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Received: 13 March 2026 Abstract: The discovery of nanoenzymes offers a novel approach to mimicking
Revised: 2 April 2026 natural enzymes with both high stability and low cost. However, their complex
Accepted: 3 April 2026 surface structures and compositions often result in ambiguous catalytic sites and
Published: 21 April 2026 low atomic utilization. The emergence of single-atom catalysts (SACs) has

overcome this bottleneck. By dispersing metal atoms in isolated form on a support,
these catalysts achieve maximum atomic utilization and uniform coordination
environments. This makes it possible for people to perfectly replicate the electrons
and geometric structures of natural metallases on an atomic scale to construct SACs.
These materials not only inherit the advantages of nanoenzymes, but also provide an
ideal platform for clarifying the catalytic mechanism because of their clear and
precisely controllable active sites. By regulating the central metal ion type, the type
of coordinating atom and the carrier effect, its catalytic activity can be effectively
optimized. Based on the enzyme-like activity of SACs and its activity regulation
mechanism, this review explains the application of SACs in the field of biomedicine.
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1. Introduction

Natural enzymes play the role of high-efficiency catalysts in biological systems and have many core
advantages, such as excellent catalytic efficiency and specificity [1,2]. However, as proteins, natural enzymes
exhibit poor stability and are prone to inactivation by environmental factors like temperature and pH. Their
production, purification, and storage incur high costs, and they are difficult to recover and reuse [3]. To overcome
these limitations, scientists have dedicated efforts to finding alternatives.

As early as the 1970s, Michael E. Wilson et al. attempted to synthesize “artificial enzymes” by partially
embedding rhodium(I) diphosphide into specific protein sites to construct asymmetric hydrogenation catalysts.
These efforts opened a new and important branch of bionic chemistry [4,5]. In 2007, YAN et al. reported that
magnetic nanoparticles Fe;O4 actually possess intrinsic enzyme-mimetic activity similar to natural peroxidase,
capable of catalyzing the decomposition of hydrogen peroxide (H,0O,) [6].This discovery opened an entirely new
field. The term “nanozymes” was first coined by Scrimin, Pasquato, and colleagues to describe gold clusters
protected by a thiol monolayer exhibiting outstanding ribonuclease activity [7]. Wang et al. extended this term to
nanomaterials exhibiting enzymatic activity [8]. Subsequently, various nanozymes with activities mimicking
oxidase, peroxidase and catalase were developed, such as CeO,, carbon nanotubes, gold nanoclusters, and metal-
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organic frameworks etc. [9—15]. Nanozymes have experienced rapid development and are widely applied in
biosensing, disease diagnosis and treatment, environmental monitoring and remediation due to their high stability,
low cost, scalability, and ease of modification [16-20].

Although nanozymes have achieved significant breakthroughs in stability and cost compared to natural
enzymes, their catalytic performance still holds potential for further enhancement. The core catalytic site of
traditional nanoenzymes is usually the metal atomic cluster on the surface of nanoparticles. These sites are
unevenly distributed, and most of the atoms inside the particles cannot participate in the reaction. This leads to
low atomic utilization rate, making it difficult for nanoenzymes to achieve the catalytic activity and selectivity of
natural enzymes. In addition, the slow leakage of metal ions in the body may give potential toxicity to
nanoenzymes [21-23]. In contrast, SACs anchor metal atoms in the form of single atoms on the carrier, avoiding
the aggregation and embedding of nanoparticles, thus achieving higher atomic utilization and uniform active site
structure. Their precise catalytic mechanism enables it to achieve high efficiency at lower doses, further enhancing
biocompatibility, and their stable metal-carrier coordination bonds significantly reduce the leakage of metal ions,
thus reducing the potential toxic risks [24,25].

Since the discovery of the first structurally defined SACs Pt;/FeOx by Qiao etal. in 2011, SACs have emerged
as a frontier research hotspot [26]. Their applications have expanded from traditional thermal catalysis to cutting-
edge fields such as electrocatalysis, photocatalysis, and biomedical catalysis, demonstrating immense potential.
The development of SACs is briefly summarized in Figure 1 [27]. Previous reviews of SACs have primarily
focused on different synthesis strategies or biomedical applications. This review centers on elucidating their
biomedical applications by examining the catalytic mechanisms and regulatory mechanisms of catalytic activity
in SACs.This paper first reviews enzyme-like activities and their regulation mechanisms in SACs. Building upon
this foundation, it then discusses applications in tumor therapy, anti-inflammatory treatment, antimicrobial
therapy, and biosensing. Finally, it explores the prospects and challenges for SACs in biomedical applications.
This review aims to provide useful guidance for researchers in this field and further advance novel nanocatalytic
antitumor strategies.
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Figure 1. The development of SACs [5,28-33]. Copyright 2019, Springer Nature. Copyright 2007, John Wiley and
Sons. Created with BioRender.com.

