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Abstract

Gastrointestinal inflammatory diseases have a significant impact on human health and quality of life, underscoring the urgent
need to develop novel treatment strategies. As emerging biomaterials, nanozymes combine the advantages of nanomaterials
with enzyme-like catalytic activities, demonstrating considerable potential for managing gastrointestinal inflammation. To provide
researchers with a clear and concise overview of recent advances and future directions in this area, this review systematically
summarizes and discusses the progress in nanozyme applications for treating gastrointestinal inflammatory disorders, including
inflammatory bowel disease, Helicobacter pylori infection, and the like. We begin by elucidating the catalytic mechanisms underly-
ing the major types of nanozymes, including metal-based, metal-organic framework-based, and carbon-based nanozymes. Sub-
sequently, we explore nanozyme designs that enable multifaceted therapeutic effects—including antioxidant, anti-inflammatory,
microbiota regulation, and barrier repair functions—through strategies such as multienzyme mimicry, targeted delivery, and
stimulus-responsive activation. While challenges related to targeting precision and biosafety remain, nanozymes offer promising
opportunities to overcome the limitations of conventional therapies. The review also discusses future prospects, such as artificial
intelligence-assisted design, which may accelerate the development of next-generation nanozymes. We believe this work provides
a valuable theoretical foundation for the design of efficient and safe nanozyme-based treatments for gastrointestinal inflammation.
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1. Introduction

Nanozymes are a class of nanomaterials with enzymatic catalyt-
ic activity. Their unique physicochemical properties have opened
up broad application prospects in the biomedical field. Since the
discovery of nanozymes by the research team led by Yan Xi-
yun in 2007, their study has rapidly become a hot topic across
interdisciplinary fields!"?.. Nanozymes not only exhibit the size
effects, surface effects, and quantum effects characteristic of
nanomaterials but also possess catalytic activity similar to that
of natural enzymes, enabling them to efficiently catalyze sub-
strate reactions. Compared with natural enzymes, nanozymes
offer advantages such as high stability, low cost, and scalability
for large-scale production, making them potentially valuable in
disease diagnosis, treatment, and biosensing applications?®. As
functional nanomaterials with intrinsic enzymatic activity, mod-
ern nanozymes have transcended the simple concept of “natural
enzyme mimicry” and evolved into intelligent systems capable of
precisely regulating catalytic performance®. Through advanced
characterization techniques and theoretical calculations, the
structural basis of nanozymes activity has been elucidated. The
catalytic activity of metal oxide nanozymes (eg, Mn,O,) stems
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from changes in metal valence states (Mn?*/Mn*/Mn*) and
oxygen vacancy regulation. The active centers of carbon-based
nanozymes are composed of defect sites (5-membered rings/7-
membered rings) and heteroatoms (N, S). Metal-organic frame-
work (MOF) nanozymes mimic enzyme active pockets through
metal-ligand coordination environments. Given that the cat-
alytic performance and behavior of nanomaterials are closely
related to their intrinsic nanostructures, regulating size, shape,
composition, and surface properties continuously enhances the
catalytic efficiency of nanozymes. Thanks to their unique prop-
erties, nanozymes have rapidly gained prominence in the field of
disease treatment in recent years!l. A growing body of research
has been published, establishing them as a hotspot in areas such
as tumor therapy, antioxidant applications, antibacterial agents,
and anti-inflammatory treatments.

The gastrointestinal tract, as the core site for digestion and
absorption in the human body, exhibits a highly specialized
multilayered barrier system in its structure. Its wall consists
of the mucosa, submucosa, muscularis, and serosa/epimuco-
sa from inner to outer layers. As the core functional unit, the
mucosa differentiates specialized cells in the stomach-parietal
cells secreting hydrochloric acid and goblet cells forming the
mucus-bicarbonate barrier. In the intestine, the "circular
folds-villi-microvilli" tripartite structure maximizes the absorp-
tion surface area. Tight junctions (TJs) between intestinal ep-
ithelial cells form a physical barrier, while goblet cells secrete
mucus to create a chemical barrier. Paneth cells release antimi-
crobial peptides, and the dense immune cells within the lamina
propria collectively establish an immune barrier!>¢l. Gastroin-
testinal inflammatory (GI) diseases, including inflammatory
bowel disease (IBD), Helicobacter pylori (H pylori)-associated
gastritis, and so on, are common conditions that significantly
impact human health. IBD (including ulcerative colitis [UC] and
Crohn’s disease [CD]) is characterized by damage to the intesti-
nal mucosal barrier, oxidative stress, and chronic inflammatory
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Scheme 1. The classification, catalytic mechanism, activity regulation, and therapeutic mechanism of nanozymes in gastrointestinal inflammation. Some ele-

ments created with Bioicons.com.

responses!”l. H pylori infection is a major risk factor for chronic
gastritis, peptic ulcers, and even gastric cancer®. Current clin-
ical treatment faces unique challenges due to the dynamic pH
gradient of the digestive tract (1.5-3.5 in the stomach, 6-8 in the
intestines), the thick mucus barrier (50-300 pm), and the com-
plex microbiota (101°-10* colony-forming unit [CFU]), which
together form multiple physiological barriers. IBD is charac-
terized by a vicious cycle of oxidative stress (reactive oxygen
species [ROS] far exceeding physiological levels) and chronic
inflammation (elevated proinflammatory factors)®!, while H
pylori infection involves challenges such as biofilm formation
and antibiotic resistance!'’. Traditional drugs (5-aminosalicylic
acid, proton pump inhibitors, etc) have limitations such as poor
lesion accumulation and microbial community disruption!'!l.
Nanozymes, with their unique catalytic properties, offer new
insights into the treatment of GI. On the one hand, nanozymes
can efficiently clear ROS through multienzyme synergistic ac-
tion, thereby alleviating oxidative stress damage. On the other
hand, through surface functionalization modification, nano-
zymes can achieve targeted delivery to the site of inflammation
and microenvironment-responsive activation. At the material
design level, gastrointestinal environmental stability is enhanced
through metal doping (eg, Cu/Zn/I codoping) and surface en-
gineering (eg, polydopamine coating). In terms of mechanism
of action, nanozymes integrate multiple functions, includ-
ing antioxidant (scavenging O,"/H,0,), anti-inflammatory
(inhibiting NLRP3 1nﬂammasome and zbarrler repair (upreg-
ulating claudin-1). In terms of dehvery strategies, oral colon-
targeted (pH/enzyme dual-responsive) and mucosal adhesion
(chitosan-modified) systems have been developed.

In recent years, notable progress has been made in the ap-
plication of nanozymes for the treatment of gastrointestinal
disorders. Despite these advancements, the field still lacks a
comprehensive and systematic review that consolidates the lat-
est research achievements. A thorough critical analysis of cur-
rent developments would be highly instrumental, as it could
not only guide future research efforts in IBD but also acceler-
ate the evolution of nanozymology as a discipline. Herein, this

review represents the first comprehensive review of the appli-
cation progress of nanozymes in this field over the past 5 years
(2019-20235), establishing a complete knowledge framework.
We conducted comprehensive searches through electronic da-
tabases such as Web of Science and PubMed, using keywords
including “nanozyme,” “inflammatory bowel dlsease ” “colitis,”
“gastritis,” “gastrointestinal inflammation,” and thelr combi-
nations. Inclusion criteria focused on original research articles
published between January 2019 and August 2024 that ex-
plicitly explored the therapeutic application of nanozymes in
experimental models of gastrointestinal inflammation. Confer-
ence abstracts and studies not primarily centered on therapeutic
efficacy were excluded. The review content adopts a progres-
sive structure, first establishing the theoretical foundation and
systematically elucidating the catalytic mechanisms and activ-
ity regulation of nanozymes. It then delves into the innovative
applications of various types of nanocatalysts in GI treatment,
using typical cases to reveal their multifaceted mechanisms of
action, including antioxidant, anti-inflammatory, and barrier re-
pair effects (Scheme 1). Finally, objectively assesses the current
challenges (such as targeting and long-term safety) and prospec-
tively proposes future development directions (such as artificial
intelligence [Al]-assisted design). This study provides a relatively
comprehensive summary of the application of nanozymes in GI
over the past 5 years, providing important theoretical support
and practical guidance for the development of a new generation
of GI treatment strategies.

2. Pathogenesis-guided nanozymes

Traditional nanozyme research paradigms have primarily fo-
cused on material-driven approaches (eg, exploring the intrinsic
enzymatic activity of metal-based nanomaterials such as Fe, Ce,
and Mn) and function-driven approaches (eg, optimizing perox-
idase activity to enhance chemotherapeutic efficacy). However,
for complex diseases such as gastrointestinal inflammation, this
“single-activity-single-target” strategy often struggles to address
their multifactorial, interrelated pathological characteristics. In
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contrast, pathogenesis-driven design represents a paradigm shift.
Its core concept involves a top-down approach: starting from
the disease's core pathogenesis, reverse-engineering nanozymes
to possess multifunctionality capable of simultaneously inter-
vening in multiple critical pathological pathways. This strategy
ensures precision and efficiency in therapeutic intervention. This
section outlines corresponding nanozyme design principles cen-
tered on the 4 core mechanisms of GI.

2.1 Detoxification design targeting ROS overload

ROS are highly reactive molecular substances produced by aer-
obic organisms during normal physiological activities. They
generally refer to oxygen-containing free radicals and nonfree
radical derivatives with strong redox properties, including
O,°, H,0,, *OH, etc!'?l. GI is often accompanied by excessive
ROS prodzuction. Excessive ROS can disrupt the stability of the
body’s antioxidant defense system, leading to oxidative stress
and damage to cellular structures, including oxidative damage
to DNA, lipids, proteins, and biological membranes?l. The de-
sign principle for this mechanism is to endow nanozymes with
broad-spectrum, highly efficient antioxidant enzyme mimetic
activity. For instance, CeO, or MnO,-based nanozymes mimic
the cascading activities of superoxide dismutase (SOD) and cat-
alase (CAT), converting superoxide anion (O,®~) and hydrogen
peroxide (H,O,) into harmless water instead of generating more
toxic ®OH radicals (as some peroxidases do), thereby achieving
true “detoxification” rather than “toxification.”

2.2 Immunoregulatory design targeting immune cells

Design nanozymes capable of intelligently regulating the fate of
immune cells. For example, surface-functionalize them to target
macrophages and utilize their catalytic activity to reprogram
proinflammatory M1 macrophages into anti-inflammatory M2
macrophages!!3'¥, or suppress excessive NLRP3 inflammasome
activation by scavenging ROS"l. A more advanced design in-
volves developing catalytic nanozymes that directly target and
degrade NLRP3 messenger RNA or inflammasome components,
enabling more precise immune regulation.

2.3 Repair design for intestinal barrier damage

Loss of intestinal barrier integrity is the root cause of patho-
gen invasion and persistent inflammation. The design principle
here is to enhance nanozyme interactions with epithelial cells
to protect and repair TJs!*. This can be achieved through sur-
face functionalization of nanozymes (eg, by attaching peptides
targeting epithelial cells), enabling their enrichment at damaged
sites. Subsequently, their antioxidant activity mitigates oxidative
damage to TJ proteins (eg, Zonula Occludens-1 [ZO-1], Occlu-
din) and may promote epithelial cell proliferation and migration
by modulating relevant cellular signaling pathways.

2.4 Microenvironment regulation design for gut microbiota
dysbiosis

Dysbiosis and inflammation mutually reinforce each other.
Nanozyme design must focus on restoring a healthy intestinal
microenvironment!"”). On one hand, reducing oxidative stress
levels in the intestinal lumen creates a suitable growth envi-
ronment for beneficial bacteria (eg, Lactobacillus, Bifidobacte-
rium)!'%1. On the other hand, nanozymes with lysozyme-like
activity can be engineered to selectively disrupt the cell walls of
opportunistic pathogens, thereby directly regulating microbial
composition and abundance.

In summary, pathogenesis-driven design elevates nanozymes
from mere catalytic materials to “smart drugs” capable of
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actively deciphering and intervening in disease networks. This
approach transcends traditional strategies focused on maximiz-
ing single activities, instead pursuing the optimization of multi-
ple synergistic therapeutic effects within complex pathological
environments. This represents the future direction of nanozyme
applications in biomedicine.

