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Over the past decade, there has been a growing emphasis on investigating the role of immunotherapy
in cancer treatment. However, it faces challenges such as limited efficacy, a diminished response rate,
and serious adverse effects. Nanozymes, a subset of nanomaterials, demonstrate boundless potential in
cancer catalytic therapy for their tunable activity, enhanced stability, and cost-effectiveness. By
selectively targeting the metabolic vulnerabilities of tumors, they can effectively intensify the destruction
of tumor cells and promote the release of antigenic substances, thereby eliciting immune clearance
responses and impeding tumor progression. Combined with other therapies, they synergistically
enhance the efficacy of immunotherapy. Hence, a large number of metabolism-regulating nanozymes

Received 8th April 2024, with synergistic immunotherapeutic effects have been developed. This review summarizes recent
Accepted 11th August 2024 advancements in cancer immunotherapy facilitated by nanozymes, focusing on engineering nanozymes
DOI: 10.1039/d4tb007699 to potentiate antitumor immune responses by disturbing tumor metabolism and performing synergistic
treatment. The challenges and prospects in this field are outlined. We aim to provide guidance for
rsc.li/materials-b nanozyme-mediated immunotherapy and pave the way for achieving durable tumor eradication.
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direct cytotoxic effect on tumors. However, they continue to
face significant challenges posed by high tumor recurrence and
metastasis rates. As such, it is necessary to explore alternative
and more effective approaches to impede tumor progression.

In recent years, immunotherapy has garnered significant
attention as a novel cancer treatment strategy due to its unique
approach of harnessing the body’s immune system to target
and destroy cancer cells." Unlike traditional cancer treatment
which directly targets cancer cells, immunotherapy works by
stimulating the patient’s immune system to recognize and
attack cancer cells while sparing normal, healthy cells, redu-
cing the risk of side effects. Besides, immunotherapy can create
a sustained immune response, providing long-term protection
against cancer recurrence. Moreover, emerging cancer immu-
notherapies, such as cytokine therapy, immune checkpoint
blockade (ICB), and adoptive cell transfer (ACT), have exhibited
favorable therapeutic effects in clinical trials.>> However, there
are still some obstacles on the way to their clinical application.
For example, the efficacy of cytokine therapy remains limited
for “cold” tumors characterized by insufficient immunogeni-
city, which may limit immunotherapy to an adjuvant treatment
option rather than a first-line therapy.? ICB can lead to
immune-related adverse events (irAEs), and the clinical
response rate of monomodal ICB is relatively low.>® Therefore,
it is of great importance to combine other treatment modalities
to further enhance immunotherapeutic efficacy and minimize
the occurrence of side effects.

The integration of nanotechnology and immunotherapy
represents a current research trend in cancer treatment due
to the potential synergistic benefits and reduced side effects.”
Nanotechnology facilitates precise design and delivery of
immunotherapeutic agents, enhancing their pharmacokinetics
and bioavailability for efficient targeting of cancer cells. It also
enables the development of multifunctional nanocarriers,
allowing for combination therapies that address multiple facets
of cancer progression simultaneously. This personalized and
targeted approach holds promise in advancing cancer treat-
ment by improving overall treatment outcomes.® Tumor cells
undergo metabolic reprogramming to adapt to the dynamic
metabolic microenvironment, which involves the regulation of
substances such as glucose and amino acids. These metabolic
processes affect the immunogenicity of tumor cells, thus
impacting the effectiveness of immunotherapy. However, they
also represent vulnerable targets for cancer treatment. There-
fore, based on the metabolic variances between tumor cells and
normal cells, employing efficient nanomaterials to target tumor
metabolism emerges as a promising anticancer strategy.’

Nanozymes are a subset of nanomaterials that exhibit cata-
lytic properties. In comparison to natural enzymes, they offer
simplified preparation processes, heightened catalytic activity,
and enhanced enzyme stability.'® They primarily mimic oxidor-
eductases and hydrolases, exhibiting responsiveness to the
tumor microenvironment (TME) and the ability to precisely
modulate sensitive metabolic targets at the tumor site."" For
instance, nanozymes mimicking oxidoreductases induce oxida-
tive stress within tumor cells and trigger the generation of

9112 | J Mater. Chem. B, 2024, 12, 9111-9143

View Article Online

Journal of Materials Chemistry B

reactive metabolites.'> Conversely, nanozymes mimicking
hydrolase activities can hydrolyze H,0O, to produce O,, alleviat-
ing the hypoxic conditions in tumor tissues.'® Both catalytic
products further influence tumor metabolism. Additionally,
certain nanozymes can undergo surface modifications incor-
porating bioactive compounds for therapeutic drug delivery.
They can synergistically interact with photosensitizers, sono-
sensitizers, immunomodulatory agents, and initiate combi-
nation therapies upon external stimuli, thus surpassing the
constraints of immunotherapy and fundamentally transform-
ing cancer treatment. For example, nanoparticles formed by
encapsulating polyethylene glycol (PEG) derivatives can release
drugs in a responsive manner in the acidic TME."" Similarly,
metal-organic framework (MOF)-based nanozymes are utilized
for therapeutic interventions due to their inherent drug-loading
capabilities.’® This showcases the tremendous potential of
nanozymes as hext-generation immunotherapeutic agents.
Nanozymes are typically engineered to integrate with tumor-
targeting molecules or designed to be responsive to the TME.
This approach enhances the specificity and targeting capabil-
ities towards cancer cells. Moreover, imaging techniques are
utilized to guide the precise localization of nanozymes in vivo,
minimizing potential side effects on normal cells. Conse-
quently, nanozymes efficiently kill tumor cells through meta-
bolic intervention and reprogram the levels of bioactive
metabolites in TME, thus activating immune cells in the
TME. Although these treatment methods have achieved con-
siderable results, there are few reports on the multiple roles of
nanozymes in cancer immunotherapy and their synergistic
therapeutic mechanisms by intervening in tumor metabolism
and mediating combination therapies.

In this review, we present a comprehensive summary of the
recent research progress in utilizing nanozymes to achieve
synergistic cancer immunotherapy strategies (Fig. 1). We com-
mence with the mechanisms of cancer immunotherapy and the
roles played by nanozymes in it. Subsequently, the latest
advancements in utilizing nanozymes for immune modulation
are critically reviewed, with a particular stress on their applica-
tions in targeting tumor metabolism and enabling combination
immunotherapy. Furthermore, the prospects and challenges
associated with employing nanozymes for metabolic immu-
notherapy are deliberated upon. The primary objective of this
review is to deepen the understanding of cancer metabolic
therapy mediated by nanozymes, impart novel insights to the
readers, and promote further innovations and clinical applica-
tions of immunomodulatory nanozymes.

2. Mechanisms of cancer
immunotherapy

Compared to conventional cancer therapies, immunotherapy
has the capability to reshape the tumor immune microenviron-

ment, thereby achieving durable tumor clearance. Below, we
introduce the current three main types of immunotherapies

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mechanisms of nanozyme-based treatment strategies for enhanced cancer immunotherapy (By Figdraw). PT, phototherapy; PTT, photothermal
therapy; PDT, photodynamic therapy; SDT, sonodynamic therapy; RT, radiotherapy; CT, chemotherapy; GT, gas therapy; MT, magnetic therapy.

and their mechanisms, including immunogenic cell death
(ICD), macrophage reprogramming, and ICB.

2.1. ICD

ICD represents a novel mode of cell death characterized by the
expression or release of DAMPs from deceased cancer cells to
induce antitumor immune responses. During ICD, early surface
exposure of calreticulin (CRT) serves as a ‘‘eat me’” signal
promoting dendritic cell (DC) maturation. Then, late-stage
release of HMGBI1 specifically binds Toll-like receptor 4 on
DC surfaces to optimally present antigens from dying tumor
cells.'®*® subsequently, DCs mediate enhanced recruitment of
immune cells and antigen presentation, initiating immune
cells such as natural killer cells (NKs) and cytotoxic T lympho-
cytes (CTLs) to disrupt tumor cells."®* Recent studies indicate
a close association between endoplasmic reticulum (ER) stress
and highly immunogenic ICD induction.>® ER stress occurs due
to disruptions in normal protein folding within the ER lumen
caused by external disturbances such as fluctuations in Ca**
levels, changes in redox status and nutrient deficiencies.*®?”
The increased immunogenicity resulting from ICD is primarily
attributed to the surface exposure of CRT protein from the ER,
which is a direct consequence of ER stress. The process of ICD
can alter the TME, diminish the influence of immunosuppres-
sive cells like regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), etc., thereby rendering tumors more

This journal is © The Royal Society of Chemistry 2024

susceptible to immunotherapeutic interventions.>**® Addition-
ally, it enhances T cell infiltration into tumor tissues, facilitat-
ing the activation of tumor-specific T cell-mediated immune
responses.”® ICD can be triggered by various inducers, includ-
ing certain nanomaterials, chemotherapeutic drugs, RT, photo-
dynamic therapy (PDT), and specific biologic agents, etc.*
These strategies not only directly participate in specific catalytic
reactions to promote tumor cell death but also enhance ICD to
activate and bolster immune responses within the TME, offer-
ing a novel strategy for cancer therapy.

2.2. Macrophage reprogramming

Tumor-associated macrophages (TAMs) exhibit M1 and M2
phenotypes within the TME. TAMs exist in a sustained transi-
tional state between M1 and M2 types, with the proportion of
each cell type dependent on signaling types and concentrations
in the TME.*"*?> M1 macrophages are typically considered
immunostimulatory, secreting inflammatory cytokines such
as interleukin-6 (IL-6), interleukin-12 (IL-12), and tumor necro-
sis factor-o (TNF-a) upon activation. These mechanisms not
only contribute to enhanced phagocytic activity for identifying
and eliminating malignant tumor cells, but also promoting
recruitment and activation of other immune cells such as CTLs
through antigen presentation, thereby initiating both innate
and adaptive immunity. Conversely, during tumor progression,
M2 macrophages predominantly promote tumorigenesis. They
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achieve this by secreting immunosuppressive factors like IL-10
and TGF-B, inhibiting T cell activation and function, thereby
facilitating immune escape within the TME and suppressing
effective antitumor immunotherapy.*® The activation-induced
secretion of immunosuppressive molecules by M2-TAMs can
further promote metabolic alterations within tumor cells.**
Imbalance in the M1/M2 phenotype ratio of TAMs within
tumors often correlates with tumor deterioration and poor
prognosis. Therefore, strategies aimed at reprogramming TAMs
from a tumor-promoting M2 phenotype to a tumor-inhibiting
M1 phenotype through pharmacological or other interventions
could potentially serve as therapeutic avenues to modulate the
tumor immune microenvironment.*>*® Utilizing the endocytic
properties of macrophages, employing nanoparticles contain-
ing toll-like receptor (TLR) agonists or tumor peptides can
promote macrophage re-education and enhance antitumor
immunity.®” Recent evidence also suggests that nanozymes
capable of generating reactive oxygen species (ROS) and/or
producing O, can serve as effective immune response initiators
and enhancers, facilitating the reprogramming of M2-TAMs
towards an M1 phenotype within tumors to attack cancer cells,
while sparing normal cells’ functions.’® What's more, emerging
evidence indicates metabolic changes within TAMs themselves,
including glucose metabolism.*® Metabolic alterations serve as
the primary driving force for macrophage modulation in the
TME and hold promising potential for immunotherapeutic
strategies in cancer treatment.’® Therefore, using nanomater-
ials with catalytic properties to regulate the metabolic reactions
in TME may hold potential in effectively achieving macrophage
reprogramming.

2.3. ICB

ICBs represent a prominent class of immunotherapeutic agents
in oncology.*' They operate by blocking the interaction between
immune checkpoints and their ligands, thereby releasing
immune cell suppression and enhancing the body’s immune
response against tumors. ICB primarily includes antibody
therapies targeting cytotoxic T-lymphocyte antigen-4 (CTLA-4)
and programmed death-ligand 1 (PD-L1)/programmed death-
1(PD-1). CTLA-4, predominantly expressed on activated T cell
surfaces, competitively binds with the B7 molecule against
CD28, thereby inhibiting T cell activation. PD-1, an inhibitory
receptor expressed on T cell surfaces, reduces T cell prolifera-
tion and function upon binding with its ligand PD-L1. By
disrupting these inhibitory signals, ICB restores antitumor
activity in T cells. The efficacy of ICB therapy has been notably
demonstrated in various malignancies such as melanoma and
non-small cell lung cancer.”” In clinical settings, inhibitors
targeting CTLA-4, PD-1, and PD-L1 have proven successful, with
several ICIs currently under preclinical or clinical investigation.
Despite bringing new hope to many cancer patients, ICB
therapy is constrained by limitations and potential adverse
effects. For instance, it is effective in only a subset of patients
and may lead to irAEs, necessitating treatment interruption.*®
The characteristics and mechanisms of these adverse reactions
remain incompletely understood but are likely associated with
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aberrant T cell activity, humoral immune systems, and B cells.
To enhance the therapeutic efficacy of ICB and mitigate toxicity,
researchers are exploring various combination therapeutic
strategies. Among them, the coupling of nanomaterials with
ICB offers a novel perspective and approach to cancer treat-
ment, aiming to activate and enhance immune responses,
thereby potentially improving the efficiency and selectivity of
cancer therapy.**

3. Roles of nanozymes in cancer
immunotherapy

A substantial body of research has elucidated the distinctive
roles of nanozymes in cancer immunotherapy. As multifunc-
tional nanomaterials, nanozymes not only exhibit the enzy-
matic catalytic activity, but also serve as nanocarriers and
prodrug activators to develop a more efficient enzyme-
catalytic treatment strategy. This section systematically dis-
cusses the mechanisms of nanozymes in cancer immunother-
apy from three perspectives: the role of nanozymes as enzyme-
like catalysts, nanocarriers and prodrug activators.

3.1. Enzyme-like catalysts

The mechanisms by which nanozymes exert their roles in
antitumor therapy are largely determined by their enzyme-like
activities. Nanozymes can manipulate the redox reactions
within the tumor cells, thereby eliciting localized therapeutic
effects.”> This property is conducive to targeted tumor treat-
ment. By modulating the redox state of the TME, nanozymes
can influence the levels of active metabolites and induce tumor
cell ICD, thereby further affecting T cell infiltration and macro-
phage phenotypes, promoting activation of the endogenous
immune system against tumors.*® The enzymatic activity of
nanozymes can be regulated not only by controlling their
composition, morphology, and surface properties but also by
adjusting parameters such as pH, temperature, light, magnetic
fields, or other external stimuli.*” This capability enhances
their effectiveness in cancer therapy. The oxidoreductase-
mimicking nanozymes, including peroxidases (PODs), oxidases
(OXDs), catalases (CATs), and superoxide dismutases (SODs),
have been investigated for their potential applications in cancer
immunotherapy.

