-involved nanosystems
have recently been extensively explored in theranostic nano-
medicine. Mn-Based nanoparticles in the form of metal oxides
or nanocomposites are mostly developed as contrast agents
for T1-weighted contrast-enhanced magnetic resonance
imaging (MRI) based on the paramagnetic nature of the Mn
components.102–105 These nanosystems have also been demon-
strated to be effective in drug delivery,106,107 gene transfection,108

inducing ferroptosis109 and photonic hyperthermia.110 In addition,
manganese oxides (MnOx) could act as catalase-mimicking nano-
enzymes to convert tumor-overexpressed hydrogen peroxide into
oxygen, which could effectively alleviate tumor hypoxia to enhance
the therapeutic efficacy of chemotherapy,111 sonodynamic
therapy,15 photodynamic therapy112–114 and radiotherapy.115,116

Importantly, the released manganese ions from Mn-based nano-
systems could act as the Fenton agents for catalyzing H2O2 into
hydroxyl radicals in the presence of bicarbonate (HCO3

�).117

The MnO2-catalyzed Fenton reaction was achieved by
constructing MS@MnO2 nanoparticles via the direct reaction of
thiol-functionalized mesoporous silica (MS) with permanganate,
which coated a MnO2 layer onto the surface of MS nano-
particles.117 After endocytosis into cancer cells, the MnO2 shell
reacted with intracellular glutathione (GSH) to release Mn2+ and
produce glutathione disulfide (GSSG). The post-generated Mn2+

triggered a Fenton-like chemical reaction by converting endo-
genous H2O2 into hydroxyl radicals with the assistance of
bicarbonate (HCO3

�), which was indispensable for triggering
the Mn2+-catalyzed Fenton-like reaction (Fig. 7a and b). Such
a process could also deplete intracellular GSH to avoid �OH
consumption. Through the intravenous administration of
PEGylated MS@MnO2 nanocatalysts into U87MG tumor-bearing
mice, the tumor growth was substantially inhibited (Fig. 7c) as
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contributed by the Fenton reaction-induced elevation of oxidative
stress for inducing cancer-cell apoptosis.117

To further augment the therapeutic efficacy, biodegradable
copper/manganese silicate nanoparticles (CMSNs) were fabri-
cated as multifunctional Fenton nanocatalysts for achieving
tumor microenvironment-responsive synergistic PDT and
nanocatalytic tumor therapy (Fig. 7d).118 The surface of CMSNs
was coated with an MCF-7 cancer-cell membrane (mCMSNs) to
endow these nanocatalysts with homotypic-targeting capability.
The copper–silica component contributed to the PDT-induced
1O2 production, which was further enhanced by GSH depletion
and tumor hypoxia relief because of the reaction between
GSH and the framework of CMSNs. Such a reaction also
induced the release of Cu2+ and Mn2+ ions to react with
tumor-overexpressed H2O2 by a Fenton-like reaction mecha-
nism with HCO3

� assistance. Based on the targeting capability
and enhanced catalytic performance, these mCMSNs substan-
tially inhibited the tumor growth of MCF-7 tumor-bearing nude
mice after intravenous administration.

For Mn-catalytic Fenton reaction-based synergistic tumor
therapy, a MnO2-coated NaYF4:30%Yb,0.5%Tm@NaYF4 upcon-
version hybrid nanocomposite (UCMn) was constructed,
followed by conjugation with a cis-platinum prodrug (UCMnPt)
and PEG for multiple biological imaging-guided synergistic
cancer treatments (Fig. 8).119 These UCMnPt featured several
unique composition-dependent characteristics. First, the MnO2

component reacted with intracellular GSH to release Mn2+,
which also depleted GSH for hindering the scavenging
potential of GSH towards ROS such as hydroxyl radicals
(�OH). Second, the cis-platinum prodrug acted as the chemo-
therapeutic drug to kill the cancer cells and generated H2O2

during a series of biological procedures, which provided the
reactants for the Fenton reaction. Third, the released Mn2+

exerted catalytic functionality to trigger an intracellular Fenton
reaction with both sufficient H2O2 reactant and chemotherapy
synergy. As expected, the synergistic inhibition effect was
achieved against HepG2 tumors on mice after intravenous
administration of these UCMnPt nanocatalysts. It is noted that