3. Catalytic activity of nanozymes

Based on the blueprint of pathological mechanisms, clear re-
quirements have been established for the catalytic properties
of nanozymes themselves. How, then, do nanozymes achieve
complex catalytic functions at the atomic and molecular lev-
els? And through which strategies can their activity be precisely
regulated? This section will focus on the core fundamentals of
nanozyme catalytic mechanisms and activity regulation, system-
atically elucidating how they enable the possibility of precise
pathological intervention.

3.1 Catalytic mechanisms of nanozymes

3.1.1 SOD-like nanozyme

SOD is the primary cellular defence against superoxide radicals
(O3 ) and protects organisms from oxidative stress??. O is the
key element in the production of ROS that are produced as a by-
product of metabolic processes in living systems. In the presence
of SOD, O, generated during metabolism disproportionately
are converted to hydrogen peroxide and oxygen (Equation 1)1

205+2H+ —)H202+02 (1)

Most SOD nanozymes consist of transition metals (Cu, Fe,
Ce, etc) and elements such as N, O, C, and S. The mechanism of
action of SOD relies on the cycling of the reduced and oxidized
states of redox-active transition metals (eg, Cu and Mn) at their
active sites (Equations 2 and 3)1?%%1, In general, O, consists of
Bronsted bases with pK, = 9.121%, and thus O3 can trap pro-
tons from H,O to form HO,- and HO-. HO," adsorption on
the surfaces of gold, silver, palladium, and platinum triggers the
conversion of HO,™ to O, and H,0,°!.

M40y — M 4 0, (2)
M 4+05 + 20T — M 4+ Hy0, (3)

For example, CeO, nanozymes are well known SOD mim-
ics!’l. Changes in the oxidation state of CeO, produce oxygen
vacancies in the lattice structure through the release of oxygen
and electrons. Oxygen vacancies play a key role in displaying
SOD-like activity, enabling CeO, nanozymes to take up or re-
lease oxygen. The presence of Ce3* is a consequence of oxygen
vacancies; thus, a high Ce*/Ce** ratio provides more oxygen
vacancies, which enhances SOD-like activity. The decomposi-
tion of Oy by CeO, nanozymes is shown in Figure 1 (SOD-part
CeO,).

C-dot nanozymes are also typical enzymes with SOD-like
activities. Gao et al.*! revealed the surface state-dependent cat-
alytic activity of C-dot SOD nanozymes by surface structural
tuning and theoretical calculations. The hydroxyl and carboxyl
groups of the C-dots bind superoxide anions, and the carbon-
yl groups oxidize superoxide anions, producing oxygen and
reduced-state C-dots. The reduced C-dots are oxidized back
into the initial state by another superoxide anion and produce
H,O,. The carbonyl group of C-dot nanozymes is the catalytic
site for SOD-like activity, and its proposed reaction pathway for
the SOD-like catalytic cycle with and without hydroxyl group
is shown in Figure 2A. The reasonable mechanism of SOD-like
activity with C-dots as catalytic sites is shown in Figure 1 (SOD-
part C-dots).
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3.1.2 CAT-like nanozyme

CAT is an antioxidant enzyme containing iron porphyrin in its
active site and is present in almost all organisms that come into
contact with oxygen!?”l. CAT catalyzes the degradation of 2 hy-
drogen peroxide molecules to produce 2 water molecules and 1
oxygen molecule (Equation 4), thereby protecting tissues from
potential oxidative damage. First, the iron porphyrin group of
CAT (Fe**) reacts with 1 hydrogen peroxide to form an iron
porphyrin cation radical (Fe*). The radical then degrades the
hydrogen peroxide to produce water and oxygen molecules,
while the Fe** is reduced to the Fe’* state?®). When iron chelates
are in action, H,O, reacts with O, to form the harmful -OH,
which occurs only when 2 H,0, molecules encounter the CAT
successively and hit its active sitel?!.

2H505 — O5 + 2H50 (4)

To date, a series of metal-related nanozymes, such as platinum
(Pt), gold (Au), CeO,, and Mn,O,, have been shown to possess
CAT-like activities?’l. Although the full mechanism of CAT-like
nanozymes has not been fully elucidated, 2 possible catalytic
reaction pathways have been summarized based on the pattern
of chemical bond breaking during H,0, decomposition!*’!.

The first catalytic reaction pathway is the preferential break-
ing of the H-O bond of H,O,. Pirmohamed et al.®" found that
CeO, nanozyme exhibits CAT-like activity through redox reac-
tions, and higher levels of Ce* would contribute to the catalyt-
ic activity. Subsequently, Celardo et al.’?! further elucidated the
antioxidant mechanism of CeO, nanozymes (Figure 1 CAT-part
CeQ,). First, H,0, was adsorbed on the CeO, surface, followed
by the release of 2 protons and the production of O,, while Ce**
was reduced to Ce**. Then, another H,O, molecule binds to Ce**
and produces H,O, at which time Ce** is oxidized to Ce*. In
addition, Li et al.?%! investigated the enzyme-like activities on
the surfaces of Au (211), Au (110), and Au (111) under acid-
ic and alkaline conditions by analyzing experimental data and
density functional theory (DFT). Comparison of reaction energy
barriers and adsorption energies showed that preadsorbed OH
groups have a strong influence on H decomposition and catalyze
the preferential breaking of H-O bonds by H,O, (Figure 2B). A
similar situation is observed for other metals (eg, Ag, Pt, and Pd).

The second catalytic reaction pathway is the preferential
breaking of the O-O bond of H,0,. The CAT-like activity of
metal oxide nanoparticles (NPs) is usually derived from ion-
ic pairing, such as Fe?*/Fe3*, Co?*/Co**, Mn*/Mn*", and Ni*/
Ni*+2l, The discovery of ferromagnetic nanoparticles with
peroxidase-like activity was reported in 2007, and these are
believed to be the first inorganic nanoparticles to be used as
enzyme mimics for biomedical applications!'l. Subsequently, in
2011, Nie’s group observed that ferritin-platinum nanoparti-
cles (Pt-Ft) have CAT-like activity under alkaline and neutral
pH conditions, and the decomposition process can be summa-
rized in Figure 1 (CAT-part Pt-Ft)*¥. In addition, Wang et al.®!
prepared Pd@TiO, with lattice defects and cavities, and simi-
larly demonstrated that H,O, adsorbed on the surface of Pd@
TiO, is more prone to break the O-O bond, and thus cleaved
into 2 -OHs, which undergo a transition state to ultimately
produce.

3.1.3 Glutathione peroxidase-like nanozyme

The peroxidase (POD) family is very large and most of the per-
oxidases are heme enzymes with iron protoporphyrin IX (proto-
heme) as a repair moiety, such as horseradish peroxidase, lignin
peroxidase, and myeloperoxidase?’!. Currently, much attention
is being paid to peroxidases with selenium as the active center
(glutathione peroxidase, GPx), which are involved in the termi-
nation of the ROS pathway, thereby reducing oxidative stress>¢l.
The active site of GPx contains selenocysteine, where selenohy-
drin (ESeH) degrades H,O, to H,O by redox and is oxidized to
form selenoic acid (ESeOH). ESeOH then undergoes a redox
reaction with 2 reduced glutathione (GSH) and reverts to ESeH.
In this redox cycle, the 2 GSH are oxidized to form 2 glutathi-
one disulfides (GSSG)P”. GPx has been found to catalyze mul-
tisubstrate reactions through an ordered mechanism? and a
ping-pong mechanism//.

The ordered mechanism suggests that GPx binds to multi-
ple substrates in a specific order and then releases the prod-
uct when all substrates bind to GPx. Zhang et al.*! prepared
selenium-containing pentapeptide-modified Au NPs (Au@SeH),
and kinetic analyses showed that Au@SeH adsorbed an H,0,
molecule first, and then bound to 2 GSH molecules sequentially
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Figure 2. (A) Proposed SOD-like activity of C-dot nanozyme with and without hydroxyl groups®®. Copyright 2023, Nature Communications. (B) Initial adsorbing
structures (IAS), rate-determining transition states (RDTS) and products for H,0, decompositions on the surfaces of Au (211) (top), Au (110) (middle), and Au
(111) (bottom)#.. Copyright 2015, Elsevier. (C) Structural formula, active site, and mechanism of catalytic reduction of H,0, by GSH of a GPx-active nano-

zymel“d, Copyright 2024, The Royal Society of Chemistry.

(Figure 1 GPx-part Au@SeH). In this process, Au@SeH cata-
lyzed the reduction of H,O, to H,O by GSH (Figure 2C).

The ping-pong mechanism suggests that GPx binds or re-
leases alternately with substrates and products. Huang et al.*!!
synthesized GO-Se NPs with more efficient GPx-like activity. Se
reacts with H,O, to form Se,O; intermediates. The resulting in-
termediate catalyzes the conversion of GSH to GSSG, while the
Se intermediate returns to its original state. The GSH reductase
can then catalyze the conversion of GSSG to GSH with the aid
of nicotinamide adenine dinucleotide phosphate . Then, Se will
react with another molecule of H,O, (Figure 1, GPx-part GO-Se
NPs). Thus, the catalytic mechanism of GO-Se NPs follows the
ping-pong mechanism of catalytic degradation of H,0,.

3.1.4 Oxidase-like nanozyme

Oxidase (OXD) is a class of enzymes that directly utilize O, as
an electron acceptor to catalyze the oxidation of substrates!*?.
Certain nanomaterials (such as MnO,, CeO,, and CuO) can
mimic the activity of natural oxidases, oxidizing specific sub-
strates (such as TMB and DOPA) without the presence of H,0O,,

accompanied by colorimetric reactions or the generation of

ROS. Their catalytic mechanism primarily involves 3 key steps.
First, the surface of the nanomaterials adsorbs and activates O,
through changes in the valence state of metal ions (e.g., Mn*/
Mn?* or Cu?/Cu*), generating ROS. Subsequently, these ROS
attack substrate molecules (e.g., oxidizing colorless TMB to blue
oxTMB), completing the colorimetric or fluorescent reaction.
Finally, metal ions on the surface of the nanomaterials (e.g., Cu**

151

and Mn*) are continuously reduced and oxidized during the
reaction, maintaining the catalytic cycle.

For example, Cheng et al.*’l investigated the O,-dependent
catalytic behavior of CeO, and confirmed its OXD-type activity
under the study conditions. In the reaction mechanism, O, mol-
ecules were adsorbed onto defect sites of nanoceria and convert-
ed to O3 under acidic conditions. As surface Ce** is reduced to
Ce’*, TMB is oxidized to TMBX. As the primary intermediate,
the in situ-generated O, ultimately regenerates Ce** by oxidizing
Ce** while producing water. Additionally, the oxidation of TMB
can also be directly initiated by O (Figure 1 OXD-part CeO,).
The possible reaction mechanism of Mn O, nanoparticles pro-
posed by Zhang and Huang!**l. The transter of manganese to O,
electrons leads to the formation of O, part of which undergoes
a nonenzymatic or SOD-catalyzed disproportionation reaction
to produce H,0, and O,. Subsequently, part of the generated
H,O, reacts with dissolved Mn? and decomposes into -OH.
Subsequently, the intermediate -OH/O5 and Mn** oxidize TMB,
thereby forming the TMB-Mn O, nanoparticle system.

Other nanozymes similar to oxidases catalyze specific sub-
strates. For example, Au nanozymes catalyze glucose similar-
ly to glucose oxidase!*!, CuAg alloys*?, and Cu,O"” catalyze
similarly to cytochrome ¢ oxidase. Pt NPs catalyze similarly to
catechol oxidasel*l. Au nanorods/Pt nanodots and PtCu NPs
catalyze similarly to iron oxidase.