2. Catalytic Mechanisms and Activity Regulation of SACs

Traditional nanomaterial-catalyzed reactions typically occur on the catalyst surface or interface, engaging only
a fraction of surface atoms. SACs achieve atomic-scale distribution of metals, with isolated active sites anchored via
ionic interactions or covalent coordination with surrounding atoms. This confers multiple advantages: unsaturated
metal atoms, unique electronic structures, maximum atomic utilization efficiency, and strong metal-support
interactions. Similar to traditional nanoenzymes, SACs exhibit activities akin to oxidase (OXD), peroxidase (POD),
and superoxide dismutase (SOD) (Figure 2). And by changing the metal center, carrier and coordination environment,
its catalytic performance can be adjusted, and SACs for specific targets can be designed [34].
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Figure 2. Common Enzyme-Like Activities and Reactive Oxygen Species Conversion in SACs. Created with

BioRender.com.

2.1. Fenton-like Reactions and Fundamentals of Chemokinesis Therapy

The Fenton reaction is a classic catalytic oxidation process, in which ferrous ions (Fe?") catalyze the
decomposition of H>O» to produce hydroxyl radicals (-OH) with strong oxidation ability, thus efficiently degrading
organic pollutants [35]. Fenton-like reaction refers to the use of other metal ions (copper, manganese, cobalt) or
non-metallic catalysts to promote similar redox reactions, such as the peroxidase (POD) activity of nanoenzymes.
Although the Fenton reaction has been widely used in the field of environmental restoration, its application in the
biomedical field was initially limited by many restrictions, including harsh reaction conditions, low catalytic
efficiency and poor biocompatibility, which hindered its comprehensive development [36-38]. With the progress
of nanotechnology, more and more nanoenzymes with Fenton-like catalytic functions have been discovered. Using
these nanomaterials to catalyze the overexpression of H,O» in the tumor microenvironment under weakly acidic
conditions, so as to generate ‘OH in situ, which overcomes the key limitations of the traditional homogeneous
Fenton reaction, such as strict pH dependence and low reaction efficiency. This mechanism forms the basis of
chemodynamic therapy (CDT) and further enhances the therapeutic effect of CDT through a variety of strategies,
including adjusting pH, consuming glutathione (GSH) and using it in combination with external energy sources
(such as light and ultrasound) to achieve synergistic anti-cancer effect [39,40].

Nanoenzymes can not only enhance catalytic stability, but also achieve tumor targeting through surface
functionalization, thus significantly improving treatment specificity and reducing systemic toxicity [41-44].
Similarly, SACs show excellent catalytic performance in Fenton-like reactions. Due to their unique properties,
their effect is even significantly better than that of traditional nanoenzymes [45—48]. Qiao et al. developed a
manganese-based SAC (Mn-N/C), which can efficiently catalyze the Fenton-like reaction of H,O, decomposition
into -OH under acidic conditions. Compared with the traditional MnO., the catalyst not only shows better catalytic
activity, but also induces the production of a large amount of reactive oxygen species (ROS) in tumor cells. Density
functional theory (DFT) calculations show that during the reaction, H,O, molecules are first adsorbed on the Mn-
Ny site with a lower energy barrier (0.16 eV). Subsequently, H,O, isocleated to produce two -OH species adsorbed
in the center of manganese. Finally, an active -OH species combines with adsorbed hydrogen to form an H,O
molecule, and desorbs under a lower energy barrier (0.64 eV) to complete the catalytic cycle. Another -OH can be
dissorted from the surface of the catalyst and diffused to the surrounding environment, thus inducing immunogenic
cell death (ICD) and activating the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING)-
type I interferon (IFN-I) signaling pathway, significantly enhancing the anti-tumor immune response of CD8" T
cells. The study shows that Mn-N/C shows a synergistic anti-tumor effect when used in combination with anti-PD-
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L1 antibodies, highlighting the broad application prospects of SACs in enhanced chemotherapy and combined
immunotherapy. This research provides a crucial paradigm for designing highly efficient and specific SACs, while
also showcasing their potential value in tumor immune regulation (Figure 3) [49].
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Figure 3. Schematic diagram of Mn-N/C for activating anti-tumor immune response. Conceptual and effective
mechanisms of Mn-N/C in triggering immunogenic cell death and remodeling tumor immune microenvironment
[49]. Copyright 2024, John Wiley and Sons.