Fig. 6 (a) Schematic illustration of the combinatorial therapy based on nMOF-based/Cu2+-triggered chemodynamic therapy, light-driven photo-
dynamic therapy and checkpoint blockade immunotherapy.96 Copyright 2019, Elsevier. (b) Schematic illustration of the microstructure and composition
of organic–inorganic hybrid mesoporous organosilica nanoparticles with Cu2+ incorporated within the framework, and the synergistic Fenton reaction-
induced ROS generation for enhancing DOX chemotherapy and acting as the immune adjuvants to induce the immune-cell maturation. This effect was
further integrated with PD-L1 antibody-based immune checkpoint blockages, achieving effective suppression of both primary tumors and non-treated
distant tumors.97 Copyright 2018, John Wiley and Sons.
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the paramagnetic nature of the Mn-based catalytic center is
highly promising for T1-weighted contrast-enhanced MR ima-
ging, which provides the potential for therapeutic guidance and
monitoring during this specific nanocatalytic radical therapy.

4. Carbon-based Fenton nanocatalysts

It has been well-demonstrated that carbon-based nanoplatforms
exert high therapeutic potential in different diseases such
as cancer,120–122 bacterial infection123–126 and brain-related
diseases.127–129 These carbon-based nanosystems typically
include zero-dimensional carbon nanodots, one-dimensional
carbon nanotubes and two-dimensional graphene oxides.
Based on the background that carbon-involved materials have
been extensively explored in catalytic chemistry and related
catalytic applications, it is therefore reasonably expected that
the rational design of the composition, nanostructure and
physicochemical properties of carbon-based nanocatalysts
could find biomedical applications such as Fenton-like reactions
for nanotherapeutics. These metal-free carbon-based nano-
catalysts also possess high biocompatibility due to the lack of
toxicity on introducing metal ions into the body as compared
with the most explored metal-based Fenton nanocatalysts.

Most Fenton nanocatalysts are based on metal-based nano-
platforms. Alternatively, some metal-free nanocatalysts such
as carbon-based nanosystems have been extensively explored
as electrocatalysts for versatile applications in energy storage,

Fig. 8 Scheme illustrating the fabrication procedure for UCMnPt and their
unique functionality for diagnostic imaging-guided synergistic chemo-
therapy and nanocatalytic tumor radical therapy.119 Copyright 2019,
American Chemical Society.

Fig. 7 (a) Schematic illustration of the underlying mechanism of the MnO2-catalyzed Fenton reaction for hydroxyl radical production and subsequent
tumor radical therapeutics. Mn2+ was released by the reaction of MnO2 and intracellular GSH, which acted as the Fenton reaction catalyst to convert
tumor-overexpressed H2O2 into ROS with the assistance of physiological HCO3

�. (b) TEM image of MS@MnO2 nanocatalysts. (c) Tumor-volume changes
after varied treatments.117 Copyright 2018, John Wiley and Sons. (d) Schematic illustration of the fabrication of mCMSNs and their therapeutic procedure
for synergistic PDT and Fenton reaction-based synergistic tumor therapy.118 Copyright 2019, American Chemical Society.
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photocatalysis, environment protection, etc. Their biomedical
applications focus on drug delivery, photonic therapy, molecular
imaging, and even tissue engineering. A recent breakthrough of
carbon-based nanosystems is their unique catalytic properties in
biomedicine, i.e., they have been developed for nanocatalytic
therapy by in situ triggering the Fenton reaction or exerting
enzyme-mimicking performance. Graphene oxide nanoparticles
(N-GOs) exhibited two different catalytic behaviors in tumor and
normal cell microenvironments. The unique tumor-overexpressed
H2O2 and mild acidity of the tumor microenvironment enabled
N-GOs to act as Fenton nanocatalysts with peroxidase-like activity
to generate hydroxyl (�OH) radicals (Fig. 9a), which were used to
kill cancer cells and inhibit tumor growth.130 Comparatively,
N-GOs showed catalase-mimicking properties to convert H2O2

into O2 under the neutral normal cell microenvironment,
exhibiting no damage to normal cells. The integration of fluor-
escent N-GOs with dopamine made the selective fluorescence
imaging of tumor cells possible based on the redox characteristics
of dopamine (Fig. 9b). The oxidation of dopamine to produce
dopamine-quinine quenched the N-GOs fluorescence in neutral
conditions, but this effect did not occur in the acidic tumor
microenvironment.