3.1.1. POD-like properties. PODs catalyze the oxidation of
substrates in the existence of H,0, or organic peroxides.
Typically, nanomaterials containing transition metals such as
Fe, Cu, Zn, Co, Mo, Pt, and Pd can function as POD-like
nanozymes.*® Non-metallic elemental-based nanostructures,
particularly carbon-based nanomaterials, can also serve as POD
mimics.***° Nanozymes exhibiting POD-like activity can med-
iate chemodynamic therapy (CDT).They utilize Fenton/Fenton-
like reactions to enhance the production of *OH radicals at
tumor sites, through which H,0, is converted into highly toxic
*OH, triggering oxidative stress in cancer cells. This could
potentially cause damage to organelles such as mitochondria,
as well as macromolecules like proteins and lipids, thereby

This journal is © The Royal Society of Chemistry 2024
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influencing the biological metabolic processes such as tricar-
boxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS), consequently instigating tumor cell ICD and
fostering cancer immunotherapy. Furthermore, ROS play an
indispensable role in regulating the M2/M1 ratio towards
the M1 phenotype by initiating signaling pathways in M1
macrophages. Researchers designed 1T2H-MoS, nanozymes
through phase transformation via a molten sodium reduction
reaction.”” The significant electronegativity difference between
Na and S sites, facilitated by embedded Na atoms, enhanced
electron transfer and induced sulfur vacancies (SV) and the 1T
phase formation, thus inducing up-regulation of POD-like
activity. Nanozymes accumulated at the tumor site, generating
extracellular *OH that facilitate the conversion of M2-like
TAMs to M1 phenotype within the tumor, thereby inhibiting
tumor growth. This resulted in the reprogramming of the
immunosuppressive TME.

Glutathione peroxidase (GPX)-like nanozymes are employed
in cancer therapy as auxiliary tools to deplete glutathione
(GSH), thereby mitigating the loss of reactive oxygen species
(ROS). Based on their active centers, prevalent GPX-like nano-
zymes can be categorized into selenium-based, copper-based,
vanadium-based, and manganese-based nanozymes, etc.>>
Atom doping represents an effective strategy for modulating
the enzymatic activity of nanozymes, enhancing their catalytic
performance by altering their electronic structure and catalytic
properties. The impact on activity varies with different types of
dopped atoms.*® For example, Mei et al. innovatively developed
a copper-doped PPy synthesis method using copper chloride as
a replacement for ferric chloride.”® Upon laser irradiation, CuP
exhibited significant thermal-enhanced enzymatic activity,
including CAT, POD, and GPX, to specifically promote O, and
*OH amplification but GSH reduction in TME, thereby causing
irreversible oxidative stress damage to cancer cells and rever-
sing the immunosuppressive microenvironment. Apart from
doping metal ions to alter enzyme activity, catalytic reactions
primarily occur on the surface of nanomaterials, where nano-
zymes of different sizes and shapes often exhibit varied cataly-
tic activities. Nanozymes with smaller dimensions demonstrate
excellent catalytic performance due to their higher surface area-
to-volume ratio, tending to expose more enzymatically active
sites.”> Recent literature also highlights the use of various
nanozyme morphologies such as nanospheres, nanoflowers,
nanoplates, and nanorods.’*® For instance, the POD-like
activity of Fe;O, nanocrystals varies across spherical, octahe-
dral, and triangular plate morphologies, reflecting the depen-
dency of the enzymatic activity on the distinct exposures of
hematite nanocrystal facets.>®

3.1.2. OXD-like properties. OXDs are a family of enzymes
that catalyze the substrate oxidation using O, as the electron
acceptor, which is then reduced to H,0, or H,O. As an OXD is
more active at low pHs, the weakly acidic TME enables it to
better exert its catalytic activity.®® Nanoceria is a commonly
used OXD-like nanozyme. Its OXD-like activity is attributed to
the redox transformation between Ce®" and Ce*' oxidation
states, along with the generation of associated superoxide
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radicals.®" Similarly, various ultrafine nanomaterials based on
noble metals also exhibit OXD-like activity.> The OXD-like
activity of a nanozyme is frequently utilized to supplement
endogenous H,0,, thereby promoting POD-mediated Fenton/
Fenton-like reactions. For example, Yang et al wrapped
multienzyme-like MnO, with tumor cell membranes to obtain
a tumor-targeted nanozyme.®® Due to the presence of mixed-
valence states of Mn®*' and Mn®', MnO, exhibited diverse
enzyme-like activities (CAT, POD, OXD), thus generating a large
amount of ROS and alleviating tumor hypoxia, reshaping tumor
immune microenvironment. Glucose oxidase (GOx) -like nano-
zymes facilitate the conversion of glucose into endogenous
H,0,, serving not only as a method to sever the nutrient supply
to tumors but also as an efficient auxiliary measure for Fenton
therapy.®* Additionally, glutathione peroxidase (GSHOx)-like
nanozymes induce toxic accumulation of ROS within tumor
cells by depleting endogenous GSH, potentially leading to
ferroptosis. Apart from the above, certain nanozymes also
exhibit NADH oxidase (NOX)-like activity, demonstrating the
potential to inhibit ATP generation within tumor cells and
thereby promote cell death.

What’s more, lactate oxidase (LOx)-like nanozymes reverse
the acidic environment of the TME by consuming lactate,
thereby reshaping the immunosuppressive TME.®> However,
current research on nanozymes with LOx-like activity is rela-
tively sparse. Coordination engineering is regarded as an
effective approach to modulate the local electronic structure
by precisely controlling the number or types of ligand atoms.*®
Recent studies indicate that coordinating heterocyclic N with
metals enhances the catalytic activity of carbon-supported
metal x-N, (M,N,) materials.””®® Various strategies primarily
focus on manipulating the charge density of metal centers by
controlling the N coordination number, akin to active sites in
natural metalloenzymes.®® Understanding the impact of metal
stoichiometry on N-active site environments and local coordi-
nation electronic configurations is crucial. Liu et al. rencently
reported a new LOx-like nanozyme (Co,4N/C NE).”° By modulat-
ing the coordination number of metal atoms, they achieved an
optimal electronic configuration between the nitrogen atoms in
the active center and their ligands, endowing Co,N/C NE with
superior LOX mimic activity.

3.1.3. CAT-like properties. CATs are typical antioxidant
enzymes that exist in almost all organisms exposed to oxygen
and accelerate the decomposition of H,0, into H,O and O,. As
a protective mechanism against ROS-induced oxidative
damage, CATs may effectively counteract hypoxia during cancer
treatment, thus allowing activation of immune defense
mechanisms within tumors. Nanozymes with CAT-like activity
have been utilized as sensitizers for cancer treatment through
RT, CT, PDT and sonodynamic therapy (SDT).”*”® Major CAT-
mimic nanozymes for cancer therapy these years are principally
derived from metallic materials, encompassing metal-based,
metal oxide-based, and metal sulfide-based nanozymes.”” For
example, a chiral nanozyme (MoS,/CoS,) with both POD-like
and CAT-like activities that possess better pharmacokinetics
and tumor-specific targeting ability has been designed
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recently.”® According to extensive research, surface modifica-
tions, including surface coatings and modifications via
macromolecules or small molecules, also impact the catalytic
capabilities of nanozymes.”®*® MoS,/CoS, nanozymes modified
with chiral ligands exhibit enhanced dispersion stability,
thereby promoting their POD-like and CAT-like activities. The
substantial generation of ROS in conjunction with amplified
supply of oxygen, significantly augmented the reprogramming
of TAMs for cancer immunotherapy. In addition, certain non-
metallic materials may also exhibit CAT-like activity. In another
study, bubbles were observed when incubating graphene oxide
quantum dots with H,0,, indicating that graphene oxide
quantum dots also exhibit catalytic decomposition of H,O, to
generate O, similar to CATs.*!

3.1.4. SOD-like properties. Oxygen metabolism produces
superoxide radicals, which cause severe oxidative damage to
normal cells when they build up. Therefore, normal cells need
to be regularly protected from damage caused by superoxide
radicals. SODs are important antioxidant enzymes that convert
superoxide radicals into O, and H,0,, thereby preventing
oxidative stress in the body. At present, cerium oxide nano-
particles are the most commonly employed nanozymes exhibit-
ing SOD-like activity.®” It has been substantiated that SOD-like
nanozymes can augment their catalytic activity in collaboration
with POD-like nanozymes through the generation of H,0,.%*
However, research on the anticancer effects of SOD-like nano-
zymes through the clearance of ROS is relatively scarce. As we
know, ROS can not only mediate immunosuppression induced
by MDSCs, but also trigger the differentiation and polarization
of M2-TAMs.®**° Based on these findings, Guo et al. composed
a Zr-CeO nanozyme with an enhanced ratio of Ce*"/Ce*" via
Zr*" doping, leading to its enhanced SOD-like and CAT-like
activities.®® Induction of intracellular ROS clearance by Zr-CeO
reduced the levels of arginase 1 and iNOS within MDSCs,
thereby promoting T cell proliferation. Additionally, it hindered
M2 polarization by inhibiting the ERK and STAT3 pathways.

3.2. Nanocarriers

Due to their excellent controllable surface modification
potential, nanozymes may also act as nanocarriers in cancer
therapy. Through rational design, nanozymes can achieve
targeted delivery of therapeutic agents, while concurrently
enabling controlled release of the therapeutic agents, thereby
enhancing treatment efficacy.®”

Nanozymes can serve as carriers for immunomodulators to
regulate the function of immune cells, such as activating T cells
and inhibiting Tregs, which enhance the recognition and
clearance abilities of immune system against tumor cells.®®
For instance, TLR agonists, such as resiquimod (R848) and
imiquimod (R837), as well as inhibitory molecules, including
TGF-B inhibitors (TI) and indoleamine 2,3-dioxygenase (IDO)
inhibitors, have been utilized.**®* The design of these
nanozyme-based nanoplatforms typically involves the use of
highly biocompatible carrier materials, such as MOFs, which
encapsulate the therapeutic payloads within their structure or
on their surface. These materials exhibit unique characteristics
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that are highly beneficial for therapeutic applications, such as
high surface area and tunable surface properties, enabling
uniform dispersion and loading of active antitumor drugs, as
well as stimulus-responsive behavior. For instance, a photo-
triggered nanozyme (Fe-MOF-RP) was constructed as both a
core catalytic component for tumor ablation and a biocompa-
tible delivery vehicle for immune stimulants.’> On one hand, it
catalyzed the decomposition of H,O, within tumors, generating
O, to enhance PDT. The induced ferroptosis synergized with
PDT, prompting tumor cells to release tumor-associated anti-
gens (TAAs) and inducing ICD. On the other hand, light-
triggered R848 adjuvant released on demand stimulated DC
maturation and promoted the conversion of the tumor’s M2
phenotype to effector M1 macrophages. Auxiliary materials
such as serum albumin (SA) and phase-change materials may
be employed to modify nanozymes, preventing cargo leakage
and selectively activating immunomodulation in the desired
environment.”®** These kinds of nanozymes can effectively
shield therapeutic agents from external environmental influ-
ences and can be engineered to respond to specific stimuli (e.g.,
pH, temperature, chemical substances) for drug release.’>®
Furthermore, by loading chemotherapeutic agents or photo-
sensitizers/sonosensitizers, nanozyme-based catalytic therapy
can be synergized with other modalities for multimodal inte-
grated cancer treatment.””°® The loading of imaging agents
also contributes to guiding nano-based drug delivery, enabling
the monitoring of site-specific drug accumulation, thereby
achieving therapeutic visualization and significantly enhancing
the accuracy of cancer treatment.”

The surface of nanozymes can be functionalized with spe-
cific molecules,'® such as antibodies, oligonucleotides, or
ligands, which can bind to target molecules (e.g., specific
proteins on the surface of tumor cells), thereby preventing
off-target effects and enhancing the accumulation of nano-
zymes in the targeted area. For instance, mannose (Man) can
bind with mannose receptors highly expressed on the surface of
M2 macrophages to achieve precise immunomodulation target-
ing TAMs.'®' Apart from above, subcellular targeting in cancer
therapy has become a hot topic of current research.'*'°* For
instance, loading subcellular targeting molecules for the ER or
mitochondria on nanozymes can precisely accumulate thera-
peutic drugs in organelles, greatly reducing the threshold
dosage of therapeutic drugs and significantly promoting pre-
cise tumor therapy mediated by endogenous stimuli. Addition-
ally, because of their internal characters, nanozymes can
also be under precise control of external force fields such
as magnetic fields to improve the treatment accuracy and
efficiency.'®

3.3. Prodrug activators

The enzyme-like activities of nanozymes not only directly
mediate damage to cancer cells, but also can be utilized in
the activation strategy of chemotherapeutic prodrugs. By acti-
vating non-toxic prodrugs to release cytotoxic metabolites,
indirect cancer treatment is achieved. Compared to natural
enzymes, nanozymes integrate the unique properties of both

This journal is © The Royal Society of Chemistry 2024
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natural enzymes and nanomaterials, thus the prodrug activa-
tion strategy mediated by nanozymes holds better prospects. In
2020, researchers initially introduced a prodrug activation
system predicated on nanozymes, harnessing the POD-like
activity of the nanozyme to proficiently initiate the prodrug
IAA, thereby instigating ROS storms and inducing mitochon-
drial apoptosis in tumor cells.'®® In recent years, the rise of
bioorthogonal chemistry has greatly propelled the evolution of
prodrug strategies.'”” Bioorthogonal chemistry refers to
chemical reactions that occur within complex biological envir-
onments without interfering with endogenous biochemical
reactions. In contrast to biomimetic nanozymes directly acti-
vating substrates present in the TME, bioorthogonal nano-
zymes selectively activate exogenously added prodrugs in the
tumor region, achieving one-to-one reactions and improving
the precision of cancer treatment while significantly reducing
off-target effects."®®"'° Currently, the activation capabilities of
bioorthogonal nanozymes on a range of chemotherapeutic
agents, including 5-fluorouracil (5-FU),"*""''* and mitoxantrone
(Mit),"** have been investigated. In vivo experiments have
demonstrated their favorable antitumor properties. Further-
more, bioorthogonal nanozymes can be employed to locally
activate immunomodulatory drugs, holding significant
potential in cancer immunotherapy. Researchers have devel-
oped a palladium (Pd)-based bioorthogonal nanozyme
(MoS,@Pd-Man) capable of catalyzing the synthesis of the
FDA-approved TAM repolarizing drug vorinostat.''* Surface
modification with Man conferred targeting ability to M2 macro-
phages that overexpress the mannose receptor (CD206). The
polarization of macrophages from M2 to M1 led to enhanced
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catalytic Fenton reaction by MoS,@Pd, generating H,O, that
promote ROS-mediated cancer cell eradication. This marked the
inaugural application of bioorthogonal nanozymes in cancer
immunotherapy. In another study, Pd nanozymes were encapsu-
lated within a monolayer of gold nanoparticles to generated
bioorthogonal nanozymes, which avoided nonspecific immuno-
genicity induced by hydrophobic catalysts."*> These nanozymes are
internalized by macrophages via endocytosis and subsequently
activate R837 in situ near lysosomal TLR7/8 receptors, promoting
the reprogramming of macrophages from an M2-like phenotype to
an M1-like phenotype. This type of design offered a biocompatible
method for future cancer immunotherapy applications.