3.1.5 Other-like nanozyme

In addition to the oxidoreductase family, other biologically ac-
tive nanocatalysts have been increasingly discovered, including
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hydrolase-like, isomerase-like, and lyase-like enzymes. For ex-
ample, peptide-functionalized monolayer-protected gold clusters
(Au MPCs) have been shown to exhibit simulated activity of nu-
cleases, esterases, and silicases!*®l. Cerium nanoparticles (CeNPs)
have also been found to exhibit phosphatase-like properties, ca-
pable of hydrolyzing the phosphate bonds of ATP, p-nitrophenyl
phosphate, and o-phosphotyrosinel®!l. Magnetic CuFe,O, exhib-
its intrinsic protease-like activity, capable of hydrolyzing bovine
serum albumin and casein under physiological conditions!®l.
CdTe quantum dots (4.5nm) can recognize GATAATC DNA
sequences and induce light-triggered TAA phosphodiester bond
cleavage!®l. Cysteine-derived chiral carbon dots exhibit activity
similar to topoisomerase I, mediating enantioselective topolog-
ical rearrangement of supercoiled DNAF4. Additionally, some
nanomaterials can catalyze biochemical reactions that natural
enzymes cannot, such as MOF-Cu-catalyzed azide-alkyne cyc-
loaddition™! and Pd nanoparticles-catalyzed hydrogenation of
.OH*,

3.1.6 Catalytic mechanisms and their function in
gastrointestinal inflammation therapy

Nanozymes mimic the catalytic activities of multiple natural
enzymes to establish a multitarget synergistic therapeutic sys-
tem for GI. In ROS scavenging, different enzymatic activities
coordinate to form cascading reactions. SOD-CAT cascade
system achieves complete detoxification from superoxide an-
ion to water, effectively breaking the vicious cycle of oxidative
stress-inflammation. These antioxidant mechanisms suppress
proinflammatory factor release by eliminating ROS signals
required for NLRP3 inflammasome activation. They also pro-
mote macrophage polarization from M1 to M2 by regulating
intracellular H,0O, levels, thereby restoring immune homeosta-
sis. For mucosal repair, besides protecting T]J proteins through
antioxidant effects, the OXD mimic enzyme actively promotes
epithelial regeneration by modulating H,O,-mediated Nrf2
signaling pathways. GPx preserves cell membrane integrity
by reducing lipid peroxides®®l. For gut microbiota regulation,
nanozymes restore microbial balance through multiple path-
ways: enhancing beneficial bacterial proliferation by improving
the redox microenvironment, while achieving selective antibac-
terial effects via ®OH radicals generated by POD activity or
lysozyme-like activity. This synergistic mechanism-function-
therapy framework positions nanozymes as an ideal therapeu-
tic strategy for GIL.

3.2 Activity regulation strategy

Given that the catalytic performance and behavior of nanozyme
are closely related to their intrinsic nanostructure, regulating
size, shape, composition, and surface properties may open new
avenues for modifying their activity. Therefore, this section sum-
marizes chemical design strategies and corresponding variables,
including size, shape, composition, surface modification, and
other effects. This is expected to provide inspiration for design-
ing efficient enzyme-mimicking nanomaterials.

3.2.1 Size control

Nanoscale nanozymes can easily penetrate the TJs of epitheli-
al cells to reach the inflamed area, while also increasing per-
meability at the site of inflammation and prolonging drug
retention time. Smaller sized nanozymes tend to exhibit higher
enzyme-like activity with higher surface area and volume ra-
tios, which facilitates interaction with substrates’®”°%l. Baldim
et al.b reported that CeO, nanozymes with a size of ~5nm
had the highest SOD-like activity, followed by *8 nm, ~23 nm,
and ~28 nm, respectively. Suggesting that the size of the CeO,
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nanozymes is almost inversely proportional to the SOD-like ac-
tivity, due to the fact that a decrease in the size of the particles
leads to an increase in the Ce**/Ce* ratio on the surface of the
particles, which in turn increases the number of defects due to
oxygen vacancy quantity. More oxygen vacancies provide more
active sites for reaction with substrates!®®l. Shlapa et al.l!l also
showed that cerium oxide nanozymes with size of 4.2nm also
exhibited higher antioxidant activity as compared with size
14nm (Figure 3A). Similarly, C-dot nanozymes with a size of
2nm and a large specific surface area also provided abundant
binding and active sites for the catalytic reaction, which led to
the enhancement of SOD-like activity!?®.

Xia et al.l®?l explored the surface states and antioxidant ac-
tivity of Ru NPs of different sizes and found that the propor-
tion of the surface oxidized states increased significantly as
the size of Ru NPs decreased. When the size was reduced to
2.0nm, the surface oxidized Ru atoms of Ru NPs dominated,
thus possessing an unprecedentedly boosted antioxidant activity
as compared with medium-sized (*3.9nm) or large-sized coun-
terparts (=5.9nm) that are mainly composed of surface metallic
Ru atoms. The results suggest that size effect-mediated surface
oxidation states can directly modulate the antioxidant activity
of Ru NPs.

3.2.2 Morphology engineering

Morphology has an important effect on the catalytic activity of
nanozymes, including crystallographic surface, surface cut, and
surface energy, which affects their enzyme selectivity and reac-
tivity?>¢3l. For example, different morphologies of cerium-based
nanomaterials (such as nanoclusters, nanoparticles, and nano-
clains) were synthesized. Among them, cerium nanoclusters
showed the highest level of SOD-like activity, and cerium nano-
clusters showed higher SOD-like activity than CeNPs at cerium
concentrations ranging from 5 to 100 mg/L. Similarly, among
manganese-based nanozymes of different shapes (such as nano-
flowers, plates, cubes, polyhedra, and hexahedra), flower-shaped
Mn O, (with a specific surface area of up to 97.7 m*g) exhibits
the broadest catalytic activity, including CAT, GPx, and SOD-
like activity, while other morphologies only exhibit SOD-like
activity!®?. Ghosh et al.[! synthesized 4 different morphologies
of V,O, NPs, such as nanowires, nanosheets, nanoflowers, and
nanorods, and found that the rate of formation of peroxides on
the surface affects their GPx-like activity. VO, nanofibres were
reported to have higher peroxidase-like activity compared with
VO, nanosheets and VO, nanorods. Reported that (111)-faceted
Pd octahedra with lower surface energy exhibited higher antiox-
idant activity than (100)-faceted nanocubes with higher surface
energy (Figure 3B)l. Different morphologies of Co,O, nano-
zymes exhibited different degrees of CAT-like activity in the
order of Co,O, nanoplates > Co,O, nanorods > Co,0, nano-
cubes!®’). In general, nanozymes with large specific surface area,
including flower-like, nanoclusters, nanofibres, and mesopores,
tend to exhibit higher enzyme activity.

3.2.3 Composition tuning

The catalytic activity of nanozymes can be modulated by ad-
justing the composition of the nanomaterials, which provides a
variety of design strategies for optimizing the synthesis and per-
formance of nanostructures!®®. For example, the overall activity
can be enhanced by doping with other ions.

It is well known that the Ce**/Ce** ratio affects the ability
of CeO, NPs to scavenge ROS. Doping is a successful and rel-
atively simple strategy to improve the antioxidant capacity of
CeO,. Researchers have developed CeO, nanozymes by doping
with different metal elements, including manganese, cobalt, sil-
ver, chromium, rhodium, palladium, and nickel. Gupta et al.l*’!
successfully synthesized La-, Sm-, and Er-doped CeO,, which
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Figure 3. (A) Synthesis and characterization schematic of cerium dioxide nanoparticles®'. Copyright 2022, Elsevier. (B) Morphology, surface energy, and en-
zyme activity maps of palladium nanocubes and octahedrons®!. Copyright 2016, American Chemical Society. (C) Enzyme-like activity of Au nucleus/Ce shell-
based nanozymes!™. Copyright 2018, Elsevier. (D) Surface modification of Co,0, nanoplates as efficient peroxidase nanozymes for biosensing application!.
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Chemical Society. (F) Photothermal effect of graphene and light-induced pH changing effect of MGCBel. Copyright 2017, American Chemical Society.

controllably altered the ratio of Ce*/Ce* and significantly
improved the antioxidant properties of CeO,. In the study by
Zhang et al."% the addition of Cr** increased the surface ra-
tio of Ce*/Ce*, thus improving the catalytic activity of CeO
nanozymes. Sun et al.”" synthesized a series of halogen-dopeé
CoCN, obtained CoCNEFE, CoCNCIl, CoCNBr and CoCNI.
We found the CAT, SOD, and GPx-like catalytic activities of
CoCNCI, CoCNBr, and CoCNI significantly increased than
that of CoCN. Especially, CoCNI exhibited the highest antiox-
idant capacity.

The reasonable design of bimetal or multimetal nanocom-
posites can help improve the catalytic properties of nanozymes.

Wang et al.”? reported a 1-step solvothermal synthesis of Au-
doped Fe,O, nanoparticles (Au@Fe,0,) with much higher cata-
lytic activity than Au and Fe,O, NPs. The catalytic performance
and Raman scattering activity of AgAu, AgPd, and AgPt NPs
were more pronounced than those of Ag NPs!73l,

Adjusting the ratio of components and designing nanomateri-
als based on metal core/shell structures are both viable solutions
to modulate enzyme-like properties. In general, gold nanopar-
ticles alone do not exhibit SOD-like activity even at very high
concentrations (300 pg/mL)7¥. However, Au core/Ce shell-
based nanozymes (Figure 3C) exhibit SOD-like activity over a
wide pH range (2-11) and at temperatures up to 90 °C.
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3.2.4 Surface modification

Surface modification is another factor that highly influences the
antioxidant activity, as most of the antioxidant reactions occur
on the surface of nanomaterials. The main substances used for
surface modification include polymers, biomolecules, small mol-
ecules, and ions, which can be modified to the surface of the ma-
terial by physical adsorption or covalent coupling. In addition,
different types of modifications can form coatings of different
thicknesses, functional groups, and surface charges, which can
affect the catalytic properties, stability, and substrate specificity
of nanomaterials!®®.

Huo et al.””! modified Co,0, nanoplates with the amino
group (NH,-Co,0,), carboxyl group (COOH-Co,0,), hydroxyl
group (OH-Co,0,), and sulthydryl group (SH-Co,0,), respec-
tively, and then systematically studied their catalytic activities
(Figure 3D). Except hydroxyl group, the other functional groups
all possessed positive effect to enhance POD-like activities, and
among which the NH,-Co,O, nanoplates ranked the first. The
researchers considered that the functional groups’ influence on
the electron transfer ability of nanozymes was critical to modu-
lating their catalytic properties'’.

Ligands such as DNA, GSH, proteins, and dendritic polymers
help to prevent the aggregation of metal nanoclusters, which
enhances the equilibrium, biocompatibility, and enzyme activity
of the nanozymes!”. Yang et al.””! successfully prepared poly-
ethylene glycol (PEG)-modified single-atom nanozymes (Cu-
SAzymes) with divalent Cu-N, structure, and the results showed
that PEG-modified Cu-SAzymes significantly improved the abil-
ity to scavenge intracellular O, and effectively reduced oxidative
DNA damage. Liu et al.”® reported that PAMAM dendrime-
rised gold nanoclusters (AuNCs-NH,) terminated with amines
unexpectedly lost POD-like activity under physiological condi-
tions, but retained CAT-like activity. This may be due to the en-
richment of polymeric tertiary amines, which exerted sufficient
inhibitory effect on the key mediator -OH.

Meanwhile, poly tannic acid (PTA)-coated CeO, nanoparti-
cles exhibited more prominent SOD-like activity than untreat-
ed CeO,, which was attributed to the fact that the intrinsic
reducing property of PTA might contribute to the enhancement
of the Ce**/Ce** ratio on the surface of CeQ,, thus promoting
the antioxidant activity””l. CeO, NPs (4.5nm) were encapsu-
lated into the cavities of the biomolecule apoferritin to form
apoferritin-CeO, nanoclusters®®. The apoferritin coating im-
proved the biocompatibility of the CeO, NPs and controlled the
electron localization on the surface of the nanomaterials, result-
ing in enhanced ROS-scavenging activity.