N-Doped carbon nanospheres (N-PCNSs) exhibited similar
catalytic properties to graphene oxide.131 These nanoparticles
demonstrated four enzyme-mimicking properties, including
oxidase, peroxidase, catalase and superoxide dismutase, where
different conditions caused varied enzymatic activities. The
nitrogen doping was important for enabling the catalytic

performance of carbon nanospheres, and the higher nitrogen-
doping amount induced higher catalytic activities (e.g., N-PCNSs-3
indicating high N amount for performance evaluation). Ferritin
was further used for the targeted delivery of N-PCNSs nano-
catalysts into cell lysosome (designated as HFn-N-PCNSs-3). As a
necessary condition for the Fenton-like reaction, the intracellular
mild acidity activated HFn-N-PCNSs-3 for converting H2O2 into
highly toxic hydroxyl (�OH) radicals (peroxidase activity, Fig. 9c),
and the surface ferritin conjugation resulted in a tumor-specific
catalytic Fenton reaction, achieving significant tumor regression
in tumor-bearing mice (Fig. 9d).131 It is noted that the
peroxidase-mimicking activities of carbon materials, such as
reduced graphene oxide or mesoporous carbon, could be signifi-
cantly enhanced by hetero-atom nitrogen doping,132 which was
employed to develop high-performance biosensors for detecting
bioactive molecules.133 Such a radical nanotherapeutic modality
was further explored in antibacterial and anti-biofilm applications,
as it assisted with the supplementary photothermal conversion of
carbonaceous frameworks for producing heat.134,135

5. Precious metal-based nanocatalysts
(Ag, Ru and Pt)

Several types of precious metal-based nanosystems have found
versatile applications in biomedicine. The most famous
members of the precious metal nanofamily are silver (Ag) and
gold (Au) nanoparticles, which have respectively exploded in

Fig. 9 (a) Schematic illustration of the intrinsic catalytic mechanism of N-GOs with different catalytic behaviors in tumor and normal-cell
microenvironments. (b) The scheme of N-GOs with dopamine for turn-on fluorescence imaging of cancer cells while fluorescence quenching in normal
cells.130 Copyright 2019, American Chemical Society. (c) Schematic representation of N-PCNSs entering a tumor cell by ferritin-mediated specific
endocytosis and inducing tumor-cell death by triggering an intracellular Fenton reaction via converting H2O2 into highly toxic hydroxyl radicals.
(d) Tumor-volume changes after varied treatments, including targeted HFn-N-PCNSs-3 and non-targeted N-PCNSs-3.131 Copyright 2018, Springer Nature.
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antibacterial136–140 and NIR-triggered photothermal cancer
therapy.141–145 Other precious metals such as Pd,146,147 Pt148

and Ru149,150 nanoparticles have also been demonstrated to be
biocompatible and efficient in disease theranostics. It is noted
that precious metals typically have high catalytic activities in
abundant chemical reactions, which endow them with high
potential in the catalytic Fenton-like chemical reaction for radical
nanotherapeutics under the specific reaction conditions.

The Ag nanoparticles-mediated Fenton-like reaction has
been demonstrated to be effective in inducing cancer-cell death
or detecting biomolecule activity with oxidase-mimicking
properties.151,154 For instance, a Ag nanoparticle-based catalytic
platform was constructed by TAMRA-DNA-templated synthesis of
Ag nanoparticles onto the surface of graphene oxide nanosheets
(designated as AgNPs–TAMRA-DNA@GO).151 After endocytosis
into cancer cells, the Ag component in AgNPs–TAMRA-DNA@GO
catalyzed a Fenton-like reaction to generate �OH and elevated
the intracellular oxidative stress (Fig. 10a). In addition, Ag+ was
concurrently released to induce cytotoxicity, which synergistically
enhanced ROS-induced cytotoxicity. These AgNPs–TAMRA-
DNA@GO nanocatalysts exhibited high cytotoxicity to cancer
cells (HeLa cells) rather than normal cells (L02 cells) because
tumor cell-overexpressed H2O2 could act as the reactant in
the Fenton reaction as triggered by a catalytic procedure to
generate cytotoxic �OH and Ag+.151