4. Nanozymes for tumor metabolic
disruption

Cancer is considered as a genomic disease, but it can also be
viewed as a metabolic or immune disorder."*®'"” 1t is worth
noting that tumor cells not only go through metabolic repro-
gramming, but also shape the metabolically hostile TME and
modulate the survival and functions of immune cells through
metabolic crosstalk."® Ultimately, this favors immune evasion
and tumor progression. Continuous increase in ROS within the
TME is implicated in promoting tumor growth, dissemination,
and metastasis, whereas excessive ROS levels exert cytotoxic
effects through non-specific protein oxidation, altered reaction
patterns, and biomolecular damage, leading to malignant cell
apoptosis and necrosis.’'® Typically, cells possess various anti-
oxidant systems to defend against ROS damage (Fig. 2). For
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Fig. 2 The schematic diagram of the potential interference of nanozymes on the main metabolic processes in tumor cells discussed in this review to

activate immune responses (By Figdraw).

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. B, 2024, 12, 9111-9143 | 9117


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00769g

Open Access Article. Published on 23 August 2024. Downloaded on 3/15/2026 7:08:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

instance, SODs convert O, to H,0,, subsequently metabolized
to water by enzymes including CAT and GPX. GSH, another
crucial intracellular antioxidant, modulates redox homeostasis
by controlling ROS levels in metabolic reactions, thereby
attenuating ROS-induced oxidative stress.'”® Additionally, the
unique aerobic glycolysis effect of tumor cells enhances their
dependency on glucose, leading to lactate accumulation in the
TME, thereby augmenting immune suppression. Tumor cells
also disrupt cellular immunity by competitively consuming
glucose and certain amino acids like methionine (Met), thereby
impairing immune cell function. Metabolites of specific amino
acids and lipid molecules, such as tryptophan (Trp) and pros-
taglandin E, (PGE,), also have been shown to activate tumor
immune evasion pathways.”*"'*> Through the combined
actions of numerous metabolic pathways, immune suppression
within the tumor tissue intensifies, fostering tumor growth and
metastasis.

Cellular metabolic pathways are primarily regulated through
interconnected enzymatic reactions. Due to their excellent
chemical stability, nanozymes can maintain high catalytic
efficiency in harsh environments. Therefore, they hold promise
as potential tools for disrupting tumor cell metabolism (Fig. 2).
Excessive H,O, within tumor cells, under the actions of nano-
zymes mimicking CATs and PODs respectively, generates oxy-
gen and highly reactive *OH. The former not only further
promotes enzymatic reactions mediated by other OXDs within
tumor cells but also mitigates hypoxia in tumor tissues. The
latter mediates a series of oxidative damages to proteins, lipids,
and other molecules, ultimately causing tumor cell rupture,
releasing intracellular substances, and triggering robust
immune clearance responses.’® Nanozymes simulating OXD
and GPX activities catalyze the reduction of intracellular GSH
concentration in tumor cells, leading to a relative increase in
ROS levels and thereby inducing oxidative stress damage,
which synergistically achieves a dual effect with the amplifica-
tion of ROS."* OXD-like nanozymes also disrupt the NADH/
NAD" cycle equilibrium, suppress ATP production, and lead to

View Article Online
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energy depletion and cell death in tumor cells.'** What’s more,
nanozymes with LOx and GOx-like activities target tumor cell
glucose metabolism, depleting intracellular glucose and
reducing lactate accumulation in the TME, thereby
enhancing immune responses.’”® Beyond enzyme-like activ-
ities, some nanozymes are able to carry inhibitory molecules
to suppress related metabolic pathways and restoring immune
mechanisms."*® During catalytic processes, certain nanozymes
also exhibit efficient metal ion release capabilities, disrupting
tumor cell metabolism by promoting intracellular metal ions
overload and thereby inducing immune activation effects.
Therapies targeting tumor metabolism mediated by nanozymes
can induce ICD of tumor cells and achieve macrophage repro-
gramming, further increasing infiltration of cytotoxic immune
cells and alleviating the immunosuppressive microenviron-
ment in combination with ICB therapy.'?” This section provides
a summary of the latest advancements in nanozyme strategies
targeting the disruption of redox metabolism, glucose metabo-
lism, amino acid metabolism, lipid metabolism, metal meta-
bolism and NADH metabolism. These strategies synergistically
promote innate or acquired antitumor immunity to achieve
effective antitumor outcomes.

4.1. Targeting redox metabolism

The metabolic reprogramming of tumor cells induces altera-
tions in their redox metabolism. Nanozymes can intervene and
disrupt the redox balance within tumor cells by mimicking
various oxidoreductases, thereby eliciting robust immune clear-
ance responses in the body. This section provides a compre-
hensive review of the application of nanozymes in modulating
redox metabolism to induce immune responses (Table 1).
4.1.1. ROS amplification. ROS are intrinsic derivatives of
molecular oxygen within cells and play a pivotal role in
maintaining cellular homeostasis through a cascade of redox
reactions within the biological system.'**™**® Due to the accu-
mulation of mutations, metabolic dysregulation, and intricate
microenvironmental factors, ROS, particularly H,O,, tends to

Table 1 Representative redox metabolism-regulating nanozymes for cancer immunotherapy

Nanozyme components Cargos Antitumor effects Models Ref.
ROS amplification IMSN SB-505124  Hypoxia relieving, ROS amplification to CT26 tumor-bearing Balb/c mice 128
promote ferroptosis, and macrophage
polarization from M1 to M2
DA-CQD@Pd CpGODN ROS production to induce ICD, TLR 9 Balb/C mice bearing CT26 tumors 129
activation
HCS-FeCu — Mild photothermal amplification and oxi-  4T1-Luc breast tumor-bearing 130
dative stress-induced pyroptosis combined mice
with ICB therapy
GSH consumption ChA CQDs — Inducing ferroptosis through consumption BALB/c nude mice with HepG2 131
of GSH cells; ICR mice with H22 cells
Dual effect Cu NPs UCNPs, GOx Consuming glucose, augmenting ROS accu- Bilateral 4T1-tumor-bearing Balb/ 132
mulation to induce ferroptosis ¢ mice
Cu-alanine NPs Cin, GOx Consuming glucose and inducing 4T1 breast tumor-bearing mice 133
ferroptosis
E. coli-Au@Pt — Immune activation effects, ferroptosis B16-F10 cells implanted nude 134
induction, in conjunction with CBI therapy Babl/C mice; HepG2 cells
implanted nude Babl/C mice
Bi,Fe,O9 NSs — Hypoxia relieving, tumor cell apoptosis and BALB/c mice with 4T1 tumors 135
ferroptosis induction
9118 | J Mater. Chem. B, 2024, 12, 9111-9143 This journal is © The Royal Society of Chemistry 2024
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aberrantly accumulate in tumor tissues at mild to moderate
levels to stimulate tumor development.™*® High levels of ROS
can inflict irreversible damage on cellular biomolecules, ulti-
mately culminating in cell demise. For example, ROS have
been demonstrated to induce mitochondrial damage and ER
stress by amplifying intracellular oxidative stress, thereby
impeding ATP synthesis and normal functions of intracellular
proteins.'**** 1t is widely acknowledged that oxidative stress
induced by ROS in the ER is a critical prerequisite for ICD.>>'*?
Therefore, promoting ROS generation to specifically kill cancer
cells is a promising anticancer treatment strategy.

Various therapeutic strategies for amplifying ROS produc-
tion have been extensively investigated in current research. For
example, Liu et al. constructed polyethylene glycolated iron-
manganese silicate nanoparticles (IMSN) loaded with TI to
achieve cancer catalytic therapy.'”® IMSN exhibited intrinsic
POD-like and CAT-like activities that indirectly reprogrammed
the tumor immunosuppressive microenvironment by increas-
ing ROS levels in the TME and relieving tumor hypoxia. The
addition of TI induced macrophage polarization from M2 to M1
and further enhanced the therapeutic effect of IMSN. Signifi-
cant improvement was observed in both in vitro three-
dimensional tumor models (MTCS) and in vivo models that
demonstrated immunosuppression within the TME. Single-
atom nanozymes (SANs) leverage atomic dispersed metal cen-
ters to maximize their intrinsic enzyme-like activity. Carbon
quantum dots (CQDs) have demonstrated their exceptional
suitability as supports for SANs, owing to their diminutive size
and abundant surface anchoring points.'** Therefore, Lu et al.
utilized dopamine-hybridized carbon quantum dots (DA-CQDs)
for surface anchoring of Pd single atoms, resulting in the
formation of DA-CQD@Pd nanozymes capable of catalyzing
the in situ polymerization of poly (ethylene glycol) diacrylate
(PEGDA) into a hydrogel, thereby enhancing its stability."*
Simultaneously, both the Pd NPs and the quinone/hydroqui-
none redox pair on the DA-CQDs exhibited catalytic activity
towards the generation of *OH from H,0,. The hydrogel func-
tioned as a localized ecological niche, providing sustained
release of the immune adjuvant CpGODN to further promote
antitumor immune responses.

The intrinsic relationship between tumor oxidative stress
and cellular pyroptosis underscores the appeal of disturbing
the intracellular oxidative balance as a means to induce
pyroptosis.'** Hollow carbon-structured nanomaterials exhibit
mild high-temperature properties under safe radiation energy,
rendering them suitable for mild hyperthermia to elicit
immune responses.'®® In pursuit of elucidating the targeted
amplification of oxidative stress-induced tumor pyroptosis
under mild hyperthermia, Liu et al. devised hollow carbon
spheres adorned with iron and copper atoms (HCS-FeCu) to
emulate the functionality of diverse enzymes.’** The mild
photothermal amplification facilitated by hollow carbon
spheres augmented intracellular nanozyme-mediated oxidative
stress, prompting the generation of ROS that instigated tumor
cell pyroptosis via the ROS-Tom20-Bax-Caspase 3-GSDME sig-
naling pathway, thereby releasing DAMPs such as ATP and

This journal is © The Royal Society of Chemistry 2024
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lactate dehydrogenase (LDH) (Fig. 3a). Theoretical calculations
suggested that mild photothermal stimulation engendered
high-energy electrons, heightening the interaction between
the HCS-FeCu surface and adsorbed oxygen, thereby enhancing
the efficiency of ROS generation (Fig. 3b). When combined with
ICB therapy, hyperthermia-mediated pyroptosis immunother-
apy significantly augmented the therapeutic efficacy of oaPD-1
(Fig. 3c).

4.1.2. GSH consumption. The detrimental impacts
imposed by ROS on cellular structures are not solely contingent
on their intracellular abundance, but also encompass the
intricate interplay between ROS and endogenous antioxidant
entities.’*® Disruption of the delicate equilibrium between
prooxidants and antioxidants culminates in oxidative stress.
As the most important endogenous antioxidant in cells, GSH
has been shown to limit the production of excessive ROS to
maintain tumor redox homeostasis.'*’ Selectively targeting
GSH metabolism in cancer cells is an effective measure to
promote oxidation.

Ferroptosis is a cellular demise mechanism which primarily
arises from inadequate elimination of ROS and has garnered
significant interest in recent years. The diminishment of GSH
results in the incapacitation of GPX4, culminating in the
buildup of ROS generated through lipid peroxidation and
consequentially giving rise to ferroptosis."*®**° Additionally,
it has been reported that cancer cells undergoing ferroptosis
exhibit immunogenic behavior such as promoting the recogni-
tion and phagocytosis of tumor antigens by DCs, thereby
activating CTLs and enhancing tumor immunotherapy.'>* "
Research has also shown that ferroptosis may induce tumoral
PD-L1 expression through both membrane damage-
independent mechanisms (NF-kB pathway) and membrane
damage-dependent mechanisms (calcium influx)."** The
utilization of current nanozymes is limited by their intricate
syntheses, high production expenditures, and lack of biocom-
patibility. Given its low toxicity and facile synthesis, CQDs
present an attractive material option for the fabrication of
nanozymes.">>'>® Nevertheless, limited studies have explored
the use of CQDs-based nanozymes for inducing ferroptosis in
tumors and subsequently triggering immune responses against
cancer. In pursuit of this objective, Zeng et al. synthesized a
CQDs-based nanozyme through simple hydrothermal treat-
ment of chlorogenic acid (ChA), a cheap and easily accessible
bioactive component in coffee."*" Surprisingly, the ChA CQDs
exhibited significant GSHOx-like activity (Fig. 3d), thus indu-
cing ferroptosis in HepG2 cells by disrupting the lipid repair
systems catalyzed by GPX4 (Fig. 3e). In vivo, the ChA CQDs were
found to recruit a large number of immune cells into tumor
tissues with minimal toxicity, which included T cells, NK
cells, and macrophages, effectively transforming “cold” tumors
into “hot” tumors (Fig. 3f). Therefore, the advancement of
ferroptosis-targeted therapy may potentially increase tumor
sensitivity to ICBs, including oPD-L1/aPD-1 and oCTLA-4.