3.2.5 External stimuli

In addition to controlling the above factors, the activity of
nanozymes can also be regulated by controlling conditions
such as pH, light, and temperature. Several metal- and metal
oxide-based nanozymes have been found to have enzyme-like
activity in response to changes in pH and temperature!®!l. For ex-
ample, AuNPs exhibit the catalytic ability of peroxidase in acidic
environments, while showing catalytic properties similar to SOD
or CAT at alkaline pH2\. Pt NPs®3l, Ag NPs** have been report-
ed to act as POD mimics under acidic conditions, while exhibit-
ing CAT-like activity in neutral and alkaline environments. More
importantly, Pt and Au NPs were shown to display SOD mim-
icry under neutral conditions®’l. Gao et al.!'l reported the POD-
like activity of Fe,O, NPs at pH 3.5. Chen et al.®! reported that
Fe,O, and y-Fe,O, NPs exhibited CAT-like activity under neutral
conditions (Figure 3E). Wu et al.l’”! synthesized FeCO@C with
OXD and POD-like activities. The OXD activity was strong at
the pH of 3.6; however, it decreased significantly when the pH
was increased to 4.4, while the POD activity increased.

Light is also used as an ideal external stimulus to regulate cat-
alytic reactions. Xu et al.!*®®! selected the photothermal material
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graphene oxide (GO) and the photobase reagent malachite green
carbinol base (MGCB) to construct a dual-responsive system
(GO-MGCB), which can be temperature- and pH-modulated
under UV and NIR irradiation. Studies have shown that tem-
perature has a significant effect on the catalytic activity of
copper-loaded tin oxide (SnO,-Cu) nanocomposites in POD
mimicry reactions. The temperature range from 22 to 40 °C is
where the color intensity and UV-visible absorption are highest.
Beyond 40 °C, the absorbance starts to decrease and is lowest
at 80 °C. Surprisingly, the maximum catalytic activity was ob-
served at a modest temperature of 22 °C (Figure 3F). Varying
the reaction parameters of the SnO,-Cu nanocomposites is im-
portant for this temperature-dependzent behavior!®l,
Photothermal effects and light-induced electron transfer
have been shown to be the main sources of light-enhanced
enzyme-like behavior of nanozymes?®’. For example, Re-
searchers used AuNPs with a-FeOOH microcrystals formed
on porous carbon to develop Au/a-FeOOH-FPC catalysts with
visible-light-driven enzymatic properties®. By absorbing light
energy, the AulNPs can emit heat, thereby increasing the system
temperature to the desired level for the enzymatic process and
accelerating the glucose oxidation reaction. In addition, hot
electrons from the equipartitionally excited AuNPs promote
charge separation at the Au/a-FeOOH interface, leading to the
efficient cycling of Fe’*/Fe?* to generate the Fenton reaction.

4. Nanozyme-mediated therapy for gastrointestinal
inflammation

Gl is a class of inflammatory lesions of the gastrointestinal
mucosa driven by the excessive accumulation of ROS, im-
mune dysregulation, and pathogen infection. It primarily
includes the following clinical types. IBD is the core disease
group in this field, comprising CD (which can affect any part
of the digestive tract from the mouth to the anus, particularly
the terminal ileum) and UC (where lesions are confined to the
colon and rectum)!”?!l. Gastric mucosal inflammation (gastri-
tis) is primarily triggered by H pylori infection, nonsteroidal
anti-inflammatory drugs, or alcohol®?. Small intestinal inflam-
mation (enteritis) is associated with infectious pathogens, radi-
ation exposure, or autoimmune abnormalities!?l. Special types
of inflammation include celiac disease and eosinophilic gastro-
enteritis. Although these diseases have different pathogeneses,
they share common features such as mucosal barrier disrup-
tion, inflammatory cell infiltration, and the release of proin-
flammatory cytokines (such as tumor necrosis factor [TNF]-a
and IL-5). Epidemiological data indicate that the prevalence
of IBD in developed countries has exceeded 0.3%, with inci-
dence rates increasing at an annual rate of 5%"*. Meanwhile,
the infection rate of H pylori-associated gastritis in global ap-
proximately 50%%), highlighting the significant public health
burden of such diseases.

Currently, conventional drugs used for the regulation and
treatment of GI are unable to achieve the desired therapeu-
tic effect due to their poor tissue specificity, short duration of
action with the lesion site, and low absorption rate. With the
rapid development of nanotechnology, nanozymes, which have
enzymatic reaction kinetic properties similar to those of natu-
ral enzymes, have demonstrated great potential for application
in the therapy of GI. Nanozymes can achieve localized high-
concentration drug release, precisely delivering drugs to the site
of GI through targeted design, thereby exerting highly efficient
effects in the inflamed area while reducing systemic drug distri-
bution and effectively lowering systemic toxicity. Second, nano-
zymes possess long-circulation and sustained-release properties,
enabling them to circulate in the body for extended periods and
release drugs slowly, thereby prolonging the duration of drug
action and enhancing therapeutic efficacy. These characteristics
make nanozymes highly efficient, precise, and low toxicity in
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gastrointestinal treatment. Below, we will focus on the appli-
cation of different types of nanozymes in the treatment of GI
(Figure 4).

4.1 Metal-based nanozymes for Gl

4.1.1 Metal nanozymes for Gl

Metal-based nanozymes possess several advantages of easy
preparation, special optical properties, excellent chemical sta-
bility under extreme conditions, and high biocompatibility!?*-%,
As shown in Table 1, these nanozymes mimic natural enzymes
by initiating and facilitating specific reactions and are capable
of stable enzyme-like activity under physiological conditions!?.
Studies have shown that bismuth selenide 2-dimensional nano-
disks (Bi,Se,) not only possess the ability to scavenge ROS and
RNS but also regulate intestinal microbiota balance, increasing
the abundance of Firmicutes and Actinobacteria while reducing
the abundance of pathogenic Actinobacteria, thereby maintain-
ing intestinal microbiota balance®!. Halogen-doped modified
single-atom cobalt catalysts (CoCN) exhibit exceptional anti-
oxidant enzyme activity, significantly improving symptoms of
colitis”!. Zero-valent molybdenum nanoparticles, with their
strong reducing capacity and acid stability, can effectively
downregulate the NF-kB pathway, inhibit the overproduction
of inflammatory factors, and alleviate intestinal oxidative dam-
age!'l. Molybdenum selenide (Mo,Se,) nanosheets (PMNFs)
exhibit multiple enzymatic catalytic activities, alleviating oxida-
tive damage through the Nrf2-Keap1 signaling pathway while
inhibiting the TLR4/NF-kB signaling pathway to reduce proin-
flammatory factor levels, thereby preventing damage to intesti-
nal epithelial TJ proteins (ZO-1, occludin, and claudin-1), while
downregulating Dextran Sulfate Sodium (DSS)-induced intesti-
nal epithelial cell apoptosis!'®?. Ultrafine rhodium nanoparticles
(Rh-PEG NDs) possess multienzyme mimetic activity (eg, CAT)
and high photothermal conversion efficiency, enabling them to
scavenge ROS and RNS for the treatment of DSS-induced colitis
and serve as photothermal agents for photothermal therapy of
colorectal cancer!!°!l.
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Notably, tungsten diselenide nanocatalysts (WSe,@F127)
achieve reactive oxygen/nitrogen species (RONS) scavenging
through a rich valence state conversion mechanism involv-
ing elemental selenium (Se**/Se*) and tungsten (W*/W?¢), and
specifically regulate intestinal microbiota and immune barri-
ers via tungsten-mediated inhibition of Enterobacteriaceae and
selenium-mediated T-cell differentiation!'®’l. Meanwhile, ternary
metal nanosheets (Ru,Pd, Ni,, abbreviated as TMNSs) seam-
lessly integrate antioxidant tzherapy with photothermal ther-
apy. By introducing different transition metal atoms into the
ruthenium-palladium nanoplate structure, the formation of Ru-O
and Ni-O bonds on the TMNS surface is promoted, and the abun-
dant atomic vacancies in its surface design significantly enhance the
clearance performance of ROS. TMNS can downregulate the ex-
pression levels of proinflammatory factors, thereby demonstrating
significant therapeutic effects on DSS-induced colitis. Leveraging
its excellent photothermal performance, TMNS can significantly
inhibit CT-26 tumors without noticeable recurrencel'*®.

Some studies have shown that coordination polymer nano-
zymes based on natural antioxidant products and metal ions
have promising applications in clinical translation for the treat-
ment of GI. For example, proanthocyanidins (Pc) and free iron
(Fe) coordinate to form a stable Pc-Fe nanozyme that mimics
the activity of POD and GPx, exhibiting excellent antioxidant
capacity and ROS-scavenging ability in vitro. Further in vivo
studies revealed that inflammation regulation and gut micro-
biota regulation may be the potential mechanisms underlying
the good therapeutic effects of the Pc-Fe nanozyme on the DSS-
induced colitis model, particularly in terms of downregulating
proinflammatory cytokines, reducing inflammatory cell infil-
tration, and restoring gut microbiota dysbiosis!!®’!. Another in-
novative research and development project involved ultrasmall
tungsten-gallic acid (W-GA) nanodots, which precisely regulate
the intestinal microbiota by inhibiting the abnormal prolifera-
tion of Enterobacteriaceae bacteria during colitis, thereby pro-
moting the restoration of the intestinal barrier. These nanodots
integrate microbiota reprogramming and mitigate the damage
caused by oxidative stress to the reconstruction of bacterial
communities, demonstrating good therapeutic effects on IBD!04,
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List of metal nanozymes, their enzyme mimetic activity, and efficacy study in Gl.

Abbreviation
for Enzyme-like Schematic illustration of nanozyme for Gl Preparation
Nanozyme nanozymes activities Test models therapy method References
Lodine-doped monoatomic CoCNI CAT, SOD, DSS-induced colitis  Nanozyme treatment resulted in a significant Self-assembly [71]
cobalt-anchored carbon GPx model increase in colon length and a significant and pyrolysis
nitride complexes decrease in inflammatory cell infiltration. process
PVP-modified bismuth Bi,Se, Multiple DSS-induced colitis  Bi,Se, reduced body weight, splenic index, and Hydrazine hydrate [99]
selenide 2-dimensional RONS model proinflammatory cytokine levels as well as reduction
nanodiscs scavenging modulated intestinal flora in mice. method
ability
Zero-valent-molybdenum ZVMNs Multiple ROS-  DSS-induced colitis  ZVMNs were enriched in the intestine and inhibited ~ Mechanical [100]
nanodots scavenging model the overproduction of inflammatory factors by exfoliation
ability downregulating the NF-kB pathway.
Polyethylene glycol (PEG)- Rh-PEGNDs  SOD, CAT Tumor-bearing Decrease in the concentrations of TNF-w and IL-6,  Aqueous phase [101]
coated ultrasmall rhodium mouse and DSS- which resulted in excellent anti-inflammatory reduction
nanodots induced colitis effects. method
model.
Transition metal chalcogenide  PMNFs CAT, SOD, DSS-induced colitis  PMNFs activate Nrf2-keap1 signaling and inactivate Hydrothermal [102]
(TMCs) nano flake and POD, GPx model TLR4/NF-xB signaling to inhibit proinflammatory method
polyethylene glycol (PEG) factors, prevent damage to intestinal epithelial
modified Mo,Se, nano tight junction proteins, and downregulate
flakes apoptosis in intestinal epithelial cells.
Pluronic F-127-coated WSe,@F127 Multi- DSS-induced IBD WSe2@F127 nanozymes effectively alleviate IBD Simple liquid-phase [103]
tungsten diselenide antioxidant model by reducing oxidative stress damage, modulating exfoliation
enzyme- intestinal microbial populations, and remodeling
like activity the immune barrier.
Ultrasmall tungsten-gallate W-GA SOD DSS-induced acute  W-GA regulates the intestinal microbiome One-pot synthesis [104]
nanodots colitis model by inhibiting the abnormal expansion of method
Enterobacteriaceae during colitis and alleviating
the damage caused by oxidative stress to the
reconstructive microflora, ultimately restoring
intestinal barrier function.
Procyanidin-free iron Pc-Fe POD, GPx DSS-induced colitis  Pc-Fe can scavenge ROS, inhibit inflammation, Solution stirring [105]
model repair the gut barrier, and alternate the gut method
microbiome.
Tri-nickel tetrasulfide Ni,S, SOD, CAT DSS-induced IBD ~ Ni,S, is capable of targeting inflamed intestines, Hydrothermal [106]
mouse model reducing inflammation, repairing damaged method
intestinal barriers, restoring gut microbiota, and
balancing the intestinal microenvironment.
Au,, nanoclusters Au,, NCs SOD DSS-induced colitis  Au,, NCs can eliminate ROS, upregulate the Solution Stirring [107]
model expression level of antioxidant enzymes, inhibit Method
the expression of proinflammatory cytokines, and
finally interrupt the inflammatory circuit of IBD.
Ru,,Pd,,Ni,, ultrathin TMNSs SOD, CAT DSS-induced colitis  TMNSs have RONS-eliminating properties to treat Solvothermal [108]
trimetallic nanosheets model; CT-26 chronic colitis by relieving inflammation, as well method
tumor-bearing as photothermal conversion capabilities.
mouse model
Selenium-Based Nanozyme GSH-Se GPx DSS-induced colitis ~ GSH-Se on mouse colitis was likely mediated by Hydrothermal [109]
model the activation of the Nrf2/Keap1 (nuclear factor method