Hyaluronic acid-hybridized Ru nanoaggregates (designated
as HA–Ru NAs) were constructed to achieve triple-modality
nanotherapeutics, including Fenton reaction-based nano-
catalytic therapy, PTT and PDT (Fig. 10b).152 These HA–Ru
NAs initially reacted with H2O2 under acidic conditions to
produce Ru3+, which would further convert H2O2 into hydroxyl
(�OH) radicals, also under the acidic environment, inducing the
intracellular oxidative stress for killing cancer cells. These
HA–Ru NAs exhibited high photothermal-converting perfor-
mance and photodynamic behavior as photothermal nano-
agents and photosensitizers for PTT and PDT, respectively.
The surface-conjugated hyaluronic acid enabled the targeted
transportation of HA–Ru NAs into CD44-overexpressing cancer
cells, achieving high in vivo tumor-suppressing efficacy. The
specific nanoenzyme properties of Pt nanoparticles were inves-
tigated by constructing PtAu@SiO2 nanoenzymes for reversing
the multidrug resistance of cancer cells (Fig. 10c).153 The Au
component on the PtAu@SiO2 nanoparticles was used to avoid
the aggregation of neighboring ultrasmall Pt nanoparticles,
while the SiO2 core was used to hinder the quick clearance of
small-sized PtAu. The intracellular acidic microenvironment
triggered the corrosion of the Pt shell and subsequently
induced the cytotoxic Pt ion release. These PtAu@SiO2 not only
acted as the catalase-like nanoenzyme to convert H2O2 into O2

for alleviating tumor hypoxia but also induced ROS generation,
such as highly toxic hydroxyl (�OH) radicals. The synergy of

Fig. 10 (a) Schematic illustration of the intracellular behavior of AgNPs–TAMRA-DNA@GO nanocatalysts for triggering the Fenton reaction to produce
�OH and release Ag+, inducing synergistic cancer-cell death.151 Copyright 2018, Royal Society of Chemistry. (b) Schematic representation of the
fabrication of HA–Ru NAs and their specific triple-modality nanotherapeutics such as Fenton reaction-based nanocatalytic therapy, PTT and PDT.152

Copyright 2019, American Chemical Society. (c) Schematic illustration of the fabrication procedure of PtAu@SiO2 nanoparticles and enzyme-mimicking
nanoenzymes for exerting multiple biological performances in overcoming the drug resistance of cancer cells and inducing cancer cell death by ROS
generation.153 Copyright 2019, Royal Society of Chemistry.
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released toxic Pt ions and generated ROS effectively reversed
the multidrug resistance of cancer cells and induced cancer
cell death.153 MnO2@PtCo nanoflowers were fabricated with
both catalase and peroxidase-mimicking activity in the
presence of H2O2 under acidic conditions (Fenton-like reaction),
where the MnO2 component decomposed H2O2 into oxygen to
alleviate tumor hypoxia and the PtCo component converted
H2O2 into hydroxyl radicals for inducing cancer-cell oxidative
damage.155

In addition to the aforementioned precious metals such as
Ag, Ru and Pt with catalytic performance for the Fenton
reaction, gold (Au) nanoparticles have also been demonstrated
to possess peroxidase-mimicking activity to trigger the Fenton
reaction and subsequently convert H2O2 into �OH. Au nano-
particles were integrated into mesoporous carbon nano-
particles (designated as MCAPs), followed by the surface
oxidation, NIR dye IR-780 loading and targeting molecule
rBSA-FA surface conjugation (designated as OMCAPs@rBSA-
FA@IR780, Fig. 11).156 This OMCAPs@rBSA-FA@IR780 exhib-
ited synergistic therapeutic efficacy originating from each
functionality of every component. The integrated Au nano-
particles acted as the nanocatalysts to trigger the Fenton-like
reaction and produced hydroxyl radicals for oxidative tumor
therapy. The mesoporous carbon matrix converted photonic
energy into thermal energy for tumor ablation, and the loaded
IR780 acted as the photosensitizer for PDT.

6. Other iron-free nanocatalysts for
therapeutic biomedicine

In addition to the aforementioned Cu, Mn, precious-metal-
based and carbon-based Fenton nanocatalysts in biomedicine,
the intrinsic catalytic properties of versatile metal-based nano-
platforms enabled the emergence of other versatile Fenton
nanocatalysts, including W, Co, Ce and Bi-based nanosystems.
These nanocatalysts not only can trigger the Fenton reaction
for radical nanotherapeutics, but also possess additional

properties for augmenting the catalytic-therapeutic efficacy
and synergistically enhancing the total therapeutic outcome.