4.1.3. Dual effect. Due to the existence of intracellular
redox balance mechanisms, the single effect of GSH depletion
or ROS amplification is constrained in its ability to increase
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American Chemical Society.

intracellular oxidative stress. Recently, the dual strategy of
synergistically increasing endogenous ROS and specifically
promoting antioxidant GSH consumption has attracted wide-
spread attention."” Research indicates that this strategy, which
concurrently utilize open-source approaches while minimizing
expenditures, can induce a dual effect. This involves enhancing
intracellular oxidative stress while diminishing the antioxidant
capacity of tumor cells. Consequently, this amplifies the detri-
mental effects on tumor cells, thereby boosting tumor clear-
ance efficacy and immune response. Diverse nanozymes
exhibiting both GSH consumption activity and ROS generation
activity have also been subject to extensive study.’”®**° Among

9120 | J Mater. Chem. B, 2024, 12, 9111-9143

the multitude of nanomaterials, copper stands out due to its
cost-effectiveness, abundant availability, and scalability for
large-scale production.'® Researchers have discovered that
Cu'based nanozymes can efficiently generate *OH under
weakly acidic conditions, exhibiting a reaction rate approxi-
mately 160 times higher than Fe"-based nanozymes due to the
low redox potential of Cu'/Cu'.'®* Furthermore, Cu" effectively
depletes GSH through the redox reaction. The resulting product
Cu' initiates the Fenton reaction through its binding with H,0,,
thereby facilitating cyclic amplification of oxidative stress.'®®
On this basis, Lin et al. designed a TME-responsive smart
nanoplatform.’® As an in vivo upconversion luminescence

This journal is © The Royal Society of Chemistry 2024
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(UCL) imaging tool, UCNPs were activated specifically after the
reaction between UCCG and GSH. Consequently, the luminous
intensity of UCNPs core could be utilized to monitor real-time
ROS amplification therapy. With both POD-like and GSHOx-like
activity, this nanoplatform augmented the production of ROS
through a cost-effective approach, causing ferroptosis of tumor
cells, thereby promoting the transition from M2 phenotype to
M1 phenotype and the local infiltration of CD4'T cells and
CDS8'T cells. In another study, Zhang et al. incorporated cinna-
maldehyde (Cin) into copper alanine nanoparticles (CAC).'*?
Within the acidic TME, Cin was released through the cleavage
of hydrazone bonds, leading to the rapid consumption of GSH
and an elevation in ROS levels. By integrating the natural
enzyme GOx with the nanozyme Cu, the nanoparticles demon-
strated high efficiency in both GSH consumption and ROS
production, thus promoting the exposure of CRT and
enhancing ICD.

Microbial synthesis of metal nanoparticles is recognized as a
simple and environmentally friendly method. The resulting
nanoparticles exhibit high catalytic activity due to their clean
surface, large specific surface area, and good colloidal
stability.'®*'°® Furthermore, microorganisms can also act as
immune adjuvants to activate the immune system.'®” Based on
this concept, Han et al. fabricated a POD-like Au@Pt core-shell
nanozyme decorated on the surface of bacteria (Fig. 3g)."**
With the help of PD-L1 inhibitors, mature T cells recognized
tumor cells and subsequently released interferon y (IFN-vy),
which led to a reduction in the uptake of cystine by tumor
cells, subsequently decreasing the level of GSH within the
tumor cells. As a result, the antioxidant capacity of the tumor
cells was more profoundly compromised, leading to their
enhanced destruction (Fig. 3h). Combining bacterium-
induced immunotherapy with augmented CDT (Fig. 3i), T cells
were further activated and transformed into CD4'or CDS'T
cells to recognized tumor cells. Temperature regulation can
precisely control the catalytic activity of nanozymes by affecting
their enzymatic kinetics. Currently, nanozymes are mainly
controlled at high temperature (37-42 °C) for catalytic pur-
poses, but this approach has a small safety window and may
cause damage to the human body.'*®'®® In contrast, low-
temperature activation (4-37 °C) of nanozymes results in less
adverse effects and holds promising prospects. Liu et al. cre-
ated a cold-activated nanozyme based on Bi,Fe,O9 nanosheets
(NSs).* A smartphone-operated intervention device was also
designed to remotely manage its cold catalysis. Within the
temperature range of 4-37 °C, the thermoelectric properties
of the device enabled it to exhibit GSHOx-like activity. Combin-
ing its pH-dependent POD and CAT activities, this nanozyme
induced apoptosis and ferroptosis in tumor cells, exposing
TAAs and achieving repolarization of macrophages through
the IKK/NF - «xB signaling pathway for precise targeted
immunotherapy.

4.2. Targeting glucose metabolism

Under hypoxic conditions, rapidly proliferating tumor cells
tend to transition their aerobic respiration from OXPHOS to

This journal is © The Royal Society of Chemistry 2024
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aerobic glycolysis (also referred to as the Warburg effect), a less
efficient but expedient mechanism for fermenting glucose to
obtain energy.'””®'”" This metabolic adaptation aligns with the
heightened proliferation rate of malignant cells. Consequently,
cancer cells exhibit a greater reliance on glucose metabolism
compared to normal cells and are more vulnerable to
glucose deficiency."””*"’* Extensive research has revealed a
substantial association between PD-L1 expression and glycoly-
tic activity."”>™'”” Moreover, cancer cells exhibiting heightened
glycolytic activity stimulate the production of substantial quan-
tities of lactic acid within the TME, subsequently leading to
TME acidification and consequent suppression of infiltrating
immune cell functionality."”® Building upon these findings,
cancer immunotherapy strategies aimed at inhibiting tumor
glucose metabolism and eliminating lactate from the TME have
been developed and extensively implemented. Nanozymes
demonstrate immense regulatory potential in these contexts.
On one hand, nanozymes can exert effects in starvation therapy
(ST) through their catalytic activity. On the other hand, meti-
culously designed nanozymes can further disrupt glucose
metabolism within tumor cells by delivering pathway-specific
modulators.

Inhibiting PD-L1 expression represents an emerging alter-
native immunotherapy approach, alongside PD-L1 blockade.
Increasing glucose consumption to enhance tumor glycolysis
has been demonstrated to induce upregulation of intracellular
PD-L1 expression in tumor cells. Further research has revealed
that the key glycolytic enzyme HK2 phosphorylates IkBa, pro-
moting its degradation and thereby activating the NF-kB path-
way, which subsequently enhances PD-L1 expression.'”® On the
contrary, inhibition of PD-L1 substantiates curtailed tumor
glycolysis and fortifies the proficiency of T cells."®® Tumor cells
with high PD-L1 expression may be more sensitive to PD-1/PD-
L1 inhibitors, making ICB a potential effective therapeutic
approach.'®! Therefore, leveraging the nanozyme-catalyzed glu-
cose consumption to induce a low-glucose environment within
tumor cells can enhance PD-L1 expression, thereby promoting
oPD-L1 immunotherapy. GOx exhibits remarkable efficiency in
catalyzing the oxidation of glucose, generating gluconic acid
and H,0, as products. This outcome effectively reduces acidity
while concurrently augmenting oxidative stress, thereby estab-
lishing a microenvironment conducive to enhanced catalytic
reactions instigated by nanozymes. However, the aforemen-
tioned catalytic reaction entails the participation of oxygen,
which is impeded by the hypoxic TME. This issue can be
resolved by combining GOx with CAT, which work in union to
overcome the deficiency of oxygen. Tian et al. employed a
biomimetic approach to fabricate a hybrid nanozyme Mn-
GOx with dual enzyme-like activity, which was the first study
that nanozymes and GOx had been hybridized together through
the biomineralization-like method (Fig. 4a)."®* The fusion of
GOx with Mn-based nanozymes possessing CAT-like activity,
enabled the cascade of two catalytic reactions, leading to
periodic amplification of glucose consumption. Simulta-
neously, the GOx-induced low glucose microenvironment
within tumor cells not only synergistically promoted ICB
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therapy by inducing the expression of PD-L1 on tumor cells, but
also induced potent tumor cell apoptosis thus triggering a
robust antitumor immune response. By combining Mn-GOx
with hyaluronic acid (HA), targeted delivery via intravenous
administration was sped in breast cancer mice. Experimental
results demonstrated significantly prolonged survival in cancer
mice, along with the induction of strong immune memory
effects through combination therapies. Additionally, favorable
treatment outcomes were observed in both B16F10 and ortho-
topic 4T1 tumor models. Thus, the integration of tumor glucose
metabolism regulation with immunotherapy effectively sup-
pressed tumor growth, recurrence, and metastasis.

Owing to the heightened Warburg effect in cancer cells,
there is a significant buildup of lactate in the TME, leading to
metabolic acidosis. Research suggests that lactate derived from
tumors serves as a key regulatory factor in promoting tumor
growth. Additionally, lactate plays a crucial role in the polariza-
tion and metabolic reprogramming of TAMs, leading to the

9122 | J Mater. Chem. B, 2024, 12, 9111-9143

induction of an immunosuppressive TME that facilitates tumor
immune evasion.'®® Current research on inhibiting glucose
metabolism of tumor cells primarily focuses on glucose-
deprivation therapies that aim to limit glucose utilization.
However, considering the relatively lower glucose concentration
observed within tumors (1-2 pMol g~ ') compared to the higher
intratumoral lactate levels (LA, 5-20 pMol g~ '), there is a
greater potential for effective tumor therapy by targeting the
endogenous generation and utilization of intratumoral lactate
with nanodrugs.'®” Therefore, the clearance of lactate in the
TME is crucial for enhancing cancer therapy efficacy. Contem-
porary lactate clearance strategies predominantly rely on three
approaches: natural enzymes that metabolize lactate, small
molecule inhibitors targeting these enzymes, and inhibitors
blocking lactate transport.'®® Natural enzymes involved in
lactate metabolism, such as LDH and LOx, exhibit low activity
and stability under harsh TME conditions. In contrast, nano-
zymes as substitutes for natural enzymes possess resistance to

This journal is © The Royal Society of Chemistry 2024
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adverse conditions, prolonged efficacy, and targeted delivery
advantages. Thus, they can efficiently consume lactate gener-
ated by aerobic glycolysis in tumors, remodel the TME, alleviate
immune suppression effects, and inhibit tumor progression.
Repolarizing TAMs is a significant target in immunotherapy.
M1 and M2 macrophages display metabolic differences, with
M1 relying primarily on glycolysis for energy acquisition, while
M2 macrophages rely on oxidative phosphorylation. These
metabolic distinctions form the basis for their diverse func-
tions within the immune system."®>'*° Chen et al. developed a
strategy to enhance TAMs-centered anticancer immunotherapy
by loading carbonic anhydrase IX (CAIX) inhibitors onto LDH-
mimicking SnSe NSs."! By leveraging the catalytic properties of
SnSe NSs, lactate depletion within the TME was induced.
Sustained lactate consumption facilitated the repolarization
of TAMs towards the M1 phenotype, which led to the restora-
tion of M1’s tumor-killing activity and triggered a metabolic
shift from oxidative phosphorylation to glycolysis, which in
turn synergistically regulated TAMs. Inhibitors of CAIX
restrained the efflux of H', leading to a synergistic reduction
in tumor acidification, consequently mitigating acidosis and
immunosuppression. Along with the photothermal activity of
SnSe NSs, the immune response was significantly induced to
ablate tumors and inhibit lung metastasis of tumor cells.

To prevent intracellular acidification, excessive lactate pro-
duced by tumor glycolysis is transported extracellularly via
monocarboxylate transporters (MCTs).'> Extracellular lactate
contributes to malignant progression of tumors and evasion of
immune responses. The most crucial MCTs in cancer are MCT1
and MCT4, which are significantly overexpressed and play
pivotal roles in cancer development and invasiveness.'®* Con-
sequently, Therefore, MCT1/4 has been commonly downregu-
lated as a target for nanocarrier-based tumor treatment to
reduce lactate efflux, reverse tumor pH gradients associated
with hypoxia, and phenotype heterogeneity. As a clinically
utilized antihypertensive medication, syrosingopine (Syr) exerts
its effects by inhibiting the functionality of monocarboxylate
transporters MCT1 and MCT4, thereby suppressing lactate
efflux and reversing the pH gradient within tumors."®* How-
ever, the efficacy of individual small molecule inhibitors is
limited and prone to off-target effects.'®® Therefore, it is crucial
to develop combination treatment strategies that exploit syner-
gistic antitumor effects to achieve effective therapeutic out-
comes. In this context, Wang et al. reported a nanozyme
platform for co-delivery of Syr and lactate oxidase (LOD)
(Fig. 4b)."®* The intracellular accumulation of lactate in tumor
cells reciprocally inhibits their glycolytic pathway and provides
ample substrate for the LOD-catalyzed production of H,0,.
Following the conversion of accumulated lactate to abundant
H,0, within the cells, hollow iron oxide (HFe;0,) nanoparticles
with POD-like activity catalyze the generation of ROS, leading to
mitochondrial dysfunction and inhibition of OXPHOS pathway.
Dual inhibition of aerobic glycolysis and OXPHOS effectively
disrupts cellular ATP supply, demonstrating therapeutic
potential. Significant reduction in lactate concentration within
the TME and induction of ICD in tumor cells facilitated by LOD

This journal is © The Royal Society of Chemistry 2024
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lead to increased concentrations of pro-inflammatory cytokines
(TNF-o and IFN-y) in serum, thereby greatly reactivating inte-
grated antitumor immune activity, including reactivation of
effector T cells and NK cells, suppression of Treg cells, polar-
ization of macrophages to M1 phenotype, and promotion of DC
maturation.

What’s more, lactate is traditionally regarded as a metabolic
waste product that must be excreted by cancer cells. However,
recent studies have shown that lactate is also capable of serving
as an energy substrate across various conditions."**'®” Follow-
ing significant glucose consumption, tumor cells can uptake
and oxidize lactate to sustain cellular energy demands. Recent
studies have also shown that lactate functions not only as an
intermediary in TCA cycle metabolism but also as a metabolic
regulator, promoting tumorigenesis by acting as an energy
source.'®®2% Hence, leveraging the enzyme-like activity of
nanozymes to catalyze lactate consumption can disrupt the
energy supply of the cancer cells, thereby facilitating lactate-
based ST. In pursuit of this objective, Li et al. developed a
nanotherapeutic agent (PNDPL) comprising a PtBi nanozyme,
LOX, and the IDO inhibitor NLG919.>°! This study represented
the first investigation into the synergistic antitumor effects of
regulating lactate metabolism and IDO-associated immu-
notherapy. CAT-like PtBi nanozymes established a positive
feedback loop with LOx and drove the continual consumption
of lactate, thereby achieving the desired effect of ST. Under
1064 nm irradiation, PNDPL induced ICD and inhibited
immune escape through the synergistic immunotherapy.

4.3. Targeting amino acid metabolism

The metabolic reprogramming of amino acids within tumor
cells promotes tumor survival. Simultaneously, there is exten-
sive crosstalk between amino acid metabolism and T cell
immunity, resulting in immune evasion by the tumor.>’?
Throughout the activation, differentiation, and functionality
of T cells, amino acids and their metabolites can function as
energy reservoirs and substrates for protein synthesis and
modification.”® Tumor cells can dampen T cell immunity by
depriving amino acids within the TME, and the toxic bypro-
ducts of amino acids can also impede T cell functions.>**
Consequently, strategies focusing on targeting amino acid
metabolism have emerged as an efficient approach for mod-
ulating the immunosuppressive TME. By loading pathway-
specific modulators, nanozymes can alter amino acid concen-
trations in the TME, thereby restricting metabolic demands of
tumor cells. Concurrently utilizing their intrinsic catalytic
activity, they can mediate metabolic disruptions in tumor cells,
inhibiting their growth and alleviating immune suppression
effects.