E2-related factor 2/Kelch-like ECH-associated

protein 1) and GPx4 signaling pathways.
MnNi@PVP Nanoenzyme MnNi@PVP SOD, CAT, DSS-induced colitis ~ MnNi@PVP nanozyme with good RONS clearance  High-temperature [110]

GPx model and mucosal barrier recovery can enhance pyrolysis and
enteritis treatment. NaCl template
method
Taxifolin-iron nanozymes Fe-Tax SOD, CAT Gastric ulcer mice  Fe-Tax regulates the NRF2, NF-kB, Bax/Bcl-2, and  Solution Stirring [111]
model VEGF signaling pathways, alleviating ethanol- Method

induced tissue inflammation and gastric mucosal
damage in gastric ulcers.

Ultrasmall iron-polyphenol UIPNs SOD, CAT, Alcohol-induced Sub-10nm UIPNs can rapidly penetrate the gastric ~ Solution Stirring [112]
nanozymes POD gastric mucosal mucosa, remain in the stomach for more than Method
mouse model 12h, and remain stable in a highly acidic

environment. They can prevent and protect
against alcohol-induced gastric mucosal damage
in mice.

(Continued)
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(Continued)
Abbreviation
for Enzyme-like Schematic illustration of nanozyme for Gl Preparation
Nanozyme nanozymes activities Test models therapy method References
Novel NPs incorporating Bi, BI@CAT-ABTS ~ CAT Acute alcoholic Precise localization of acute alcoholic gastritis Solution Stirring [113]
CAT, and ABTS NPs gastritis mouse through dual-mode photoacoustic/CT imaging by Method
model responding to H,0, and H* in the inflammatory
microenvironment, while exerting long-lasting
mucosal protection and anti-inflammatory repair
functions.
Machine learning-screened SrDy,0, SOD, CAT DSS-induced colitis ~ SrDy,0, exerted a therapeutic effect on UC by Machine Learning- [114]

nanozymes model

targeting the inflammatory site in the intestine, Assisted

scavenging ROS, and reducing the inflammatory High-Throughput

response. Screening
Method

ZVMNS, zero-valent molybdenum nanoparticles; DSS, Dextran Sulfate Sodium; RONS, reactive oxygen and nitrogen species.

Taxifolin-iron nanozymes (Fe-Tax) effectively remove reac-
tive oxygen and nitrogen species in the gastrointestinal tract
by mimicking SOD and CAT, thereby alleviating oxidative
damage, inflammatory responses, and cell apoptosis. Addi-
tionally, Fe-Tax could alleviate tissue inflammation and gas-
tric mucosal damage by regulating NRF2, NF-kB, Bax/Bcl-2,
and VEGEF signal pathways in ethanol-induced gastric ulcer!!!!l,
Using fully edible natural active polyphenols, iron ions, and
polyvinylpyrrolidone, sub-10nm ultrasmall iron-polyphenol
nanozymes (UIPNs) were synthesized (Figure SA). UIPNs rap-
idly penetrate the gastric mucosa, remain in the stomach for
over 12 hours, and maintain stability in a strongly acidic envi-
ronment. They exhibit outstanding enzymatic activity for CAT,
POD, and SOD, and demonstrate excellent performance in pre-
venting and protecting against alcohol-induced gastric mucosal
damage in mice!''?.. These studies collectively demonstrate that
the synergistic coordination of polyphenols (such as proantho-
cyanidins and quercetin) with metal ions (Fe/Cu/Mn, etc) not
only preserves the high catalytic activity of metal nanozymes
but also reduces the toxicity of metal ions through natural anti-
oxidant ligands, thereby enhancing their biocompatibility. This
provides an innovative solution for the clinical treatment of GI
disorders.

4.1.2 Metal oxide nanozymes for Gl

CeO2 nanozyme for GI therapy Due to its dynamic and re-
versible Ce**/Ce** redox pair and abundant oxygen vacancies,
CeO, exhibits catalytic activities for a variety of enzymes, such
as SOD, CAT, POD, OXD, and phosphodiesterases!''’], and thus
shows great potential for applications in disease diagnosis and
therapy (Table 2).

In the treatment of IBD, Zeng et al.l''®! synthesized biocom-
patible drug-free CeO, nanozymes (CeNP-PEG) with regen-
erative scavenging activity of multiple ROS. Administration
of CeO, nanozymes alone could inhibit inflammatory macro-
phages and the corresponding NF-xB and JAK2/STAT3 costim-
ulatory pathways to reduce the level of ROS in the intestinal
microenvironment and downregulate inflammatory cytokine
secretion, thus exerting a therapeutic effect on intestinal inflam-
mation (Figure 5C). To improve the retention of CeO, nano-
zymes in the intestinal tract and thus enhance their therapeutic
effects, Cheng et al.''”! encapsulated CeO, nanozymes in a gel
electrostatically assembled with chitosan and alginate. Since
the positively charged protein aggregation at the colitis lesion
makes the site positively charged, the negatively charged nano-
zymes can be aggregated in large quantities at the colitis lesion
to improve the retention effect, which not only enhances the
removal of ROS by CeO, nanozymes from the lesion but also
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mabkes the gel have a certain effect on the repair of intestinal mu-
cosal damage. Li et al."'8! embedded gold nanoparticles in CeO
through the self-reduction reaction between chloroauric acid
and Ce** in ammonia solution. Synthesized hybrid nanoparti-
cles (Au/CeOQ,) possessed higher anti-inflammatory and antiox-
idant activities than the commercial CeO, nanozymes due to
the exposure of catalytic sites, Ce (III), and oxygen vacancies
by the unique porous core-shell structure. By further modify-
ing negatively charged hyaluronic acid on the surface of Au/
CeO,, the nanoparticles could be effectively enriched in the in-
flammatory foci of the intestinal tract. Thereby enhancing the
anti-inflammatory and antioxidant effects of nanoenzymes and
downregulating the production of proinflammatory cytokines.
Zhang et al.l'*! synthesized CeO, nanozymes PEG-CNPs with
multienzyme activity using a modified reverse micellar method.
After intravenous injection, they can be targeted and enriched
in the inflamed colon region through the EPR effect, exerting
the following therapeutic effects: (1) By scavenging ROS and
generating O,, they downregulate the expression of HIF-1a in
macrophages and intestinal epithelial cells, thereby inhibiting
the activation of proinflammatory macrophages and reducing
inflammatory factor levels. (2) They promote the expression of
T]J proteins, repairing the damaged intestinal mucosal barrier.
(3) Activating the Nrf2/Keap1 signaling pathway, upregulating
antioxidant genes (Nqo1, Gpx1, and HO-1) and downregulat-
ing pro-oxidative genes (Nox2 and Cyp2el), thereby enhancing
tissue antioxidant capacity. These synergistic effects collective-
ly promote the alleviation and repair of colitis. Zhao et al.['2%!
grew CeO, nanoparticles on clinically approved montmorillon-
ite (MMT) in situ, and by optimizing the doping ratio, the syn-
thesized CeO,@MMT (w:w = 1:9) could stably pass through
the stomach. Since CeO, nanoparticles have catalytic activities
and can eliminate hydroxyl radicals, and the negatively charged
MMT can be enriched at the inflammatory sites of the intestinal
tract, the synthesized CeO,@MMT composites can improve the
therapeutic effect of IBD.

In addition to its anti-inflammatory therapeutic effect, CeO,
also produces strong X-ray attenuation, which can be used
for computed tomography (CT) imaging. Based on this, Naha
et al.l'?!l obtained Dex-CeNP by precipitating cerium salts in
dextran-containing ammonia solution and encapsulating CeO
nanoparticles with dextran. The nanoparticles can be enriched
at the site of intestinal inflammation by electrostatic interac-
tions for CT imaging of inflammatory sites in the gastrointesti-
nal tract, and the experimental results showed that Dex-CeNP
has superior imaging characteristics to iodoisophthalic alcohol,
which is a clinically approved contrast agent. Combined with
the anti-inflammatory ability of Dex-CeNP, it can be used for
CT imaging-guided IBD treatment.
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Figure 5. Application of metal-based nanozymes in GI. (A) The preparation process of ultrasmall iron-polyphenol nanozymes (UIPNs) and the prevention and
protection mechanisms of UIPNs for alcohol-induced acute gastritis in mice!''?, Copyright 2024, Chemical Engineering Journal. (B) Schematic illustration of the
fabrication process and curative action of Cu-MOF@NF in H pylori infection'#¢l. Copyright 2024, Research. (C) Synthesis of cerium nanoparticles (CeNP-PEG)
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The targeting ability and inhibition of oxidative stress pos-
sessed by CeO, nanozymes have also been used to realize the
therapeutic potential of probiotics to ameliorate gut microbiota
dysbiosis and repair mucosal barrier function. Ces, was synthe-
sized by in situ growth of positively charged CeO nanozymes on
probiotic spores, which promote electrostatic interactions with
negatively charged pathogens and have high ROS-scavenging
activity. Importantly, Ces, showed high resistance in Salmonella
typhimurium-infected mice with acute gastroenteritis. Due to its
O, deprivation ability, Ces, also promotes the proliferation of
anaerobic probiotics, remodehng a healthy gut microbiota!!?¢!,

Manganese oxide nanozyme for Gl therapy Manganese ox-
ide has multiple valence states of manganese, as well as oxidiz-
ing and reducing ability, and therefore has SOD, CAT, and GPx
enzyme activities, which can be used in the treatment of GI.

For example, Cheng et al."?” synthesized Mn,O, nanozymes
modified with DSPE-PEG using a hydrothermal method in an
oleamine solution. Mn O, nanozymes with SOD and CAT cat-
alytic activity contain ’both Mn** and Mn* oxidation states,
which can scavenge ROS produced by inflammatory macro-
phages while reducing the levels of inflammatory cytokines such
as IL-1pB. Therefore, they demonstrated better therapeutic effects
than the clinical drug S-aminosalicylic acid in mouse UC and
CD models. Qiu et al."** also developed the anti-inflammatory
drug budesonide (Bud) loaded in hollow manganese dioxide
nanozymes (hMnO,) by acid etching to form the so-called Bud-
loaded hMnO2/Poly(allylamine hydrochloride)/DSS nanoparti-
cles nanozymes, which can target inflammatory macrophages
and inhibit inflammation in intestinal tissues through the syner-
gistic anti-inflammatory effect of the drug and the nanozymes,
thus effectively treating IBD. Studies have shown that the effects
of Mn,O, nanoparticles in the intestine are dose-dependent.
Continuous oral administration of low doses (125 mg/kg) of
Mn,O, nanoparticles for 20 days resulted in increased expres-
sion of antioxidant gene mRNA in the colon of mice, thereby
enhancing the colon’s antioxidant function. Conversely, admin-
istration of high doses (250 mg/kg) of Mn,O, nanoparticles re-
sulted in oxidative damage and mucosal injury in the colon of
mice, accompanied by an increased ratio of Firmicutes to Bacte-
roidota in the fecal microbiotal'3!l.