WO3�x nanoparticles have been developed as the photo-
thermal nanoagents for photonic tumor ablation.159–161 There
exist both W5+ and W6+ species in WO3�x, indicating the high
potential of WO3�x as Fenton nanocatalysts for nanocatalytic
tumor therapy. As a paradigm, WO3�x@g-PGA (g-PGA: g-poly-L-
glutamic acid) nanocatalysts were fabricated, employing g-PGA
as the ligand to modulate the size and topology of the WO3�x

nanoparticles (Fig. 12a and b).157 The Fenton-like reaction was
triggered by WO3�x@g-PGA as nanocatalysts to convert H2O2

into hydroxyl radicals (�H2O) based on the presence of W5+/W6+

pairs. Importantly, this WO3�x@g-PGA-catalyzed Fenton reac-
tion to produce oxidative stress was further enhanced by the
NIR-triggered photothermal effect, which could elevate the
local temperature to accelerate the Fenton reaction rate, and
was demonstrated by the larger production of �OH and
enhanced tumor-suppression efficacy (Fig. 12c). Chemothera-
peutic doxorubicin (DOX)-loaded cobalt oxide nanoprisms
(Co3O4–DOX) were fabricated for degradation-induced nano-
catalytic therapy based on the Fenton reaction.158 The unique
tumor microenvironment of overexpressed H2O2 and mild
acidity enabled the degradation of Co3O4 nanoprisms to release
Co3+, which not only resulted in the T2-to-T1 switching of the
MR imaging contrast, but also acted as the catalysts to trigger
the Fenton reaction for converting H2O2 into hydroxyl (�OH)
radicals and subsequently inducing cancer-cell death (Fig. 12d).
The synergy of the chemotherapy (DOX), photothermal ablation
and Fenton reaction-based nanocatalytic effect significantly
suppressed the tumor growth.

Metal–organic frameworks (MOFs) with versatile composi-
tions have been demonstrated to exert the nanocatalyst func-
tionality for triggering the Fenton reaction and the subsequent
nanotherapeutics. The underlying mechanism is the catalytic
conversion of H2O2 into hydroxyl (�OH) radicals. The Au-doped
MOF NIL-88B (MOF–Au) integrated with Ce nitrilotriacetic
acid (NTA) complexes (MOF–Au–Ce) was constructed to exert
two specific functionalities for antibacterial and anti-biofilm
performance (Fig. 13a).162 On the one hand, the Au doping
enhanced the catalytic activity of the MOF based on the
synergistic effect between Au and MOF, resulting in the effi-
cient production of �OH for killing bacterial cells. On the other
hand, the integrated CeIV targeted and hydrolyzed extracellular
DNA (eDNA) for biofilm disintegration and bacterial death.
Such a synergistic performance substantially eradicated bio-
films, as demonstrated by the admirable bactericidal effects
in vivo against subcutaneous abscess on mice after the treatments
with MOF–Au–Ce and H2O2 (Fig. 13b).

Cerium (Ce) has different valences such as Ce4+ and Ce3+ in
the form of oxides. The reversible conversion between Ce4+ and
Ce3+ could trigger a series of catalytic reactions. For instance,
a similar Fenton-like reaction was triggered by employing a
core/shell nanoparticle with mesoporous cerium oxide as the
shell and upconversion nanoparticles (UCNPs) as the core
(designated as UCNPs@mCeOx).163 Initially, the mCeOx compo-
nent triggered endogenous H2O2 decomposition to generate O2.

Fig. 11 The scheme of the fabrication process for OMCAPs@rBSA-
FA@IR780 nanocomposites and their corresponding multifunctionalities
for synergistic PTT, PDT and Au-catalyzed Fenton reaction-based nano-
catalytic tumor radical therapy.156 Copyright 2019, Ivyspring International
Publisher.
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Fig. 13 (a) Scheme showing the construction of MOF–Au–Ce with antibacterial and anti-biofilm performance and the underlying related mechanism.
(b) Photographic images of subcutaneous abscesses on mice in different treatment groups.162 Copyright 2019, Elsevier. (c) Schematic illustration of the
construction of PEG/UCNP-DOX nanoplatforms and their multiple therapeutic functionalities. (d) Tumor-volume and (e) tumor-weight changes after
varied treatments.163 Copyright 2019, Royal Society of Chemistry.

Fig. 12 (a) Schematic illustration of the construction of WO3�x@g-PGA nanoagents for synergistic PTT and photothermal-enhanced Fenton reaction-based
nanocatalytic tumor therapy. (b) TEM image of WO3�x@g-PGA nanoparticles. (c) Tumor-volume change after varied treatments.157 Copyright 2018, American
Chemical Society. (d) Scheme showing a DOX-loaded Co3O4 nanoprism for redox/pH-responsive degradation in cancer cells, enabling T1/T2 ratiometric MR
imaging-guided synergistic cancer therapy based on photothermal ablation and Fenton reaction-based nanocatalytic therapy.158 Copyright 2018, Elsevier.
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Then, the UCNPs core converted NIR into UV light, which further
activated the mCeO2 shell to produce electron–hole pairs, and
subsequently converted the generated O2 into superoxide radicals
(�O2