Numerous enzymes implicated in amino acid metabolism
are markedly upregulated in tumor cells, thereby aiding in
the evasion of immune surveillance within the TME. IDO
catalyzes the conversion of Trp to kynurenine (Kyn), resulting
in Trp depletion in the TME, which leads to growth arrest
and apoptosis of effector T cells. Simultaneously, Kyn, func-
tioning as an immunosuppressive agent, directly fosters
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immunosuppression mediated by Tregs.>*>*°® Thus, inhibiting
IDO can reverse immunosuppression, while activating T cells to
elicit immune responses. Li et al. reported an ER-targeted
nanozyme loaded with the IDO inhibitor to reshape the
immune microenvironment (Fig. 4c)."®" Under the influence
of triple enzyme-like activities (CAT, GSHOx, and POD) of
PdPtCu nanozyme, cellular oxidative stress was enhanced and
the tumor hypoxia was relieved. Then, the synergistic thera-
peutic effects transformed immunosuppressive TME into
immunogenic TME, which was further enhanced via ER
stress-induced strong ICD. During the treatment, the IDO-
mediated Trp/Kyn immune escape pathway in TME was dis-
turbed by the NLG919, which profoundly promoted the activity
of effector T cells (Fig. 4d). In another study, Wang et al.
investigated the synergistic anticancer effects of ceria nano-
zymes and PDT.**” ER-targeted PDT performed by erythrocyte
membrane-camouflaged ceria nanozymes amplified the induc-
tion of ICD through ER stress, while its payload, 1-MT, acted as
an IDO inhibitor to inhibit Trp catabolism. Meanwhile, ceria
nanozymes possessed multienzyme-like properties, promoting
oxidation under acidic TME conditions and antioxidation
under neutral or alkaline conditions. The tumor-targeted
prooxidation property of ceria nanozymes enhanced the PDT
efficacy and antioxidative behavior in healthy tissues such as
the kidney. In organotypic brain slices of glioblastoma, the
upregulation of the surface markers and maturation markers of
DCs indicated that a robust immune response was induced.
Among essential amino acids, Met assumes a paramount
role in both survival and functions of T cells.*® Recent inves-
tigations have unveiled that cancer cells, particularly tumor-
initiating cells, display prominently heightened activity within
the Met cycle and demonstrate reliance on exogenous Met. Tam
et al. reported a case that upon discontinuation of Met supple-
mentation, tumor-initiating cells lost their tumorigenic cap-
ability upon reintroduction into a normal environment, which
resulted in a remarkable decrease in tumor load, reaching up to
94%.%°° In order to alleviate the metabolic burden in the face of
elevated Met cycle flux, malignant cells can replenish their Met
pool through a Met salvage pathway by utilizing polyamine
metabolism.?*® Cancer cells possess the capability to mitigate
functions of T cells through direct competition for Met.*"*
Deficiency in Met may lead to functional impairments and
even death in the majority of T cells. To deal with this problem,
Qu et al. constructed a sequential positioned MOF nanotrans-
former to restrain the open source and reduce the reflux of Met
to exhaust the Met pool (Fig. 4e)."®® The cancer cell membrane
coating endowed M;ooBM NPs with the ability to target the
homotypic tumor site. Endocytosed M;9oBM NPs were capable
of subsequent degradation within the cytoplasm and liberation
of system L transporter inhibitors, thus impeding Met uptake.
Moreover, M199BM exhibited SOD-like activity, generating *OH
that oxidized polyamines, thereby depleting the Met pool in a
dual-action approach. It is noteworthy that the metal ions and
ligands released by M199BM underwent time-dependent reor-
ganization with spermine/spermidine within both the cyto-
plasm and nucleus, effectuating continuous localization of

9124 | J Mater. Chem. B, 2024, 12, 9111-9143

View Article Online

Journal of Materials Chemistry B

the M199BM. This intracellular trafficking route aligned well
with polyamine distribution, facilitating polyamine oxidation
and intracellular Met depletion. The deprivation of Met in
cancer cells bolstered the infiltration of CTLs and helper T
cells (Th), thereby realizing enhanced cancer immunotherapy.

4.4. Targeting lipid metabolism

Certain lipid metabolites, including PGE,, possess the capacity
to function as immunosuppressive agents and modulate
immune responses. Under pathological conditions, arachido-
nic acid (AA) originating from membrane phospholipids have
the potential to disturb intracellular oxidative stress.>'* Conse-
quently, Therapies targeting lipid metabolism are emerging as
groundbreaking approaches in cancer treatment, offering
unprecedented opportunities for effective cancer management.
Strategically designed nanozymes can mediate cascade reac-
tions to disrupt lipid metabolism processes by delivering
metabolic modulators and leveraging their inherent enzyme-
like activity, which paves new directions for restoring antitumor
immunity.

Cyclooxygenase-2 (COX-2) has been validated as an impor-
tant factor in immunosuppression by facilitating the metabo-
lism of AA and elevating PGE, levels within tumor cells.
Elevated COX-2 expression impedes the migration of DCs while
promoting the accumulation of MDSCs and inducing M2
polarization.””*7>'> Consequently, cancer immunotherapy stra-
tegies centered around COX-2 inhibitors hold substantial ther-
apeutic potential.>'® Building upon previous research, Wang
et al. introduced aspirin (ASA) and doxorubicin (DOX) onto
Au@HMnMSNs, enabling the combination of CT and CDT
within nanozymes (Fig. 5a).”'” Elevated intracellular levels of
GSH instigated the degradation process within nanoreactors,
resulting in the prompt liberation of Mn>* specifically within
cancer cells. Prior investigations have demonstrated that Au
NPs exhibit catalytic GOx-like activity, facilitating the break-
down of glucose and generating H,0,, thereby intensifying the
Fenton-like reaction mediated by released Mn>". Simulta-
neously, the utilization of GSH promoted the generation of
ROS. Additionally, the elliptical structure of tadpole-shaped
Au@HMnMSNs avoided the deactivation of Au NPs caused by
robust protein adsorption. Concurrently, the incorporation of
ASA synergistically augmented CDT and CT by suppressing
PGE, expression and inducing ICD, which amplified the effi-
cacy of antitumor immunotherapy.

Lipid peroxidation stands as the primary hallmark of fer-
roptosis, with particular emphasis on the role of polyunsatu-
rated fatty acids binding to the cytoplasmic membrane.**!
Recent investigations have highlighted the release of IFN-y by
T cells, which, when joining up with arachidonic acid, syner-
gistically activates ACSL4, thereby inducing ferroptosis in
tumor cells.**> ACSL4 assumes the responsibility of converting
AA into AA CoA, participating in the synthesis of membrane
phospholipids. Augmenting the content of AA in tumor tissue
can effectively trigger ACSL4-mediated IFN-y-induced immuno-
genic ferroptosis.”*>** In pursuit of this goal, Wang et al.
reported a novel six-enzyme co-expressed composite

This journal is © The Royal Society of Chemistry 2024
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diagram of the pyroptosis-cuproptosis synergistic immunotherapy of CQG nanozymes in cancer treatment. Reproduced with permission.?2° Copyright

2023, Wiley-VCH.

nanoplatform that could not only induce initial immunogenic
tumor ferroptosis through its own multienzyme-like activities,
but also upregulate AA expression to synergize with CD8" T cell-
derived IFN-y to induce ACSL4-mediated immunogenic tumor
ferroptosis (Fig. 5b).”'® Phospholipase A2 (PLA2) and lipoxy-
genase (LOX) were loaded on FeCo/Fe-Co dual-metal atom
nanozyme (FeCo/Fe-Co DAzyme) with intrinsic multienzyme-
like activities similar to natural OXDs, GSHOxs, CATs, and
PODs to form the ultimate nanocomposites. During the treat-
ment procedure, the liberated O, triggered by the nanoreactor
subsequently reacted with free AA derived from phospholipids
catalyzed by PLA2, leading to the generation of AA hydroper-
oxides (AA OOH), which would be ultimately produced into a
substantial quantity of singlet oxygen (*0,) through the Russell
mechanism. Combining with the multiple ROS storms, GSH/
GPX4 depletion, LOX catalysis, and IFN-y-mediated ACSL4
activation, irreversible cascade immunogenic tumor ferroptosis
was achieved. In vivo, the percentage of mature DCs and

This journal is © The Royal Society of Chemistry 2024

secretion levels of pro-inflammatory cytokines were obviously
increased in the FeCo/Fe-Co DAzyme/PL + oPD-L1 group, thus
revealing the effectiveness of the immunotherapy.

4.5. Targeting metal metabolism

Metal ions, encompassing Ca>", Mn**, Fe*”*", and others, play
indispensable roles in diverse biological processes, including
metabolism and immune homeostasis relevant to tumor occur-
rence and treatment.*****” Nanozymes typically dissolve during
catalytic processes, releasing their metallic components.
These ions not only participate in critical redox reactions
essential for catalytic activity but also disrupt the homeostasis
of endogenous metal ions, thereby mediating cellular damage
and triggering immune responses.”*® The rate and extent of
dissolution may be influenced by factors such as pH, tempera-
ture, and the presence of biological ligands or ROS in the

microenvironment.?*°
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Throughout the onset and progression of cancer, malignant
cells demonstrate heightened susceptibility to the modulation
of Ca** when compared to their normal counterparts. The
induction of calcium overload may instigate mitochondrial
dysfunction, elevated levels of ROS, impairment of cell mem-
branes and organelles, as well as disruption of the cytoskeleton,
thereby culminating in tumor cell death while triggering
immune responses.>*® Notably, certain investigations have also
indicated that Mn>" can stimulate DCs’ maturation and polar-
ization of macrophages towards the M1 phenotype by serving as
an activator of the cyclic GMP-AMP synthase/stimulator of
interferon genes (cGAS-STING) pathway.>*' Hence, the prospect
of employing a dual-ion therapy involving Ca>* and Mn®" holds
great promise for tumor treatment. Tang et al. wrapped CaCO;-
loaded MnO, NSs with B16F10 cell membranes to create a
“dual-ion overloading nanoregulator” (Fig. 5¢).>'° The degrada-
tion rates in PBS solutions showed the low pH-responsive and
-dissociable characteristics, which was in line with the weakly
acidic TME. MnO, served not only to elevate cytoplasmic Mn**
levels and deplete GSH but also enhanced activation of the
cGAS-STING pathway by mitigating tumor hypoxia and engen-
dering ROS through its inherent enzyme-like activities. Mean-
while, CaCO; mitigated acidification of the TME by neutralizing
protons within tumor cells, thereby reshaping the TME and
fostering intracellular oxidative stress. The mitochondria and
ER represented the primary reservoirs of intracellular calcium
and the principal loci for ROS production. Under the enhanced
influence of loaded curcumin (CU), released Ca®" disrupted
calcium homeostasis within both mitochondria and the ER.
This disruption led to reduced ATP generation within mito-
chondria and ER stress, ultimately causing severe oxidative
damage to tumor cells. This process strongly induced ICD
and prompted macrophages to shift from an M2 to an M1
phenotype, activating sustained immune clearance responses
in vivo.

As an essential micronutrient within the human body,
copper is intimately associated with a multitude of signaling
pathways and tumor-related biological behaviors. Researchers
have unveiled a novel copper-dependent form of programmed
cell death, termed “cuproptosis”,*** which has been demon-
strated to be reliant on mitochondrial respiration and exists
independently of apoptosis, ferroptosis, and necroptotic death.
Cuproptosis is initiated by the direct binding of surplus copper
ions to lipoylated constituents of the TCA cycle within mito-
chondria. This binding event promotes the aggregation of
dihydrolipoamide S acetyltransferase (DLAT), leading to the
subsequent degradation of iron-sulfur cluster proteins and
triggering a toxic response that culminates in cellular death.
The utilization of copper chelators to reduce copper bioavail-
ability, and the employment of copper ion carriers for the
facilitation of copper delivery into cells both can augment
intracellular copper levels to induce cuproptosis.>** The clinical
applications of copper carriers are presently limited due to their
comparably lower biocompatibility and stability. Consequently,
it is imperative to develop copper ion carriers possessing
favorable safety, stability, and selectivity. Li et al designed
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enzyme-like self-destructive copper-quinone-GOx nanoparticles
(CQG NPs) to induce the first proposal and verification of the
synergistic effect arising from pyroptosis and cuproptosis in
cancer immunotherapy (Fig. 5d).>?° Due to the instability of the
copper-quinone coordination bonds in nanozymes, they could
be destroyed and degraded by GSH, releasing a large amount of
copper ions in the process. CQG NPs inhibited the expression
of NQO1 and NRF2 proteins by depleting GSH and generating
abundant oxygen. Additionally, their SOD-like activities facili-
tated the conversion of endogenous ROS into plentiful H,O,.
Under the dual stimulation of a weakly acidic TME and elevated
levels of H,0,, the CQG NPs exhibited heightened POD-like
activities, ultimately triggering robust ferroptosis by inhibiting
the NRF2-NQO1 antioxidant signaling pathway. Simulta-
neously, the degradation of the CQG NPs within the TME
released copper ions, which further depleted endogenous cop-
per chelators GSH and enhanced cuproptosis synergistically
with enzyme-like activities. The synergistic therapy effectively
converted M2 into M1 and inhibited Tregs within the TME.
Importantly, the number of effector memory T cells (Tem) and
central memory T cells (Tcm) significantly increased, indicating
that the nanozymes induced long-term immune memory
effects.

4.6. Targeting NADH metabolism

In tumor cells, the NADH/NAD" redox pairs play a more pivotal
role as vital coenzymes in cellular metabolism, contributing to
the maintenance of energy equilibrium and the regulation of
diverse biochemical reactions.>** During the glycolysis process
in tumor cells, glucose is metabolized into two molecules of
pyruvate, generating 2 molecules of NADH in this process.
These NADH molecules subsequently participate in mitochon-
drial oxidative phosphorylation, where they serve as electron
carriers in the electron transport chain. These electrons are
ultimately used to reduce oxygen to water, while ATP synthase
utilizes the proton gradient to generate ATP.**> Consequently,
the disruption of NADH metabolism and the perturbation of
NADH/NAD" homeostasis can effectively impair ATP produc-
tion, representing a viable strategy for combating cancer.”*®
Nanozymes exhibiting NOX-like activity may disturb intra-
cellular NADH/NAD' cycling, consequently interfering with ATP
synthesis and destabilizing cancer cells. Oxygen vacancies
(OVs) is a novel and effective tool for regulating the highly
reactive free radicals in the TME.**” Research has shown that
defect engineering methods can organize and enrich activated
catalytic sites in nanomaterials, thus simulating artificial
enzymes in a biological environment.>*® The coexistence of
defects and OVs can serve as synergistic active sites, promoting
the efficient production of nanozymes. To this end, Zhao et al.
employed an oxygen-deficient molybdenum oxide (MoOx)
nanostructure to deliberately induce substitutional defects via
Cu doping, resulting in the formation of a Cu-doped MoOx (Cu-
MoOx) nanozyme with a concurrent abundance of OVs and
copper substitutions.”®® The defect-engineered nanozyme
demonstrated high catalytic performance through the simula-
tion of multiple enzyme activities, including POD, OXD, and

This journal is © The Royal Society of Chemistry 2024
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NOX. Subsequently, R848 was incorporated into tumor cell
membrane-coated CMO nanozymes to construct engineered
nanosystems (CMO-R@4T1). This CMO nanozyme-mediated
photodynamic immunotherapy cascaded ROS generation
and disrupted the balance of NADH/NAD' through utilizing
NOX-like activity to induce ATP synthesis inhibition, thereby
promoting apoptosis of tumor cells to facilitate ICD and
DC maturation. This, in turn, facilitated the accumulation
of CTLs and helper T cells in primary and metastatic
tumors with the help of R848, thereby augmenting systemic
primary tumor ablation and impeding cancer metastasis to
distant sites.