Cu,0 nanozyme for IBD therapy Ultrasmall particles of
Cu,O@His developed using histidine (His) exhibited excellent
RON scavenging ability!"*’l. His endowed Cu,O@His with more
negative charge on the surface of Cu,O, resulting in good dis-
persion of Cu,0@His. Notably, the ultrasmall size of Cu,0@
His reduced in vivo toxicity in mice and facilitated the enrich-
ment of inflammatory sites via electrostatic interactions. Further
mechanistic validation showed that Cu,O@His has a higher re-
duction potential and fewer oxygen vacancies. These favorable
factors constitute the excellent enzyme-like activity of Cu,0@
His. In vitro experiments demonstrated that Cu,O@His could
be enriched into mitochondria, restore the membrane potential,
scavenge intracellular ROS, and reduce inflammatory factors
(IL-6 and TNF-a).

Zn0O nanozyme for Gl therapy Study developed a copper/man-
ganese codoped zinc oxide nanozyme (ZnO-CM) for the treat-
ment of Salmonella-induced colitis!**?. The nanozyme exhibits
pH-responsive properties, displaying POD activity under acid-
ic conditions and SOD/CAT activity in neutral environments.
Experiments confirmed that ZnO-CM effectively inhibits Sal-
monella growth by scavenging ROS, upregulating T] proteins
(occludin/claudin-1), and reducing the expression of proinflam-
matory factors (IL-1B/IL-6), thereby significantly improving
intestinal inflammation and barrier function. This smart nano-
zyme provides a new approach for the treatment of bacterial
enteritis.

https://journals.lww.com/medmat/

4.1.3 Metal-organic frameworks for IBD

MOFs are porous hybrid materials composed of metal ions/
metal clusters and organic ligands. The excellent properties of
MOFs, such as structural tunability, functional group richness,
large specific surface area, and high thermal stability, have driv-
en the research on their applications in biomedical fields!>7!34,
In GI treatment applications, MOF materials mainly exert their
effects through 2 strategies. The first is as nanocatalysts with
intrinsic enzyme activity, and the second is as multifunctional
carriers for delivering therapeutic drugs or active substances
(Table 3).

By carefully selecting metal centers and organic ligands,
MOF materials with specific enzyme-mimicking activity can be
constructed. For example, functionalization of ligands in the
MIL-47(V) series of MOFs by introducing different substituents
(such as -NH,, -OH) can significantly regulate their GPx-like
activity, with the amino-modified MIL-47(V)-NH, exhibit-
ing excellent biocompatibility and ROS-scavenging ablhty (131,
More complex systems, such as the PCN222-Mn/Pt comp051te
material constructed by combining Mn(IIl) porphyrin ligands
with Pt nanoparticles, achieve cascading catalytic effects of
SOD and CAT, efficiently converting Oy into harmless water
and oxygen, and effectively protecting mice from ROS-related
IBD!"3¢l, Additionally, ruthenium-based MOFs (Ru-MOFs) inte-
grate the catalytic properties of tris(phenylphosphine)rutheni-
um dichloride, demonstrating broad-spectrum ROS-scavenging
capacity and stable multienzyme activity, showing significant
therapeutic effects in DSS-induced colitis models"*”. Addressing
the challenge of H pylori gastritis infection, the innovative Cu-
MOF@NF platform is loaded with nitrogen-doped carbon dots
and fucoidan (Figure 5B). Not only can it penetrate the gastric
mucus layer and prevent H pylori from adhering to gastric mu-
cosal epithelial cells, but the released Cu** can also effectively
degrade biofilm polysaccharides and disrupt the cyclical growth
pattern of “bacterial plankton-biofilm,” thereby preventing re-
current and persistent infections!'#%,

Prussian blue (PB) and its analogues are a common class of
MOFs with antioxidant enzyme activity, consisting of trivalent
iron and ferrous iron coordinated with cyanide, which are bio-
compatible and biosafe. PB NPs have catalytic properties simi-
lar to those of POD-, CAT, and SOD, which may be attributed
to interconversions between the different valence states of Fe,
which make PB NPs good electron transporters!!*!. Based on
the PB framework, researchers have developed various function-
alized nanozyme systems. Manganese-doped PB nanoparticles
(MPBs) not only retain the multienzymatic activity of PB but
also serve as drug carriers for loading the anti-inflammatory
drug sulfasalazine. This nanomaterial system improves cellu-
lar energy dysfunction, inhibits apoptosis, and exhibits strong
anti-inflammatory and immune-balancing capabilities in
IBD!"*1, Selenium-doped PB (Se-HMPB) introduces selenium
with GPx-like activity, effectively inhibiting iron-dependent cell
death in UC treatment and regulating Th1 cell differentiation in
CD treatment, thereby effectively protecting the integrity of the
intestinal mucosal barrier!'*!. Notably, the ZnPBA@YCW oral
delivery system, formed by PB analogues using yeast cell walls
as carriers, specifically targets pathogenic Escherichia coli, elim-
inating pathogens while regulating intestinal microbiota bal-
ance. It also reduces inflammatory responses by inhibiting the
NF-«B signaling pathway, achieving synergistic effects through
multiple therapeutic mechanisms!'#4.

In addition, MOF, as a framework material, can deliv-
er nanozymes or actives for site-specific treatment of GI. By
co-encapsulating carbon dots (named as CNs) with SOD ac-
tivity and CD98 CRISPR/Cas9 plasmids (named as CPs)
within ZIF-8nanoparticles (termed as CCZ) enveloped by mac-
rophage membranes, the constructed CCZM system exhibits
acid-responsive release, immune evasion, and inflammation-
targeting properties. It effectively clears ROS at the lesion site
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List of MOFs nanozymes, their enzyme mimetic activity, and efficacy study in Gl.

Abbreviation Enzyme-
for like Preparation

Nanozyme nanozymes activities  Test models Schematic illustration of nanozyme for Gl therapy method  References

Metal-organic framework (MOF) ~ MIL-47(V)-X  GPx DSS-induced  Nanozymes can be used as ROS scavengers in vitro to protect Aligand [135]
nanozymes with different MOFs (X = colitis model cells from oxidative damage. In vivo it has a broad-spectrum engineering
ligands F Br, NH,, anti-inflammatory effect against otitis and colitis.

CH,, OH, H)

Introducing Mn (Ill) porphyrin Pt@ SOD, CAT DSS-induced ~ MOF-based nanozymes have excellent ROS-scavenging activities — Solvothermal [136]
and Pt NP into a nanoscale PCN222-Mn IBD model for in vivo inflammatory treatment. methods
Zr-based MOF (PCN222)

Ruthenium-based metal- Ru-MOF  SOD, CAT DSS-induced  Ru-MOF effectively scavenges ROS, protects cells from oxidative  Hydrothermal [137]
organic framework colitis model stress, effectively attenuates colon damage in mice, and method

exhibits efficient and stable catalytic activity in vitro.

Manganese metal organic Mn-MOF  CAT Interleukin 10 Mn-MOF can effectively remove excessive ROS produced by Hydrothermal [138]
framework (IL-10)- neutrophils and macrophages, relieve oxidative stress, reduce method

deficient inflammatory response and restore the intestinal barrier.
mice

Sul-loaded Mn doped prussian Sul-MPBs  SOD, CAT,  DSS-induced  Sul-MPBs improve cellular energy dysfunction, inhibit apoptosis, ~ One-pot [139]
blue nanoparticles GPx acute colitis and have a strong ability to alleviate IBD inflammation and synthesis

model balance immunity. method

Manganese Prussian blue MPBZs Multi- DSS-induced ~ Nanozymes preferentially accumulate at inflamed mucosa in colitis Hydrothermal [140]
nanozymes antioxidant  colitis mouse  areas and significantly improve colitis, a primary effect on the method

enzyme- TLR signaling pathway.
like activity
Manganese-Iron Prussian Blue MnPB SOD, CAT ~ DSS-induced  The ability of the nanozymes to protect cells from ROS attack Solvothermal [139]
acute UC and to effectively improve pathological symptoms in a UC methods
mouse mouse model resulted in a reduced inflammatory response
models and improved survival. Notably, large-scale production of
nanozymes yielded an unprecedented ~11g per reaction batch.

Curcumin (CCM) decorated on CCM-CoFe  SOD, CAT,  DSS-induced ~ CCM-CoFe PBA converted M1 macrophages to M2 macrophages, ~Stirring [141]
cobalt-iron doped Prussian PBA POD UC model inhibited proinflammatory factors, and significantly reduced the method
blue analog (PBA) symptoms of colitis in mice.

Azido (N3)-modified Prussian PB@N3 and CAT, POD DSS-induced  The combination of PB@N3 and LR@DBCO enhances the Solvothermal [142]
blue nanozyme and LR@DBCO colitis model colonization of probiotics, modulates intestinal flora composition  method
dibenzocyclooctyne (DBCO)- and function, regulates immune profiles, restores intestinal
modified Lactobacillus reuteri barrier function, and alleviates intestinal inflammation.

DSM 17938

Zero-valence selenium- Se-HMPB ~ SOD, CAT,  DSS-induced ~ Se-HMPB nanozymes can effectively scavenge ROS and protect ~ Hard template [143]
enriched Prussian blue GPx IBD model the integrity of the intestinal mucosal barrier, reducing the method
nanozymes differentiation of inflammatory cells and the expression of

inflammatory cytokines.

Yeast cell wall (YCW) as the /nPBA@YCW SOD, CAT,  DSS-induced  ZnPBA nanozymes reduce lipid peroxidation by effectively Simple [144]
outer shell and zinc-doped POD colitis model scavenging ROS, inhibit the NF-xB signaling pathway, reduce extrusion
Prussian blue analogue the secretion of inflammatory factors TNF-ow and IL-6, and also method
(ZnPBA) nanozyme inside regulate intestinal flora disorders.

C-dots and CD98 CRISPR/Cas9 CCZM SOD DSS-induced  This bionic system is simultaneously pH-responsive, immune A one-pot 145]
plasmid were encapsulated UC model escape, and inflammation-targeting. CCZM significantly approach
into MOF carrier, and abrogated ROS and downregulated CD98, significantly
then camouflaged with improving inflammatory symptoms, including colon length,
macrophage membrane epithelial integrity, and inflammatory response in mice.

Codoped zeolitic imidazolate CCM-Co-ZIF-8 SOD, CAT,  DSS-induced ~ CCM-Co-ZIF-8 eliminates ROS, enables macrophage subtype Solution [146]
framework to load curcumin POD colitis model transformation (M1 to M2), and inhibits the expression of stirring

proinflammatory cytokines to regulate macrophage polarization. ~ method

Zinc ions were combined with HZn-TA Multi- DSS-induced ~ HZn-TA reduces intestinal inflammation in mice by decreasing One-pot [147]
tannic acids antioxidant  acute colonic injury, proinflammatory cytokine levels, splenic index, method

enzyme- intestinal and body weight. It also promoted intestinal mucosal healing
like activity ~inflammation  and upregulated the expression of Z0-1 and claudin-1.

Copper-bearing metal-organic ~ Cu-MOF@NF  Scavenge H pylori- Cu-MOF@NF can not only penetrate the gastric mucus barrier Solution [148]
framework (Cu-MOF) loaded 0,e, infected to block bacterial adhesion, but the Cu?* it releases can also stirring
with nitrogen-doped carbon *(OH, and mouse effectively degrade biofilm polysaccharides and disrupt the method
dots *NO model bacterial life cycle.