�) and H2O2/H2O into hydroxyl (�OH) radicals (Fig. 13c). The
combination of such a NIR-triggered catalytic procedure for ROS
production and DOX-based chemotherapy achieved desirable
tumor-suppression efficacy against murine cervical carcinoma in
mice (Fig. 13d and e).163 In addition, the CeO2 nanoparticles-
dispersed porous carbonaceous framework was constructed from
nanoscale cerium-based MOFs for synergistic cancer therapy based
on their intrinsic oxidase-mimicking property-induced oxidative
therapy, reduced energy-supply performance and desirable drug-
delivery capacity.164

MoS2 nanosheets exhibited catalytic capability in the Fenton
reaction, and have been used as antibacterial agents to prevent
infection. To achieve Gram-selective antimicrobial properties,
MoS2 nanosheets were surface modified stepwise with poly-
ethylene glycol (PEG–MoS2(I)), polyethyleneimine (PEI–MoS2(II))
and citraconic anhydride-modified PEI–MoS2(II) (Cit-MoS2(III),
Fig. 14a).165 These Cit-MoS2(III) achieved intelligent light-
triggered charge conversion with the assistance of a photoacid
generator, 2-nitrobenzaldehyde (2-NBA). By controlling the
photonic irradiation duration, the pH of the microenvironment
was reduced, which induced different proportions of surface
positive charge for Cit-MoS2(III). The pH-lowing effect also
enhanced the catalytic activation of Cit-MoS2(III) on converting

Fig. 14 (a) Schematic representation of the construction of Cit-MoS2(III). (b) Gram-selective antimicrobial activity by light-modulated Cit-MoS2(III)
nanoenzymes. (c) Photographic images of wound sites on mice after infection with (c) E. coli and (d) S. aureus, followed by varied treatments among
different groups with varied light irradiation durations at the wavelength of 365 nm (control: PBS buffer; treatment group: 2-NBA + Cit-MoS2(III) + H2O2

with varied light-irradiation durations).165 Copyright 2018, American Chemical Society.

Fig. 15 (a) Schematic representation of the unique therapeutic functionality of heterogenous Au–Bi2S3 nanocomposites for the X-ray-activated
catalytic process to convert H2O2 into hydroxyl radicals. (b) The intrinsic mechanism for the X-ray-activated catalytic process to produce hydroxyl
radicals by the Schottky-type Au–Bi2S3 heterostructure.166 Copyright 2019, American Chemical Society.
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H2O2 into hydroxyl radicals for antibacterial activity (Fig. 14b).
Therefore, the photo-modulated surface positive charge and
catalytic activity of Cit-MoS2(III) enabled the Gram-selective
antimicrobial outcome. The in vivo results (Fig. 14c and d)
demonstrated that the treatment of bacteria-infected mice with
Cit-MoS2(III) and 2-NBA followed by 10 min of light irradiation
(l = 365 nm) achieved effective therapy for S. aureus infection.
Comparatively, the longer light irradiation duration of 25 min
induced effective therapy for E. coli infection with no side
effects to major organs. The different antibacterial properties
of Cit-MoS2(III) after varied light irradiation provided solid
evidence of the Gram-selective antibacterial performance.

The nanocatalyst-activated Fenton-like reaction can also
be triggered/enhanced by exogenous X-ray irradiation. As a
typical paradigm, Au–Bi2S3 metal–semiconductor hetero-
nanostructure composites were constructed with Schottky
barriers for X-ray-activated H2O2 conversion into hydroxyl (�OH)
radicals.166 Based on the high-Z Bi and Au elements in
Au–Bi2S3, the high radiation dose was deposited in tumors to
generate high-energy electrons. In addition, the X-ray activation
also triggered the generation of low-energy electron–hole pairs,
and the presence of the Schottky barrier of Au–Bi2S3 enabled
the quick and efficient separation and transfer of these elec-
trons and holes to the surface of Au and Bi2S3, inducing the
enhanced generation efficacy of electron–hole pairs. The X-ray-
generated electron–hole pairs were capable of inducing tumor-
overexpressed H2O2 into �OH by a catalytic procedure, which
was oxygen-independent and thus beneficial for hypoxic tumor
treatment (Fig. 15a). The presence of the Schottky barrier was
favorable for trapping the X-ray activation-generated electrons
and transferring them to the Au components, enabling efficient
separation and preventing the recombination of the generated
electron–hole pairs for decomposing H2O2 into �OH radicals
(Fig. 15b).166