5. Nanozymes for combination cancer
immunotherapy

In recent years, nearly 90% of cancer-related deaths have been
attributed to metastasis rather than primary tumor growth.>*°
Immunotherapy has shown promising prospects in treating
metastatic tumors by enhancing the immune defense mecha-
nism against tumors and modifying the immunosuppression
in the TME. However, the response rate of single-mode immu-
notherapy is low. Nanozyme mediated metabolic disruption of
tumor cells has been shown to induce immune responses,
however, its intensity and magnitude remain limited for effec-
tive tumor eradication.”*' Therefore, the pursuit of multimodal
synergistic treatment strategies to enhance antitumor immu-
notherapy is of great significance. Various external stimulus
therapies, such as phototherapy (PT), SDT, RT, CT, gas therapy
(GT), and magnetic therapy (MT), have been demonstrated to
assist in the metabolic disruption of tumor cells by
nanozymes.>*>*** Furthermore, they synergistically promote
the eradication of cancer cells and enhance the efficiency of
subsequent immune response activation. This section aims to
elucidate the role and mechanisms of external therapy-assisted
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nanozyme-mediated combination immunotherapy in cancer
treatment.

5.1. PT-assisted nanozymes

As a potent strategy for achieving tumor ablation, PT has
garnered considerable attention in recent years owing to its
exceptional targeting specificity, non-invasiveness, and spatio-
temporal controllability. Nonetheless, PT, such as photother-
mal therapy (PTT), has demonstrated inherent limitations as a
standalone intervention, including restricted therapeutic effi-
cacy against deep-seated tumors, an inability to eradicate
multiple tumor lesions simultaneously, and the potential for
drug resistance following prolonged use.>** PT and nanozyme
therapy are considered complementary, as the light modality
demonstrates outstanding tunability and sensitivity in precisely
targeting tumors, while nanozymes can overcome inherent
light penetration deficiencies of deep-seated tumors through
drug delivery and disrupting tumor metabolism internally. In
recent years, diversified collaborative therapeutic strategies
which integrates PT with nanozymes has been extensively
investigated and has exhibited a remarkable capacity to aug-
ment the efficiency of immunotherapy. They culminate in a
“1 + 1 > 2” synergistic therapeutic effect. This section fur-
nishes a comprehensive synthesis of the fusion of PT with
nanozymes in cancer immunotherapy (Table 2).

5.1.1. Combination immunotherapy of nanozymes and
PTT. PTT harnesses photothermal agents to generate elevated
temperature upon laser irradiation, facilitating the ablation of
tumor cells, thereby activating the immune system.>** Further-
more, the generated localized heat not only induces elevated
temperatures but also enhances the catalytic reactions of
nanozymes, thereby further contributing to the destruction of
tumor cells and stimulating immune responses.”>* In contrast
to individual PTT, the combination therapy of PTT and nano-
zymes typically necessitates lower temperature, as elevated
temperature resulting from the approach bolster immune

Table 2 Representative PT-assisted nanozymes for combination cancer immunotherapy

Nanozyme
components Cargos Synergistic effects Models Ref.
PTT- Cu@Fe,C@mSiO, R848, Immune activation, photothermal catalytic Subcutaneous 4T1 tumor-bearing Balb/c mice; 245
assisted ICG  treatment metastatic 4T1/B16F10 tumor-bearing Balb/c mice;
nanozymes metastatic 4T1/B16F10 tumor-bearing C57BL/6]
mice
Fe;0,@Cu, ,Se — M2 polarization to M1, ICD induction 4T1 tumor-bearing BALB/c mice 246
AuPtAg GOx  oPD-L1 combination, hypoxia relief, heat resistance Bilateral 4T1 tumor-bearing Balb/c mice 247
reduction to enhance PTT
AuNR@CeO,/ JQ1, Enhanced hyperthermia accompanied by a large  4T1 xenograft tumor-bearing BALB/c mice 248
AuNP RhB  amount of ROS generation leading to pyroptosis,
ICB combination
RuTe, GOx, Trimodal synergistic induction of ICD 4T1 tumor-bearing mice 249
TMB
PDT- CMZM Ce6  Hypoxia relief, multimodal guided enhanced BALB/c mice with 4T1 cells 250
assisted immunotherapy
nanozymes CNPs CPBA Ferroptosis, PD-L1 inactivation, suppression of MB49 tumor-bearing C57BL/6 mice 251
immunosuppressive factors and M2-TAMs
AuP-nPt ATO, Blocking oxygen metabolism and enhancing PTT- C57 mice with LLC cells 252
IR780 induced ICD
This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024,12, 9111-9143 | 9127
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defenses by recruiting a greater number of immune cells and
augmenting the permeability of tumor cell membranes.
Currently, the catalytic reactions of the majority of nano-
zymes predominantly rely on Fenton-like reactions. For exam-
ple, iron carbide, characterized by its exceptional magnetic
properties, photothermal conversion capabilities, and POD-
like activity, can serve as a contrast agent for MRI, as well as
a therapeutic agent for PTT and CDT. An iron carbide based
immunomodulatory system has been devised for real-time
visualization and synergistic cancer therapy.>*> Phase change
materials [PEG/lauric acid (LA)] exhibited dual-responsive beha-
vior to temperature and pH, enabling more effective and
controllable release of R848. Guided by MRI/NIR-II dual-mode
imaging, the system achieved active targeting to tumor sites
through AS1411, promoting DCs maturation and enhancing the
functionality of CD8" T cells while suppressing the proportion
of MDSCs. Furthermore, preliminary evidence suggested that
this nanosystem may stimulate the ROS signaling pathway
STAT3. The overexpression of matrix metalloproteinases
(MMPs) in tumor tissues offers a promising avenue for aug-
menting the specificity of cancer therapy.”>® Accordingly, a
metal nanozyme assembled using gelatin as a template was
engineered (Fig. 6a).”*® Upon magnetic targeting and transport
to the tumor site, gelatin could undergo degradation by abun-
dant MMPs in the TME, leading to the conversion of nano-
zymes into small fragments. This process significantly
enhanced the permeability of treatment and MRI. Subsequent
NIR-II light irradiation not only induced effective PTT and
enabled photoacoustic (PA) imaging, but also significantly
amplified the Fenton reaction, thus inducing more lipid per-
oxidation and promoting ferroptosis in tumor cells by generat-
ing -OH and depleting GSH. The expression of CD80 and CD86
in the experimental group was significantly enhanced, while
the expression of CD206 was significantly reduced, indicating
that this synergistic effect polarized TAMs from the M2 type to
the M1 type. In animal experiments, the polarization of M2 to
M1 in tumors treated with the nanozyme under illumination
increased by 2.2-fold, 1.5-fold, and 2.7-fold, respectively, while
TNF-o increased by 1.4-fold and 1.2-fold, respectively (Fig. 6b).
The heat generated by photothermal conversion can also
enhance the catalytic activity of GOx-like nanozymes, providing
a basis for enhanced nanozyme-mediated ST.>*® Moreover,
enhanced ST accelerates the depletion of intracellular ATP in
tumor cells, significantly reducing ATP levels and thereby
suppressing the expression of protective heat shock proteins
(HSPs) during thermal stress in cancer cells, decreasing their
thermotolerance.”””*® In summary, combining PTT with
nanozyme-based ST helps reduce the required therapeutic
temperature for PTT to below 50 °C, achieving mild PTT
(mPTT), thus avoiding off-target effects and side effects on
normal tissues and optimizing tumor ablation.”® Li et al.
developed an AuPtAg-GOx nanozyme that exhibited mild photo-
thermal properties through the integration of ST, thereby
reducing the heat resistance of tumor cells and promoting
the antitumor immune response.**” AuPtAg Gox with CAT-
like activity exhibited a significant consumption of glucose in
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tumor cells, which further promoted ST and enhanced the
therapeutic effect of mPTT. The western blot results of the
treated 4T1 cells indicated that mPTT led to an increase in the
expression of HSPs in the control group, while the expression of
HSP70 and HSP90 in the AuPtAg-GOx group significantly
decreased. Meanwhile, the nanozyme resulted in an intensified
recruitment of TILs and a sensitized ICB therapy. As we known,
glucose consumption not only helps reduce intracellular ATP
levels but also mediates ICB based on decreased PD-L1 expres-
sion levels. Recently, bromodomain and extra-terminal (BET)
inhibitors like JQ1 also have garnered significant attention for
their same ICB function.?®® They disrupt the aberrant binding
of BET proteins (BRD2, BRD3, BRD4, and BDRT) with acety-
lated histones, halting the transcriptional activity of cancer-
promoting genes such as c-Myc.”®**> Emerging evidence
indicates that JQ1 mediates ICB therapy by directly downregu-
lating PD-L1 levels through reduced c-Myc transcription.>®*%*
This underscores its potential in modulating the tumor
immune microenvironment. Therefore, Tang et al. encapsu-
lated JQ1 inside a biomimetic mesoporous nanozyme that
utilized PTT to achieve enhanced immunotherapy by inducing
pyroptosis and suppressing immune resistance simultaneously
(Fig. 6¢).>*® In the presence of homologous cancer cell mem-
branes and RhB, this nanozyme enabled precise tumor target-
ing for FLI. CeO, catalyzed the in situ generation of H,O, to
induce glucose oxidation and ROS production within the
hypoxic TME, while GOx-like AuNPs induced high temperature
upon NIR irradiation via photothermal effects. By depleting
glucose, they amplified the thermotherapeutic effect under
hypoxic conditions, consequently inhibiting HSP70. The
enhanced thermotherapy, accompanied by abundant ROS gen-
eration, led to the release of cyt ¢ and activation of caspase 3,
thereby inducing pyroptosis.

Furthermore, increasing evidence supports the notion that a
rational combination of PTT with multiple treatment modal-
ities can significantly enhance the therapeutic efficacy of
immunotherapy. For example, thermal energy generated by
PTT enhances the enzyme-like activity, thereby augmenting
the efficacy of ST and CDT. ST generates H,0, and gluconic
acid, and with the increase in H,0, concentration and acidity
in the TME, the efficiency of the Fenton-like reaction is devel-
oped. Therefore, the combination of PTT with nanozymes
capable of mediating CT and ST simultaneously holds the
potential to induce a cascading amplification effect. Conven-
tional photothermal agents often exhibit side effects on normal
tissues due to their “always-on” capability. Zhu et al. utilized
RuTe, nanozymes as a platform to load GOx and TMB mole-
cules (RGT NRs).**® Oxidized TMB (oxTMB) exhibited robust
NIR photothermal properties when oxidized by *OH, resulting
in tumor-specific activation of PTT. PTT enhanced the con-
sumption of glucose and the production of ROS in tumors by
enhancing CDT, resulting in a large release of antigens and
triggering a systemic immune response. Following treatment
with oxTMB plus RGT and 808 nm laser irradiation, no evi-
dence of tumor metastasis was observed in the lungs of mouse
models, indicating that oxTMB in combination with NIR

This journal is © The Royal Society of Chemistry 2024
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VCH.

stimulation profoundly inhibited the growth of metastatic
tumors.

5.1.2. Combination immunotherapy of nanozymes and
PDT. As another form of PT, PDT depends on photosensitizers
to convert adjacent O, and H,O into cytotoxic ROS, thereby
inducing aberrant tumor cell death and augmenting the immu-
nogenicity of the TME.>*> PDT and POD-like nanozymes can
synergistically induce ROS storms and doubly activate immune
responses in TME. However, the activation effect of this combi-
nation therapy on DCs appears to be insufficient due to the
inadequate H,0, levels (50-100 x 10~° M) and the overexpres-
sion of GSH (1-10 mM) in the TME.>*® To deal with this
problem, Zhou et al. synthesized a multienzyme-like (SOD,

This journal is © The Royal Society of Chemistry 2024

CAT, POD, GSHOx) nano-immunomodulator (CMZM) to
enhance the disruption of ROS homeostasis in all aspects
(Fig. 6d).>>° Under the overexpression of GSH and acidic con-
ditions in the TME, CMZM expedited the release of manganese
ions and chlorin e6 (Ce6), facilitating the disruption of H,0,
equilibrium within the TME and the redox metabolism within
tumor cells. Simultaneously, it strengthened the 19F/1H T1-
weighted MRI and fluorescence imaging (FLI) of the tumor,
enabling precise tumor localization for real-time monitoring of
tumor growth during immunotherapy. In the 4T1 tumor-
bearing mice models, the polarization efficiency of M1 macro-
phages significantly increased in the CMZM + laser group.
Upon combination with oPD-L1, the tumor growth inhibition
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rates of primary and distant tumors were considerably
higher in the CMZM + laser group compared to the
control group, which indicated this approach overcame the
limitations of ICB therapy caused by insufficient immune
response in ‘“cold” tumors, achieving a significant leap in the
suppression of metastatic tumors. It is worth noting that 19F
NMR can also determine the POD-like activity and GSHOx-like
activity of CMZM (Fig. 6e), which represented a novel in vivo
application for monitoring the enzyme-like activities of
nanozymes.