DSS, Dextran Sulfate Sodium.

and downregulates the expression of the inflammation-related
biomarker CD98, significantly improving inflammatory symp-
toms in mice, including colon length, epithelial integrity, and

inflammatory response, thereby achieving a synergistic ther-
apeutic effect (Figure SD)!*. Similarly, the CCM-Co-ZIF-8
composite material formed by cobalt-doped ZIF-8 loaded with
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curcumin not only possesses multiple ROS-clearing enzyme
activities (POD, CAT, and SOD) but also promotes the po-
larization of macrophages from proinflammatory M1 type to
anti-inflammatory M2 type, effectively regulating the immune
microenvironment!'*¢l. Cobalt-doped ZIF-8 loaded with tannic
acid forms tannic acid-zinc nanoparticles (HZn-TA), which al-
leviate intestinal inflammation in mice with acute colitis by re-
ducing colonic damage, proinflammatory cytokine levels, spleen
index, and body weight. It also promotes intestinal mucosal
healing by upregulating the expression of T] proteins ZO-1 and
claudin-1171,

4.2 Nonmetal-based nanozymes for Gl

4.2.1 Carbon-based nanozymes for Gl

Carbon-based materials are rich in surface functional groups and
have many unsaturated structures, leading to a large number of
active sites and multiple enzyme activities?®!*°l, Carbon-based
nanozymes are highly biocompatible, relatively stable in living
organisms, easy to be functionally modified, and widely used in

https://journals.lww.com/medmat/

In UC and CD enteritis models, carbon dots (C-dots) syn-
thesized from glutathione and biotin exhibit significant SOD-
like activity, effectively scavenging ROS and reducing the
expression of proinflammatory factors such as TNF-a and IL-
6, thereby effectively repairing damaged intestinal mucosa!**!l.
C-dots encapsulated in chitosan/alginate hydrogels not only
possess anti-inflammatory and antioxidant functions but also
regulate intestinal microbiota balance, increase the abundance
of probiotics, and reduce the number of pathogenic bacteria.
Additionally, their red fluorescence properties can be used for
bioimaging of inflammatory sites (Figure 6A)!52. Metal-free
carbon dots (CP-CDs) prepared from citric acid and polyeth-
ylene polyamine exert their effects through a dual mechanism.
On the one hand, they alleviate inflammatory responses by reg-
ulating oxidative stress and inhibiting the NLRP3 inflammatory
pathway. On the other hand, they restore the balance of the
intestinal microbiota, increase the abundance of beneficial bac-
teria (Ligilactobacillus and Enterorbabduus), reduce the abun-
dance of harmful bacteria (unclassified Clostridia UCG-014),
and promote the recovery of intestinal barrier function!!s3.

In the field of H pylori infection treatment, pH-responsive

GI therapy (Table 4). fullerene alcohol nanoparticles (FNPs) have achieved
List of carbon-based nanozymes, their enzyme mimetic activity, and efficacy study in Gl.
Abbreviation Enzyme-
for like Preparation
Nanozyme nanozymes activities Test models Schematic illustration of nanozyme for Gl therapy method  References
Carbon dots C-dots SOD DSS-induced C-dots can reduce the expression of proinflammatory cytokines Solvothermal [151]
colitis mouse; TNF-a, IL-6, IL-1. It can effectively alleviate colonic inflammation, method
TNBS-induced including reduced colon length, epithelial damage, inflammatory
Crohn’s mouse cell infiltration and overexpression of proinflammatory cytokines.
And it has good fluorescence properties for in vivo imaging.
Carbon dots C-dots SOD DSS-induced C-dots nanozymes protects cells from oxidative stress, reduces Solvothermal [152]
colitis model the expression of proinflammatory cytokines, and also shows method
significant ability to modulate the composition of the gut
microbiota.
Metal-free carbon dots CP-CDs SOD DSS-induced CP-CDs have good free radical scavenging ability and restoration of ~ Hydrothermal [153]
colitis model intestinal barrier. Downregulation of inflammatory cytokines in the method
NLRP3 pathway and rebalancing of DSS-damaged intestinal flora
are its 2 main therapeutic mechanisms.
lodine-copper-zinc Cu,Zn,l-CDs  SOD, CAT, DSS-induced Cu,Zn,I-CDs scavenged excess ROS, reduced the expression of Microwave [154]
covalent doped carbon GPx colitis model proinflammatory cytokines (eg, TNF-a, IL-18, and IL-6), and digestion
dots effectively alleviated colonic inflammation in mice. system
Macrophage-biomimetic ~ C-dots@ SOD DSS-induced UG C-dots@Lipo-M can be guided by macrophage membranes to Thin-film [155]
liposomes delivery Lipo-M model be delivered to sites of inflammation and can also alleviate hydration
of carbon dots intestinal inflammation by modulating inflammatory pathways and method
nanozymes remodeling the redox microenvironment.
Hollow porous carbon Fe/N-HCNs POD, DSS-induced Fe/N-HCNs with the ability to scavenge ROS in a neutral environment  One-step [156]
spheres codoped with OXD, colitis model can also be used to treat noninfectious 1BD. method
nitrogen and iron CAT,
SOD
Fullerenol nanoparticles ~ FNPs POD H pylori mouse FNPs efficiently catalyze the production of ROS under low pH Solution [157]
model conditions in gastric acid, destroying the polysaccharide structure method
of H pylori cell walls and disrupting biofilms, thereby eradicating H
pylori in the stomach.
PtCo@Graphene PtCo@G OXD H pylori-infected ~ Nanozymes can be specifically activated by gastric acid to kill H pylori  One-pot [158]
mouse model and significantly reduce the risk of gastritis. In a neutral intestinal method
environment, their activity is inhibited, and they are nontoxic to
commensal bacteria. Nanozymes also have magnetic resonance
imaging and Raman imaging capabilities, enabling precise
monitoring of their distribution in the body.
PtCo@Graphene@ PtCo@G@ 0XD H pylori-infected ~ Nanozymes can efficiently target H pylori. Their pH-dependent One-pot [159]
Hemin-2(L-arginine) H2A mouse model cascade catalytic activity can specifically produce ROS and oxidize method

L-arginine, achieving selective bactericidal action in the gastric
acid environment.

DSS, Dextran Sulfate Sodium; OXD, Oxidase.
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Figure 6. Application of nonmetal-based nanozymes in Gl. (A) Synthesis of C-dots nanozymes!'®?. Copyright 2024, Elsevier. (B) Schematic illustration of the
synthesis and therapy application of Cu, Zn, I-CD nanozyme for mice with colitis'>4. Copyright 2024, American Chemical Society. (C) Synthesis and schematic
illustration of the therapeutic mechanisms of oral alloMel against colitis!'®. Copyright 2024, Elsevier.

breakthrough progress!'7l. FNPs achieve precise antibacterial
effects through molecular structural transformations triggered
by gastric acid. In an acidic environment, the hydroxyl groups
of FNPs rearrange to form active carbonyl groups (C=0), sig-
nificantly enhancing their POD activity, with catalytic efficiency
positively correlated with C=0O content. These nanoparticles can
specifically destroy the cell walls and biofilms of H pylori, and
are equally effective against drug-resistant strains. Experimental
evidence shows that they function through a reversible substrate
binding-catalytic cycle, offering advantages such as high selec-
tivity and no development of drug resistance, thereby providing
an innovative nonantibiotic solution for H pylori treatment.
Metal-doped carbon-based nanozymes have demonstrated
breakthrough progress in the treatment of GI through mul-
tienzyme synergistic action and intelligent response design.
Iron/nitrogen codoped hollow porous carbon nanospheres
(Fe/N-HCNs) exhibit 4 enzyme-mimicking activities: POD,
OXD, CAT, and SOD. These not only effectively scavenge
ROS but also regulate the inflammatory microenvironment
through enzymatic reactions, demonstrating significant ther-
apeutic effects in bacterial infection and DSS-induced coli-
tis models!"*. Similarly, platinum-doped carbon nanodots
achieve efficient ROS scavenging by mimicking the SOD/
CAT cascade reaction. When coloaded with spleen tyrosine
kinase inhibitors in platelet membrane-coated nanoparticles,
they can precisely target inflammatory sites, inhibit neutro-
phil infiltration, and promote epithelial repair, thereby revers-
ing intestinal barrier dysfunction!®”. To further optimize the
stability and catalytic efficiency of nanozymes, researchers
developed iodine-copper-zinc covalently doped carbon dots
(Cu, Zn, I-CDs), where iodine doping effectively neutralizes
the positive charge of metal ions in acidic environments, en-
abling them to maintain excellent triple antioxidant activi-
ty (CAT, SOD, and GPx) even under low pH conditions. In
vitro experiments confirmed that this material not only alle-
viates cellular oxidative damage but also downregulates the
expression of proinflammatory factors such as TNF-o and IL-
1B. In a DSS-induced colitis model, it significantly improves

pathological features such as colon shortening and mucosal
damage (Figure 6B)!"**. For H pylori infection, pH-responsive
nanozymes (such as PtCo@G) achieve selective bactericidal
activity in the gastric acid environment through surface mod-
ification with phenylboronic acid. Their catalytic activity is
activated only under acidic conditions, thereby avoiding unin-
tended damage to the intestinal microbiotal'*®l. Additionally,
dual-targeted nanozymes (PtCo@G@H2A) enhance targeting
efficiency by 850% through a dual mechanism of heme re-
ceptor binding and pH-dependent charge reversal (L-arginine
protonation). They also generate selective ROS via cascade
catalytic reactions, maintaining high bactericidal efficacy in
gastric acid and pepsin environments while avoiding intestinal
side effects through surface potential regulation!s,

4.2.2 Melanin nanozymes for Gl

Metal-free melanin nanomaterials can also be effective in the
treatment of GI, as summarized in Table 5. Melanin-based
nanomaterials (MeNPs) utilize their unique phenol/quinone
redox structure to efficiently scavenge ROS, demonstrating
multitarget regulatory capabilities in IBD treatment. They can
simultaneously alleviate 6 major pathological features: oxidative
stress, endoplasmic reticulum stress, cell apoptosis, inflamma-
tory response, intestinal epithelial damage, and gut microbiota
dysbiosis!'"®!l. To further enhance targeting and therapeutic effi-
cacy, researchers developed a probiotic-nanocatalyst composite
system (LE@MPB) by modifying melanin nanoparticles onto the
surface of Lactobacillus fermentum. This not only enhances the
survival rate of probiotics in the gastrointestinal environment
but also achieves precise accumulation at inflammatory sites.
Experiments confirmed that this system significantly reduces mi-
tochondrial membrane potential, inhibits cell apoptosis, and ex-
erts synergistic therapeutic effects by regulating the composition
of the intestinal microbiotal'®?. Additionally, allomelanin-like
nanodrugs (alloMel) demonstrate superior performance, with
antioxidant capacity 2.5-fold that of conventional drugs such
as S-aminosalicylic acid. They specifically target colitis lesions
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List of melanin nanozymes and other nonmetal nanozymes, their enzyme mimetic activity, and efficacy study in Gl.