7. Conclusions and outlook

Catalytic nanomedicine has become one of the most important
research frontiers in theranostic biomedicine, in which the
nanocatalytic Fenton reaction represents the most explored
therapeutic modality based on the conversion of intrinsic
disease-overexpressed or exogenously introduced H2O2 into
highly toxic hydroxyl (�OH) radicals under specific acidic
conditions. Based on the disease-specific features, this Fenton
reaction-based nanocatalytic therapy possesses high thera-
peutic efficacy and biosafety, i.e., it can selectively attack
tumors but causes no harm/damage to normal cells/tissues.
Most Fenton nanocatalysts are based on Fe-based nano-
particles, but they suffer from the necessary requirements of
strong acidity and low catalytic rate, causing low therapeutic
efficacy. As such, alternative iron-free nanocatalysts are currently
undergoing extensive research. Versatile iron-free nanocatalysts
have been developed as nanocatalysts for trigging the Fenton
reaction in order to achieve different therapeutic purposes,
including Cu-based, Mn-based, W-based, Co-based, Ce-based,

Mo-based, precious metals (e.g., Ag, Ru, Pt, Au), and even
nonmetals such as carbon-based nanosystems (Table 1). Most
of these iron-free Fenton nanocatalysts have intrinsic catalytic
characteristics for disease therapeutics, such as easy operation
in a wide pH range, high reaction rate, exogenous-responsive
Fenton-reaction behavior, photothermal/photodynamic-enhanced
catalytic efficacy, etc. Most of these iron-free nanocatalysts are
used for cancer therapy, in addition to some antibacterial and
antibiofilm applications. The reaction conditions for these iron-
free nanocatalysts in Fenton-based reaction can be controlled
to enhance the therapeutic efficacy, which involves the local
temperature, acidity, hydrogen peroxide amount, and external
activation such as ultrasound irradiation. The precise modulation
of these reaction conditions can control the reaction rate and
efficiency; e.g., elevating the local temperature, enhancing the
acidity, increasing the hydrogen peroxide amount and external
ultrasound irradiation.

Although these iron-free nanocatalysts are highly promising
for Fenton reaction-based nanocatalytic therapy, it should be
noted that the research in this research frontier is still in its
infancy. The current research mainly focuses on the develop-
ment of new intriguing iron-free Fenton nanocatalysts and
their preliminary catalytic performance evaluation in nano-
therapeutics, leaving many unresolved issues hindering further
broad biomedical applications and potential future clinical
translations, as mainly discussed below and in Fig. 16.

It has been well demonstrated that the biocompatibility and
biosafety of iron-based nanoparticles have been extensively
evaluated, and there is solid evidence in support of their
desirable and intriguing biosafety to guarantee their potential
further clinical translation. However, most iron-free nano-
catalysts are based on metal-based nanocatalysts, but the
biocompatibility and biosafety of these iron-free nanocatalysts
have not been thoroughly investigated. From the viewpoint of
composition, the potential cytotoxicity of some iron-free nano-
catalysts such as Cu, Mn, Co, Mo and Ce is higher than that of
Fe. Though nanoparticulate formulation of these iron-free
nanocatalysts mitigates their toxicity, the specific biological
effect and biosafety still require strict evaluation. Metal-free
nanocatalysts such as carbon nanoparticles suffer from low-
biodegradability issues, which is still an unresolved problem
for most inorganic iron-free Fenton nanocatalysts. Mn-Based
nanocatalysts exhibit specific tumor-sensitive disintegration
and biodegradation, which might be beneficial for their easy
excretion from the body. Based on the above consideration, the
following studies should take full consideration of this critical
issue regarding the biological effects, biocompatibility, bio-
degradability and biosafety, which play determining roles in
their potential clinical translation.

The emerging nanocatalytic medicines are still in the preli-
minary stages for versatile biomedical applications. Therefore,
the underlying catalytic mechanism is still unclear to some
extent. Although the Fenton reaction has been extensively
explored in catalytic chemistry and the related catalytic procedure
and mechanism have been thoroughly revealed, the iron-free
nanocatalysts-triggered Fenton reaction in diseased cells and
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tissues is difficult to probe in situ. Because of the highly
complex in vitro (intracellular level) and in vivo (animal model)
microenvironments and conditions, most of the reaction
procedure and mechanism originate from the speculation of
the catalytic Fenton reaction in catalytic chemistry. There is still
a lack of related techniques for revealing the reaction procedure
in situ, especially for determining the intermediates during the
Fenton reaction in cells or tissues. It should be noted that
the knowledge regarding this reaction mechanism is highly
important for further optimizing the catalytic properties of
iron-free nanocatalysts. In addition, investigations on the
catalytic procedure for iron-free nanocatalysts in the Fenton
reaction are much less as compared to iron nanocatalysts, even
in traditional catalytic chemistry, making it more difficult to
determine the exact mechanism. Some exogenously triggered
Fenton reactions by some iron-free nanocatalysts are based on
traditional catalytic chemistry. It is still unclear whether such a
catalytic process suits the biomedical process in cells or tissues.
Therefore, subsequent research should focus on the underlying
catalytic mechanisms by some advanced techniques or related
instruments, providing the fundamentals for optimizing and
enhancing the catalytic efficacy for satisfying the biomedical
requirements.