Lowering PD-L1 expression may reduce immune inhibitory
signals for T cells, promoting recruitment and activation of T
cells, thereby enhancing immune response against tumors.>®”
The combination immunotherapy of nanozymes and PDT has
demonstrated significant impact by inducing PD-L1 deactiva-
tion to reverse and reshape the tumor immune microenviron-
ment into an immunostimulatory milieu. Liao et al. devised a
facile one-pot coprecipitation method for synthesizing
cluster-structured nanoparticles (CNPs) composed of Fe;O,
and iron chlorophyll (Chl/Fe) photosensitizers to treat blad-
der cancer.”®® CPBA was then utilized to modified CNPs to
enhance targeted delivery through biorecognition of highly
expressed glycoprotein receptors on cancer cells, thereby
boosting the Fenton reaction rate for CDT and lowering
cancer cells’ antioxidant capacity to sensitize them to sub-
sequent PDT treatment. Inspired by the transurethral BCG
treatment procedure, nano-photosensitizer intravesical
instillation was employed instead of systemic circulation
via intravenous injection. These locally delivered photosen-
sitizers can directly interact with bladder tumors, minimiz-
ing systemic dosing-related adverse effects. CDT-PDT
therapy significantly suppressed tumor growth, elevating
the survival rate of MB49-bearing mice from 0% to 91.7%.
Moreover, CDT-PDT exhibited potential in reducing immune
suppressive factors including PD-L1, IDO-1, and TGF-§,
thereby reshaping the immune microenvironment to prevent
tumor recurrence.

What’s more, the integration of PDT-based multimodal
treatment strategy has also been demonstrated to possess
superior performance in tumor immunotherapy. Cui et al
innovatively fabricated theragnostic photo-enhanced nano-
zymes probes (AP-HAI), which could be utilized for effective
treatment of lung cancer under NIR imaging guidance
(Fig. 6f).>>> The abundant amino groups in HAS not only
conferred biocompatibility to the probe but also enhanced
the affinity of ultra-small nPt nanozymes with H,0, by
hydrogen bonding, hence further boosting the catalytic ther-
apy with increased POD-like activity. The loaded ATO
impaired tumor respiratory metabolism, causing oxygen
retention and thereby enhancing the effectiveness of IR780-
mediated PDT. Catalytic therapy and PDT synergistically
promoted the production of a large amount of ROS in tumor
cells, leading to severe disruption of redox balance and
inducing ICD. Utilizing the photothermal properties of AuP
and ATO for photothermal surgery at the tumor site
enhanced blood perfusion, facilitated aggregation of
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endogenous immune cells and nanozyme probes, therefore
accelerating the ablation of lung tumors.

5.2. SDT- assisted nanozymes

SDT is an emerging cancer treatment modality that involves the
activation of low-intensity ultrasound (US) via sonosensitizers,
which generate toxic ROS and induce apoptosis in tumor cells.
Several studies have demonstrated that US-triggered SDT can
significantly activate immune responses through releasing
TAAs from the cells. Currently, SDT has demonstrated its
superior performance in exhibiting minimal invasiveness and
maximal tissue penetration depth.”*® The multimodal imaging
capability of nanozymes, combined with US imaging, provides
a robust tool for precise tumor localization and treatment. Also,
US serves as an activation trigger for precise initiation of
therapeutic responses for its high penetrative power and flex-
ible controllability. Consequently, there is a growing focus on
collaborative treatment strategies that combine SDT with nano-
zyme technology.

Optimizing ROS production via TME regulation is impera-
tive to augment the effectiveness of SDT even further. On this
basis, the synergistic combination of CDT and SDT holds the
potential to yield enhanced ICD outcomes. Xue et al. synthe-
sized CoFe,0, nanoflowers (CFP) with multienzyme-like activ-
ities using conventional solvothermal techniques.”®® CFP,
acting as a highly efficient sound sensitizer, possessed a
narrower band gap, facilitating the separation of US-triggered
electron (e”)/hole (h") pair from the energy band and thereby
mitigating the challenges posed by widespread hypoxia within
the TME (Fig. 7a). This characteristic also contributed to
partially overcoming treatment resistance. Additionally, the
inherent redox properties of CFP, including Co*>*/Co®*" and
Fe*'/Fe®', exhibited robust Fenton-like and CAT-like activities.
Consequently, this combination enabled the generation of
abundant ROS while simultaneously relieving hypoxia. The
amplified cytotoxic ROS produced by the combination therapy
effectively induced ICD and repolarized M2 macrophages into
M1 phenotypes, synergistically inhibiting detrimental tumor
metastasis with ICB therapy (Fig. 7b).

The thermal effect plays an important role in the clinical
field of medicine for disease treatment. In addition to the
photothermal impact that is induced by light, various external
stimulators, such as US, can also elicit the generation of free
radicals for thermodynamic therapy (TDT) by activating diverse
substances.?”* Xue et al. incorporated AIPH onto the surface of
a ZrO,_,@Pt Schottky junction to optimize the band structure
of it and enhance the efficient production of ROS under US
activation (Fig. 7¢).>’® AIPH could be activated by US-induced
transient hyperthermia, leading to the self-decomposition and
the generation of alkyl radicals (Fig. 7d). Together with the ROS
generated during the US sensing process, this synergistic effect
augmented the oxidative stress level in tumor cells. Addition-
ally, Pt nanozymes with CAT-like activity sustainably produced
'0, during SDT by mitigating hypoxia in the TME. Significantly,
the nanotherapeutic system triggered the release of diverse
DAMPs through SDT-TDT combination therapy, which

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Combination cancer immunotherapy initiated by SDT-assisted nanozymes. (a) Energy level diagram of CFP and its mechanism diagram for
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activation effects of CAR T cell therapy. (f) Metabolomics analysis of tumor glycolysis to evaluate the GOx-like performance of APHA@CM. (g) Evaluation
of the enhanced antitumor effect of combination therapy mediated by APHA@CM on CAR T cell therapy using the HSA and Bliss additive models.

Reproduced with permission.?’* Copyright 2023, American Chemical Society.

demonstrated its potential as a potent inducer of ICD in
immunotherapy.

In recent years, extensive research has been conducted on
multimodal treatment strategies that synergistically combine
SDT with diverse therapeutic modalities. These approaches
have demonstrated remarkable synergistic effects in inducing
ICD. For example, Xue et al. immobilized GOx and the US
sensitizer IR780 onto the surface of PdPt NPs via covalent
bonding and electrostatic interaction respectively, to facilitate
PTT-enhanced SDT-ST combination therapy.””® The CAT-like
activity promoted SDT sensitization while exacerbating glucose
consumption. Simultaneously, its exceptional photothermal
conversion capability facilitated the thermal ablation of tumors
and elicited robust ICD under the synergistic influence of
the trimodal treatment. In another study, Liu et al. prepared
a HA-modified multienzyme-like nanoplatform based on Au
NPs and a hollow black TiO, nanosphere modified by carbon
dots (HABT-C@HA), which combined ST, CDT and SDT
together.””* The trienzyme-like (CAT, GOx, and POD) HABT-C
generated adequate oxygen to relieve hypoxia and facilitate ROS
production. Moreover, theoretical calculations and experi-
mental results indicated that the electron-rich sites present in
the TiO, lattice significantly enhanced electron-hole

This journal is © The Royal Society of Chemistry 2024

separation, reduced the surface adsorption energy of H,O and
0,, and improved ROS production efficiency under US irradia-
tion. This led to extraordinary oxidative damage to cancer cells.
Furthermore, immunohistochemistry, flow cytometry, and
gPCR analyses revealed a reduction in immunosuppressive
mediators and an augmentation in the infiltration of CTLs
after the treatment. These findings indicated that antitumor
immunity was effectively stimulated by the combination
therapy.

Moreover, SDT-assisted TME reprogramming can pave the
way for other immunotherapies. Chimeric antigen receptor
(CAR) T cell therapy is a groundbreaking cancer immunother-
apy that utilizes genetic modification and transformation of T
cells extracted from patients in vitro in order to achieve specific
recognition and effective eradication of tumor cells (Fig. 7e).>”>
Despite its remarkable success, the immunosuppressive micro-
environment of solid tumors hinders the efficacy of CAR-T cells.
Several approaches have been proposed to enhance the anti-
tumor efficacy of CAR-T cell therapy, including combining it
with other anticancer therapies to expand its clinical effective-
ness. Jiang et al. developed a CAR T cell membrane-
camouflaged multifunctional nanocatalyst (APHA@CM) to
improve it.>”' The CAR T cell membrane modified with
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a-CD19 single-chain variable fragment established an environ-
ment conducive to the specific elimination of NALM 6 tumor
cells by the nanozyme. PDA-coated AuNPs directly deprived
glucose, thereby suppressing the glycolytic metabolic pathway
and significantly reducing lactate efflux into the extracellular
environment (Fig. 7f), thus creating favorable conditions for the
proliferation and differentiation of CAR-T cells, while the
photothermal properties extended from the visible light region
to the NIR-II region, offering advantages for treating deep-
seated tumors. Furthermore, the incorporation of HRP enabled
hypoxia relief and enhanced the synergistic SDT-PTT induced
by Au/PDA NPs, thereby promoting ICD and establishing an
immunogenic TME. The findings suggest that APHA@CM
could augment the effectiveness of CAR T cell therapy for solid
tumors by reprogramming immune suppression and regulating
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the metabolic microenvironment (Fig. 7g). Moreover, multi-
modal imaging capabilities such as PA and NIR-II “turn on”
fluorescence facilitated precise regulation of the TME and CAR
T cell therapy.

5.3. RT/CT-assisted nanozymes

Currently, RT and CT are mainstream clinical interventions for
tumors. Besides their direct killing effects, both modalities can
trigger ICD via direct cytotoxicity.>**”® When combining them
with nanozyme technology, they can enhance the effectiveness
of nanozyme-mediated cancer immunotherapy by altering
tumor tissue vascular permeability, increasing H,O, levels in
the TME, and modulating the composition of immune cells
within the TME. In return, nanozymes effectively leverage their
unique physicochemical properties to engage in a series of

a
& aPD-L1
' /—-, a 3
poige” A \
. D : =
CD8* T cel
.
3 . NG
) Tumor cells . N ~°9‘§f§ﬁ@
Primary Tumor Inflammation & TME Regulation & Distal/Metastatic
APV Accumulation by Monocyte Radiosensitization Tumor Inhibition
Control 2 Gy+APV
b Koo 8x10° c
s *okk
3 80 L —— =
E * 6x10°: > X
3
§ 60 — . 5
2 o 4x10° =
£ 40
:‘_, 2 * 2x10°
8 = 0
Control  Inactivated VNP \nacta® d\"‘ va\ed\l :
g6 3000
8 *okok ko
24 a
£ g 2000
2 s
3 =
RE3 w 1000
2
:
[=]
o0 T T T * T T
Control APV 2 Gy+APV Control APV 2 Gy+APV
HMGB1 PD-L1
d e e
Tumor
TAAuptake . . ~
Oy F °
/- d ﬁ
Uptake e
1 bc
) / g 3
ph- unsm‘x * A~ :Z: é
GSH ; DSF OC“? metaoasis¥ 8=
o

OH H.0, GSH o mm:) \ Antigen presentation
A~ * and T cells priming
PD-L| +

Cytosol |

——
e Apopros:s aml
Lymph node

Immune attack

=9 0@

cn aPD-L1 Tumor cell moscy  Treg}  cTLp

/ HMGB1 PD-L1

E 3

@
&
8

over PBS (%)
o n

5

8

Relative fold change

- vae = . +

3
8

Nk 98° gos? ?35 goﬁ? pas Os? ?\&5 J)s?
o coc‘* goo"\ O

Fig. 8 Combination cancer immunotherapy initiated by RT/CT-assisted nanozymes. (a) Schematic diagram illustrating the alleviation of hypoxic
microenvironment by APV and its promotion of antitumor radioimmunotherapy. (b) Tumor-specific delivery of APVs by monocytes and the influence of
X-rays on the delivery efficiency. (c) Comparison of immunofluorescent staining of the B16-F10 tumors microenvironment following initial X-rays
irradiation with the control group without X-rays irradiation. Reproduced with permission.2”® Copyright 2023, Wiley-VCH. (d) Schematic diagram of the
collaborative chemodynamic/chemo-immunotherapy mediated by CuCH NCs. (e) Analysis of ICD biomarkers induced by the CuCH-NCs/DSF
combination in 4T1 cells. Reproduced with permission.?®® Copyright 2022, Wiley-VCH.

9132 | J Mater. Chem. B, 2024, 12, 9111-9143 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00769g

Open Access Article. Published on 23 August 2024. Downloaded on 3/15/2026 7:08:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

biochemical reactions with active substances in the TME,
thereby modulating the TME and achieving biochemical sensi-
tization within tumors.”” The foremost challenge confronting
RT and CT is tumor hypoxia, which not only hampers the
treatment efficacy but also indirectly fosters immunosuppres-
sion in cancer, thereby impacting therapeutic outcomes.”
Thus, in situ oxygen-generating nanozyme system for synergis-
tic RT/CT may offer a promising avenue to overcome this
hurdle.

Bacteria-mediated drug delivery strategies is a prominent
research focus within the field of drug delivery.>”” Significantly,
bacterial carriers have the capacity to stimulate the immune
system and augment the synergistic therapeutic impact on
tumors when combined with other treatment modalities such
as immunotherapy and RT.>’® Yang et al. developed a special
bacterial carrier by coating the surface of VNP20009 with AuPt
bimetallic nanozymes (APV).””® The hybrid nanozymes pos-
sessed high CAT-like activity and demonstrated excellent radio-
sensitizer effects (Fig. 8a). The resultant activation of the cGAS-
STING pathway and subsequent production of inflammatory
cytokines enhanced the antitumor immune activity. Upon
injection into the bloodstream, inactive VNP20009 bacteria
were primarily engulfed by CD11b" immune cells and subse-
quently accumulated in the tumor areas (Fig. 8b). Pre-
irradiation of the tumor with low-dose X-rays (2Gy) after injec-
tion facilitated the efficient targeted transmission of APV by
immune cells through tumor inflammation (Fig. 8b and c).
Results demonstrated that the enhanced APV transmission
could augment RT and ICB therapy. Moreover, it led to a
significant increase in the proportion of infiltrating CD8" T
cells in the TME.