Abbreviation
for Enzyme-like Schematic illustration of nanozyme for GI  Preparation
Nanozyme nanozymes activities Test models therapy method References
Metal-free melanin nanozymes ~ MeNPs SOD DSS-induced colitis model ~ MeNPs can alleviate 6 major pathological Stober-like [161]
features of IBD, including oxidative stress, method
endoplasmic reticulum stress, apoptosis,
inflammation, intestinal epithelial damage,
and intestinal flora disruption, and have a
favorable therapeutic effect on IBD.
With Lactobacillus fermentum  Lf@MPB SOD, CAT, DSS-induced UC model Lf@MPB reduces cellular mitochondrial O-diol borate- [162]
(Lf) as the core and modified GPx polarization, inhibits apoptosis and also based click
melanin nanoparticles significantly increases the viability of Lf reaction
(MNPs) on its surface probiotics. It also alleviated oxidative stress
and inflammatory responses, increased the
abundance and diversity of gut microbial
communities, and restored the intestinal barrier.
Allomelanin-like nanomedicine  alloMel SOD, GPx DSS-induced acute colitis The self-perpetuating proinflammatory Solution [163]
model microenvironment was improved by a Stirring
combination of attenuating oxidative Method
stress, reducing proinflammatory cytokine
production, inhibiting inflammatory cell
infiltration, switching macrophage phenotype,
and restoring intestinal barrier integrity.
Single-atom catalyst-armed BL  BL@B-SA50 ~ SOD, CAT DSS-induced 1BD model The system continuously removes elevated Solution [164]
probiotics ROS, relieves inflammatory factors, improves Stirring
bacterial viability, remodels the intestinal Method
barrier and restores the intestinal microbiota.
Lipid-polymer hybrid SNP-FA SOD TNBS-induced colitis mice ~ SNP-FA shows excellent mucus permeability Solution [165]
nanoparticles with folate and inflammation targeting properties, and Method
surface functionalization can regulate the secretion of inflammation-
related cytokines to effectively alleviate the
inflammatory response.
DNase-I nanozyme DNase-NZ Multi- DSS-induced colitis model ~ DNase-NZ may improve various Surface coating [166]
antioxidant pathophysiological features of IBD by method
enzyme- attenuating colonic neutrophil infiltration and
like activity NETosis.
Platinum-doped carbon PM@Pic/ SOD, CAT DSS-induced colitis model ~ Nanozymes scavenge ROS, reduce the Microemulsion [160]
nanodot nanozymes PtCD@NP expression of proinflammatory factors, method
(PtCD) and piceatannol decrease neutrophil infiltration and restore
were coloaded in PLGA the function of the intestinal barrier.
and coated with platelet
membrane
Bifidobacterium longum (BL) BL@HABN SOD DSS-induced acute colitis BL@HABN protect colonic epithelial cells from  Aggregation [167]
was loaded and integrated model ROS-mediated cytotoxicity. It also reduced method
with hyaluronic acid-bilirubin proinflammatory cytokine production, induced
nanomedicine (HABN) type 2 macrophage (M2) differentiation and
promoted epithelial barrier repair. Importantly,
it also restored the abundance and diversity
of the gut microbiota.
A hyperthermostable SOD from  TtSOD SOD 2,4,6-trinitrobenzenesulfonic - TtSOD treatment reduces intestinal Expressed and [168]
the Thermus thermophilus acid-induced IBD enlargement, attenuates neutrophil purified from
HB27 zebrafish; DSS-induced infiltration, relieves enteritis, and protects Escherichia
colitis model intestinal barrier function. coli
Integrated Escherichia coli CF@EM SOD DSS-induced colitis model CF@EM demonstrates a strong ability to colonize  Ultrasound [169]
Nissle 1917 membrane (EM) the inflamed colon and restore intestinal mixing
with CurFe nanozyme redox balance and barrier function. CF@
EM influences the gut microbiome towards a
beneficial state by enhancing bacterial diversity
and shifting the compositional structure toward
an anti-inflammatory phenotype.
Single-atom Ptimmobilized SAPt-Nb,CT GPx, SOD Hunan mice of ethanol- Nanozyme can both achieve highly sensitive Solution [170]
Nb,CT nanosheet induced gastric mucosal Fe?* detection (detection limit 1.02 uM) and Stirring
injury effectively treat ethanol-induced gastric Method

mucosal damage through its antioxidant and
anti-inflammatory effects.

DSS, Dextran Sulfate Sodium.
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by inhibiting the TLR4/MyD88/NF-kB signaling pathway, ef-
fectively regulating macrophage polarization, reducing inflam-
matory cell infiltration, and restoring intestinal barrier integrity
(Figure 6C)!'%], These melanin-based nanocatalysts offer a novel
metal-free nanocatalytic therapeutic strategy for GI diseases.

4.3 Other nanozymes for Gl

The emergence of single-atom nanozymes (SAzymes) as a new
generation of biomimetic catalysts has demonstrated unique
advantages in the treatment of gastrointestinal inflammation.
Their atomically dispersed active metal centers effectively mim-
ic the body’s natural antioxidant defense system. The BL@B-
SA_, system is constructed using Bifidobacterium longum as a
carrier, enabling targeted delivery of probiotics for sustained
ROS scavenging and effective inhibition of inflammatory fac-
tors!'®l, In UC and CD models, it not only significantly restores
intestinal barrier function but also optimizes the composition
of the microbiota. Its clinical translation potential has been
validated in beagle dog experiments. In the prevention and
treatment of gastric mucosal damage, the SA Pt-Nb,CTx nano-
zyme developed using a niobium vacancy-defect MXene carrier
exhibits dual GPx and SOD-like activity. It can detect Fe?* at
1.02 pM levels via fluorescence sensing for early diagnosis and
effectively prevent ethanol-induced gastric mucosal damage
through antioxidant and anti-inflammatory mechanisms (Fig-
ure 7A)17%, These breakthroughs demonstrate that SAzymes,
through an integrated “diagnosis-treatment” design, can over-
come the challenges of traditional probiotic colonization and
address therapeutic challenges in complex gastric pathological
environments, providing innovative solutions for precise inter-
vention in GI.

The key role of gut microbiota dysbiosis in the pathogenesis
of IBD has been confirmed, and innovative treatment strategies
based on nanozymes are breaking through the limitations of
traditional probiotic therapies in terms of targeting and colo-
nization efficiency. Recent studies have developed various bio-
mimetic nanozyme systems. Inspired by Escherichia coli Nissle
1917, the copper-iron nanozyme (CF@EM) leverages the in-
flammatory targeting properties of probiotic membranes to sig-
nificantly enhance nanozyme accumulation and retention at the
lesion site, effectively restoring intestinal barrier function and
regulating microbial composition toward an anti-inflammatory
phenotype!'®l. A PB nanozyme system (PB@N3/LR@DBCO)
based on click chemistry achieves precise spatiotemporal col-
onization of Lactobacillus reuteri. Its specific “click” reaction
maintains efficient ROS clearance and microbiota regulation
functions even in complex inflammatory environments!!“?. The
overproduction and accumulation of neutrophil extracellular
traps (NETs), also known as NETosis, have been identified to
exacerbate the inflammatory response and induce further tissue
damage in IBD. This finding has prompted many researchers to
investigate NETs as a potential therapeutic target. DNase-I is
a natural agent that effectively disrupts NETs, which are im-
mobilized on the surface of polymeric nanoparticles to main-
tain their enzymatic properties while prolonging their activity
in the colon. Delivery of DNase-I using nanozymes enhances
stability and prolongs DNase-1 activity with minimal toxic-
ity. More importantly, administration of DNase-I nanozymes
successfully attenuated colonic neutrophil infiltration and NE-
Tosis compared with free DNase-1 (Figure 7B)!!%¢l. These inno-
vative strategies, by synergistically regulating the "oxidative
stress-microbiome-immune microenvironment" network, not
only overcome the limitations of traditional probiotics but also
establish a new paradigm for multitargeted intervention in IBD
treatment.

The above research examples show that nanozymes, with
their unique catalytic activity and multifunctionality, provide a
new intervention strategy for GI treatment.
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4.4 Systematic comparison of various nanozyme platforms

Although various types of nanozymes demonstrate potential in
treating GI, their material nature determines distinct character-
istics in catalytic performance, biosafety, and therapeutic focus.
This section systematically compares nanozyme platforms (Table
6) to provide a decision-making framework for precision design
toward clinical translation. In this comparative analysis, dis-
tinct characteristic profiles emerge across nanozyme categories:
Metal- and metal oxide-based nanozymes (eg, CeO, and Fe,0,)
maintain high catalytic activity while exhibiting excellent anti-
oxidant enzyme diversity (eg, SOD/CAT cascade) and biocom-
patibility. MOF-based nanozymes achieve ultimate enzymatic
diversity and functional integration through programmable pore
structures and metal nodes, making them ideal platforms for
smart delivery and synergistic therapy. Carbon-based nanozymes
demonstrate stable and flexible performance in catalytic kinetic
therapy. Melanin-based nanozymes stand out in bioprotection
due to their exceptional biocompatibility and broad-spectrum
ROS-scavenging capabilities. SAzymes achieve peak catalytic ef-
ficiency through atomically dispersed active sites, though their
enzymatic activity remains relatively limited. Overall, each ma-
terial platform offers distinct advantages—from catalytic effi-
ciency and biosafety to design flexibility-collectively forming a
functionally complementary nanozyme therapeutic toolkit. This
provides diversified solutions for precisely addressing the com-
plex pathological environment of GI.

5. Conclusion and Outlook

Nanozymes, as an emerging biomimetic catalytic material,
demonstrate tremendous application potential in the treatment
of GI. By mimicking the activities of multiple natural enzymes
such as SOD, CAT, GPx, and OXD, nanozymes can precisely
intervene in the core pathological processes of GI: effectively
eliminating excess reactive oxygen and nitrogen species, repro-
gramming dysregulated immune responses, repairing damaged
intestinal barriers, and restoring imbalanced gut microbiota.
This pathologically targeted, synergistic intervention strategy
transcends the single-action mode of traditional drugs, offering
novel insights and solutions for treating IBDs. Diverse nanozyme
material platforms—ranging from classic metal/metal oxides to
structurally tunable MOFs and biocompatible melanin—col-
lectively form a functionally rich therapeutic toolkit, providing
versatile options for addressing different treatment scenarios
and needs. Despite significant progress in nanozyme develop-
ment, research in GI treatment remains in its early stages, with
numerous critical issues and challenges awaiting resolution.
The development of high-performance nanozymes current-
ly faces the core challenge of enhancing catalytic efficiency.
While regulating the valence state of the active site can ef-
fectively modulate catalytic activity, there is an urgent need
to introduce Al-assisted design (such as machine learning for
predicting active sites and molecular docking for optimizing
targeting) to accelerate the R&D process. Future nanozymes
will transcend simple catalytic materials to become intelligent
systems capable of sensing and responding to pathological
microenvironments!!’!l. Through rational design of chemi-
cal bonds or structures responsive to specific stimuli (eg, pH,
H,O, concentration, and specific enzymes)!"”?, nanozymes can
achieve precise activation and on-demand release of activity at
the lesion site, thereby maximizing therapeutic efficacy while
minimizing off-target toxicity. At the mechanism level, the cat-
alytic mechanisms of nanozymes in vivo and vitro remain un-
clear. Advanced computational simulations (eg, DFT), machine
learning, and high-throughput screening technologies will
deeply elucidate the structure-activity relationships of nano-
zymes at the atomic/molecular level'%l. Clarifying the intrinsic
connections between the electronic structure and coordination
environment of active sites and their catalytic performance will
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provide a solid theoretical foundation for guiding the targeted  long-term safety concerns, investigating their in vivo metabolic
pathways and fate, and optimizing targeting and pharmaco-

design and optimization of high-performance nanozymes. Of
kinetic properties through rational surface engineering. Ratio-

course, rational design must fully consider clinical needs. This
includes developing fully biodegradable nanozymes to address  nally designed nanozymes hold promise to overcome existing
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Systematic comparative analysis of various nanozyme platforms.

Dimension Metal-based Metal oxide-based MOF-based Carbon-based Melanin-based
Catalytic High, especially noble metals ~ Moderate to High, depends on  Tunable to High, depends Moderate, conductivity aids Relatively Low, broad-spectrum
efficiency (POD-like) valence state and oxygen on metal nodes and pore electron transfer scavenging rather than
vacancies environment efficient catalysis
Enzyme Relatively Single, mainly POD,  Good, especially CeQ, (SOD/  Excellent, programmable Relatively Single, mainly POD,  Relatively Single, superior
diversity some OXD CAT cascade) (OXD, POD, CAT, etc) some OXD ROS scavenging but

Biocompatibility Moderate, noble metals inert

but persistent

Good, Fe, Ce, Mn are
essential elements

Variable, Zn/Fe-based good;
others (eg, Co) need
caution

few catalytic activities
Excellent, inherent

biocompatibility and

biodegradability

Good, potential long-term
retention concerns

Physiological High, chemically stable High, structurally stable Moderate, may degrade in High, chemically stable Moderate, biodegradable,
stability acidic/complex milieus stable within therapeutic
window
Therapeutic CDT, using POD activity to kill  Antioxidant/anti-inflammatory ~ Combo Therapy/Smart CDT, Biosensing and Antioxidant/Bioprotection,
focus pathogens/cells (Ce0,), CDT (Fe,0,) Delivery, ideal for Detection Photothermal Therapy (PTT),
integrating therapies Immunomodulation

Design flexibility Moderate, size, morphology,
alloying

Moderate, morphology,
doping, surface
modification

Extremely High, precise
control over composition,
structure, pores, surface

Moderate, rich surface groups
for functionalization

Moderate, heteroatom doping,
surface functionalization

CDT, Catalytic dynamic therapy; OXD, Oxidase.

therapeutic bottlenecks and usher in a new era of precision
treatment for GI.
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