The current development of nanomedicine and nanobio-
technology faces a great challenge of nanoparticle targeting of
lesion sites, which is of critical significance for guaranteeing
high therapeutic efficacy and low adverse effects on normal
cells/tissues. These iron-free nanocatalysts also suffer from this
critical issue. Although Fenton-based nanocatalysts only trigger
the chemical reaction in diseased cells/tissues by producing
highly toxic hydroxyl radicals and leaving normal cells/tissues
undamaged, the non-specific accumulation of these nano-
catalysts would not only lower the therapeutic efficacy but also
cause potential long-term biosafety issues because of the high

accumulation of these iron-free nanocatalysts. Most of the
nanocatalysts are based on the enhanced permeability and
retention (EPR) effect, but such a passive-targeting efficacy is
rather low, typically less than 5%. Some surface-targeting
conjugations with antibodies or targeting molecules somewhat
enhance the accumulation efficacy, but this active targeting is
still far from satisfactory. Fortunately, for this disease-specific
Fenton reaction by biocompatible iron-free nanocatalysts, the
accepted dose of these nanocatalysts is much higher as com-
pared to traditional chemotherapeutic agents. It is still highly
expected that adequate targeting strategies should be explored
to enhance the nanocatalyst accumulation in lesion tissue/cells
because it can at least improve the therapeutic efficacy.

The fabrication methodologies for these iron-free nano-
catalysts are still not mature, which means that the precise
modulation of the nanostructure, composition and corres-
ponding catalytic properties is still highly difficult. Most of
these iron-free nanocatalysts are newly emerging nanosystems,
and therefore the related synthetic approaches are severely
lacking as compared to the mostly explored Fe-based nanosystems.
Because the current study on Fenton-based nanocatalytic medicine
is still at the stage of conceptual demonstration, current research
is focused on exploring the new iron-free nanocatalysts but much
fewer efforts are devoted to detailed nanocatalyst modulation
of nanostructure and composition, not to mention large-scale
production, which is highly necessary for further industrial
translation/production. It is still difficult to distinguish which
iron-free nanocatalyst is more promising for further clinical trans-
lation at the current stage. Therefore, in the future exploration
of new iron-free nanocatalysts special attention should be paid
to the fabrication methodology, which is mainly based on the
development of nanosynthetic chemistry.

Fenton reaction-based nanotherapeutics enabled by iron-
free nanocatalysts have not found broad biomedical applications.
Most of their uses are in tumor nanotherapeutics, with few
reports on antibacterial or antibiofilm performance. Based on
the high therapeutic efficacy and biosafety of this disease-specific
modality, it is highly believed and expected that they would find
more adequate biomedical applications in versatile biomedicine,
which undoubtedly requires that more collaborations and efforts
from researchers from different fields/backgrounds should be
devoted to this fascinating research frontier.

As a new but highly promising research frontier of thera-
nostic nanomedicine, Fenton reaction-based nanocatalytic
biomedicines have shown disease-specific features with high
therapeutic efficacy and biosafety with the assistance of these
iron-free nanocatalysts. With the fast development of nano-
medicine and advanced nanosynthetic chemistry, more iron-free
nanocatalysts are expected to be developed for versatile biomedical
use, and some of these nanocatalysts will enter clinical trials or
even clinical stages provided that the aforementioned critical issues
are adequately solved. Finally, it is concluded that these iron-free
nanocatalysts-enabled Fenton reaction-based nanocatalytic
therapeutics provide totally different therapeutic ideas with con-
currently high efficacy and biosafety, as compared to traditional
chemotherapy with severe side effects to normal cells/tissues.

Fig. 16 Schematic representation of the current status/development and
future development/prospects of iron-free Fenton nanocatalysts for
versatile biomedical applications.
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