The combination of chemotherapeutic drugs and nano-
zymes also has infinite potential in synergistic complementa-
tion towards antitumor effects.>®* Deng et al. reported a self-
oxygenation/degradable inorganic nanozyme reactor (CDSDM
NR) that can effectively alleviate tumor hypoxia for enhancing
the sensitivity of chemo-immunotherapy.”®> CaO, underwent
significant hydrolysis to produce H,0,, which acted as a “fuel”
and decomposed through a shell to generate oxygen in the
presence of MnO,. In vivo experiments substantiated the effi-
cacy of CDSDM NRs in mitigating hypoxia in mice bearing
B16F10 tumors. In combination with CTLA-4, these nano-
particles demonstrated the ability to enhance CTLA-4 mediated
ICB and facilitated intratumoral expansion of CD8" T cells,
while concurrently diminishing the population of Tregs.
Simultaneously, it was observed that DOX fostered optimal
maturation of DCs, thereby exerting a further reversal of the
immunosuppressive TME. ICB has been clinically employed as
an effective strategy for treating malignant tumors, yet it still
faces challenges in achieving high response rates due to
insufficient PD-L1 expression on certain tumor cells, such as
triple-negative breast cancer (TNBC).>®* To deal with this pro-
blem, Chen et al. successfully synthesized individual albumin
nanocages (CuCH NCs) through albumin template biominer-
alization using pH-activated POD-like proenzymes (Fig. 8d).>*°
The acidic TME triggered the release of a substantial amount of

This journal is © The Royal Society of Chemistry 2024
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Ccu®*, while non-toxic DSF formed chelates with Cu®" in situ,
resulting in the synthesis of Cu (DETC),. This led to a signifi-
cant enhancement in cytotoxicity and subsequent CT-induced
damage. Additionally, Cu** was spontaneously reduced by GSH
to Cu', which acted as a catalyst for H,O, to generate *OH,
thereby inducing chemodynamic damage to cells. The syner-
gistic effect of CuCH-NCs/DSF promoted tumor cell apoptosis
and cuproptosis, enhanced the ICD effect (Fig. 8e), and upre-
gulated PD-L1 expression in 4T1 breast tumor models, con-
firming the efficacy of combination therapy to enhance PD-L1
expression for in vivo ICB therapy, thereby enhancing the
therapeutic efficacy against TNBC.

5.4. GT- assisted nanozymes

GT utilizing gas molecules is an immensely promising treat-
ment modality in the field of nanomedicine. The innate low
toxicity of gas molecules obviates the possibility of systemic
toxicity, thus rendering GT as a ‘“‘green” selective cancer treat-
ment approach.”®® Certain gas molecules, namely O,, can
facilitate attenuation of cancer treatment resistance and ame-
lioration of drug delivery efficacy. Other gas molecules, such as
hydrogen sulfide (H,S), nitric oxide (NO), and carbon monoxide
(CO), function as vital physiological signaling molecules
responsible for homeostasis maintenance within the human
body. This section elucidates the outcomes of GT-assisted
nanozyme-mediated cancer immunotherapy.

Considered a fundamental aspect of the TME, hypoxia
impairs the functionality of immune cells and severely curtails
the effectiveness of certain cancer therapies. Yang et al. have
evidenced that Hyperbaric oxygen (HBO) therapy can effectively
surmount solid hypoxia in tumor tissue, not only augmenting
the likelihood of drug penetration into tumors but also aiding
PDT to induce ROS production in tumor cells.**>?*%® To explore
the enhancing effect of HBO on CDT, they utilized probiotic
EcN and supplemented it with Na,SeO; during its cultivation
process, prompting the bacteria to secrete Se NPs in the form of
outer membrane vesicles (Se@OMV) (Fig. 9a).>®” Upon targeted
delivery to tumor cells, Se@OMYV acted as a nanozyme facilitat-
ing electron transfer from GSH to O,, resulting in the genera-
tion of *O, . HBO promoted the catalysis of GOx, thus inducing
oxidative damage to tumor cells and triggering strong ICD. By
synergistically leveraging the immune-stimulatory effects of
EcN, the treatment substantially boosted the immunogenicity
of tumor cells and significantly enhanced the infiltration of
CTLs, thus facilitating ICB treatment and eliciting long-term
immune memory (Fig. 9b).

As crucial gaseous signaling molecules in the human body,
H,S possess distinctive therapeutic properties against cancer.
Nonetheless, unregulated generation may result in deleterious
cytotoxic effects.”*' The fabrication of responsive nanocarriers
serves to enhance the targeted transportation of gas to tumor
regions, thereby mitigating the potential hazards associated
with gas toxicity. For example, Shen et al. devised a hybrid
nanozyme that exhibited metalloprotein-like properties by
inducing the in situ growth of iron sulfide in GOx (FeS@-
GOx).>*> GOx boosted the CDT induced by FeS, thereby
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expediting the cascade generation of *OH, while gluconic acid
effectively lowered the intracellular pH, further facilitating the
degradation of FeS and ensuing release of H,S. The presence of
H,S repressed the activity of ROS scavenging enzymes (such as
TrxR and CAT) and culminated in the accumulation of ROS in
tumor cells, thus promoting ICD.

In addition to H,S, NO also plays multiple roles as a
signaling molecule in tumor therapy. Arginine functions as a
prodrug which undergoes oxidation to generate NO. Liu et al.
synthesized chiral Ru nanozymes via the coordination of Ru
nanozymes and arginine.””®> Through simultaneous modula-
tion of OXD and nitric oxide synthase (NOS) activity, these
nanozymes, especially r-Arginine@Ru nanozymes, exhibited
rapid generation of 10, and O, and subsequently induced
abundant production of NO, which effectively activated 5’-
AMP sensitized protein kinases and the NF-kB pathway, thereby
enhancing M1 phenotype polarization. The observed reduction
in GPX4 levels and apoptotic protein (Bcl2) in tumor cells
suggested that excessive 0, induced both tumor cell apoptosis
and ferroptosis, thus achieving a synergistic ‘“‘cocktail therapy”
for antitumor treatment in conjunction with NO. Oxidative
stress can induce mitochondrial protective autophagy, thereby
reducing oxidative damage to mitochondria.*** Fortunately,

9134 | J Mater. Chem. B, 2024, 12, 9111-9143

studies have shown that NO can modulate protective autophagy
induced by external stimuli by inhibiting autophagosome for-
mation, thereby assisting in maximal inhibition of ATP produc-
tion in response to intracellular oxidative damage.>*> In
another study, sodium nitroprusside (SNP) as another prodrug
of NO were encapsulated within a hollow Mo-doped Cu9S5
nanozyme (CuMo-SNP).?*® The variable metal pairs (Cu™*",
Mo*"®*) imparted CuMo SNPs with POD and GSHOx-like
activities, which synergistically enhanced intracellular oxidative
stress on mitochondria. As a GSH-responsive NO donors, the
continuous production of NO by SNP hind ed the formation of
autophagosomes, leading to detrimental effects on the protec-
tive autophagy process of mitochondria (Fig. 9¢), which con-
tributed to reduced ATP levels in tumors (Fig. 9d), thereby
inhibiting the synthesis of HSPs and amplifying the effective-
ness of mPTT. Additionally, the ROS/NO-mediated mPTT
demonstrated a significant increase in recruiting TILs and
suppressed distant tumors in combination with oPD-L1.

CO is a vital mitochondrial-associated neurotransmitter. CO
treatment of cancer cells accelerates the second phase of
mitochondrial respiration, which is the principal oxygen-
consuming stage.>*® Consequently, cancer cells are compelled
to consume more oxygen for energy production. This metabolic

This journal is © The Royal Society of Chemistry 2024
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process results in mitochondrial depletion and ROS generation,
thereby imparting pro-apoptotic effects that lead to cancer cell
death. Jiang et al. developed a MnCO-loaded porous Pd-C
SAzyme covered by 4T1 cancer cell membrane which can
sensitize FLASH radioimmunotherapy (Fig. 9¢).”** MnCO was
triggered by the overexpression of H,0, within tumor cells,
resulting in the generation of CO and the induction of mito-
chondrial apoptosis. The liberated Mn** along with Pd-C
SAzyme possessing trienzyme-like activities (CAT, POD and
GSHOXx) synergistically acted to induce ROS amplification and
provoke tumor cell ferroptosis, converted immune-cold tumors
into immune-hot tumors, substantially increased the level of
CD8" T cells and impeded tumor recurrence.

5.5. MT- assisted nanozymes

The utilization of magnetic fields in cancer treatment has
exhibited promising outcomes, demonstrating their potential
as an adjuvant therapy. The application of an external magnetic
field can impose a magnetic force on the magnetic materials
and deliver them to the tumor areas.?*” When subjected to an
alternating magnetic field (AMF), the magnetic materials gen-
erate heat, elevating the local temperature of the tumor tissue
to over 43 °C, thereby eradicating heat-sensitive tumor cells and
achieving targeted therapeutic effects, with minimal impact on
adjacent normal tissues and cells.**® Furthermore, in the last
decade, scientists have made considerable progress in cancer
treatment by utilizing magnetic fields to instigate a novel facet
of “mechanical stimulation”.>*® Under an external magnetic
field, the magnetic manipulation of magnetic materials can
exert mechanical tension on the cancer cell membrane and
organelles, stretching the cytoskeleton, activating ion channels
or signal pathways, and transmitting signals to the target cell
structure to induce apoptosis and necrosis of cancer cells.
Because the cell contents liberated by destroyed tumor cells
help to enhance the immune response, the efficacy of antitu-
mor immunotherapy can be improved by utilizing magnetic
nanozymes and their magnetic responses under an external
magnetic field. Li et al. developed a versatile immunotherapeu-
tic nanoplatform that achieved efficient tumor immunotherapy
through pyroptosis induction (Fig. 9f).>°® PEGylated platinum
nickel (PtNi) bimetallic nanomaterials (PPTNS) exhibited a
unique “trilobal” structure capable of inducing irregular hor-
izontal and vertical vibrations when subjected to an external
AMF, resulting in mechanical force (MF). Furthermore, the
magnetic hyperthermia therapy (MHT) triggered by AMF pro-
moted the release of metal ions, effectively enhancing the POD/
CAT-like activity, thereby generating a substantial amount of
ROS. The dual effect successfully triggered pyroptosis, leading
to immune cell recruitment and simultaneous activation. The
increase in cytokine concentrations in serum further enhanced
the immunoregulatory effects, such as the upregulation of TNF-
o and IFN-y. Additionally, PPTNs also exhibited multimodal
imaging characteristics such as multispectral photoacoustic
tomography (MSOT) and MRI, which ensure both accuracy
and efficacy of treatment.

This journal is © The Royal Society of Chemistry 2024
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6. Conclusions and perspectives

Among the numerous cancer treatment modalities, immu-
notherapy emerges as the most efficacious and auspicious
strategy for impeding tumor recurrence and metastasis, while
concurrently augmenting the likelihood of achieving complete
tumor eradication. Nevertheless, the limitations of monother-
apy seriously hinder the effectiveness of contemporary immu-
notherapy interventions. The metabolic reprogramming of
tumor cells presents viable targets for the catalytic cancer
therapy mediated by enzymes. However, most standard
enzymes are globular proteins (with a small portion being
RNA) and constrained by their natural functions and regulatory
mechanisms, demanding high stability in catalytic environ-
ments and entailing costly extraction and storage. In contrast,
as a promising class of enzyme mimetics, nanozymes exhibit
catalytic activity akin to standard enzymes and can achieve
specific multifunctional catalytic activities and targeting
through design. They are able to maintain high stability in
complex in vivo environments, which also represents their
faster reaction rates and higher substrate conversion rates in
tumor catalytic metabolic therapy, thereby yielding superior
therapeutic efficacy. Furthermore, they are cost-effective to
manufacture, and support scalable production. Consequently,
nanozymes have emerged as reliable materials for the develop-
ment of next-generation cancer nanotherapeutic approaches.
This review delineates the particular mechanisms through
which nanozymes improve the effectiveness of cancer immu-
notherapy by disrupting metabolic processes and facilitating
synergistic therapy. Elaborate elucidation is provided regarding
how nanozymes intervene in six metabolic pathways: redox
metabolism, glucose metabolism, amino acid metabolism,
lipid metabolism, metal metabolism, and NADH metabolism,
which enables a potent reversal of the immunosuppressive
TME. What’s more, the practical application of multimodal
immunotherapeutic approaches is explored. By taking advan-
tage of the synergistic effects of these modalities, nanozymes
not only reverse immunosuppressive TME, but also signifi-
cantly enhances the therapeutic efficacy of current immu-
notherapy. Additionally, the integration of nanotechnology
with multimodal imaging technologies has greatly improved
the precision of treatment. The combination of nanozyme
technology and cancer immunotherapy can not only break
through the bottleneck of monomodal immunotherapy but
also further deepen the understanding of nanotechnology in
specific cancer immunotherapy.

Despite the notable progress made in this novel immu-
notherapy, there are still some challenges to be addressed
before achieving clinical translation. These include:

(1) Tumor cells possess numerous metabolic pathways
and exhibit a high degree of metabolic adaptability. In order
to minimize stress-induced damage, tumor cells can promptly
switch or activate alternative metabolic pathways when
encountering obstacles. Currently, synthetic nanozymes
exhibit a narrower range of metabolic regulatory functions
compared to the standard enzymes, primarily focusing on

J. Mater. Chem. B, 2024, 12, 9111-9143 | 9135


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00769g

Open Access Article. Published on 23 August 2024. Downloaded on 3/15/2026 7:08:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

redox metabolic processes. Future efforts may involve the
design or simulation of a diverse range of expanded enzyme-
like activities to diversify the types of nanozymes, thereby
coordinating and controlling more comprehensive metabolic
pathways. For example, nucleotide metabolism dysregulation
has a significant impact on almost all malignant cell activity
across different cancer types.*°® In addition to its typical role as
a substrate for nucleic acid biosynthesis, nucleotides also
provide fuel for a highly active series of processes within cancer
cells. Thus, nucleotide synthesis inhibitors have great potential
as a component of yet-to-be-fully-realized combination therapy
strategies.

(2) Currently, most nanozyme drugs target the substrates
and products of metabolic pathways, while there is still insuffi-
cient research on the targeted effects of key enzymes or signal-
ing pathway regulatory molecules in intermediate metabolic
processes. Therefore, integrating multi-omics analyses such as
genomics, transcriptomics, and proteomics can systematically
uncover the tumor metabolic network and reveal potential
targets. This will be a new direction for the future development
of nanozyme drugs research.

(3) There is metabolic crosstalk between cancer cells and
immune cells within the TME. For example, cancer cells
compete with immune cells for essential nutrients, directly
reducing the necessary nutrient supply to immune cells and
impairing their functions. At the same time, immune cells in
the TME also exhibit metabolic communication and coopera-
tion. By studying the underlying mechanisms, we can develop
regulatory nanozyme drugs that specifically target immune cell
metabolism and open up a new chapter in nanozyme metabolic
immunotherapy.

(4) Compared with standard enzymes, the toxicity and safety
of nanozymes remain one of the main obstacles to their clinical
use. Therefore, integrating relevant approaches to enhance the
biocompatibility of nanozymes represents a future direction for
development. Detailed studies on the in vivo stability, immu-
nogenicity, and relevant pharmacokinetics of nanozyme drugs
are necessary to better understand their fate in the body and
assess their long-term in vivo toxicity. Meanwhile, research on
the next generation of biodegradable nanozyme materials is
also of great importance to enable the widespread clinical
application of nanozymes.
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