Simultaneously, Fenton-like reactions can be combined with Sonodynamic therapy (SDT), radiotherapy
(RT), and photothermal therapy (PTT)for disease treatment [5S0-52]. Feng et al. designed a spherical mesoporous
Fe-N-C SAC: for highly efficient antibacterial therapy. Beyond efficiently catalyzing low-concentration hydrogen
peroxide (H20O») to generate highly toxic hydroxyl radicals (OH) for bacterial elimination, the Fe-N-C SAC’s
carbon framework structure endows it with exceptional photothermal properties, enabling rapid heat generation
under near-infrared light irradiation. The photothermal effect synergizes with the catalytic process: locally elevated
temperatures significantly enhance the nanozyme’s catalytic activity, generating more radicals, while the heat itself
physically damages bacteria. This “chemical catalysis + physical hyperthermia” synergistic strategy demonstrates
vastly superior bactericidal and wound-healing capabilities in both in vitro and in vivo experiments compared to
either method alone [53]. Chen et al. designed a novel FeMn-NC. dual-atom SACs. By surface-modifying it with
gold nanoparticles and loading STING agonist diamidobenzimidazole (diABZI) and programmed death-ligand 1
(PD-L1) aptamer, they constructed the multifunctional nanoplatform dAuFeMn-NC.. This nanozyme exhibits
outstanding peroxidase-mimetic activity in the tumor microenvironment, efficiently catalyzing hydrogen peroxide
to generate hydroxyl radicals under X-ray irradiation. This induces DNA damage and activates the cGAS-STING
immune pathway, reshaping the immunosuppressive tumor microenvironment and establishing long-term immune
memory. Consequently, it effectively suppresses tumor growth and metastasis, achieving enhanced radiodynamic
immunotherapy [54]. Therefore, combining the catalytic activity of SACs with other physical therapies can often
achieve a synergistic effect, where “1+1>2”. Furthermore, by precisely regulating the immune pathways related
to a disease, the catalytic effect of SACs can be combined with related immune effects to achieve better therapeutic
results [55,56].

2.2. Multifunctional Enzyme-Like Activity Spectrum

Beyond Fenton-like reactions dependent on peroxidase activity, SACs can mimic other enzymatic activities
by regulating central metal types and coordination structures, enabling biomedical applications, such as oxidases,
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antioxidases, and NADPH oxidases. The enzyme-like catalytic activity of SACs stems from their unique
atomically dispersed active sites and tunable coordination microenvironments, enabling highly accurate mimicry
of natural enzyme metal active pockets. Specifically, well-defined M-Nx sites (where M represents a metal atom
and x is typically 4) achieve nearly 100% atomic utilization. Moreover, strong electron interactions between the
support and metal center optimize the adsorption energy of reaction intermediates, significantly lowering the
catalytic energy barrier [57,58]. For instance, Yan et al. constructed a carbon nanoframe-confined FeNs exhibiting
catalytic behavior similar to that of the axial ligand-coordinated heme in cytochrome P450, with a reaction rate
constant 70 times higher than that of commercial Pt/C [27]. The following sections will provide a detailed
introduction to oxidase activity, antioxidant enzyme activity, and other enzyme activities such as NADPH enzyme.

2.2.1. Oxidase-Like Activities: Peroxidase (POD), Oxidase (OXD)

Fenton-like reactions occur under the catalysis of peroxidase (POD) activity, which is a metal-based SAC,
converting H>O, into -OH with strong oxidizing power for the treatment of diseases [59]. Feng et al. doped single-
atom iron (Fe) into graphitic-phase carbon nitride (Cs3N4) nanostructures nanocarrier, designing a unique
chemically reactive Fe-C3N4nanosheets (Fe-C3N4 NSs).

Under ultrasound irradiation, Fe single-atom doping enhances electron pair separation efficiency, enabling
high-yield ROS generation for melanoma treatment. This reaction can be enhanced and synergistically combined
with SDT to boost antitumor efficacy. The construction of Fe-C3N4 NSs provides an effective single-atom doping
strategy for inorganic nanoscale photosensitizers to enhance ROS generation under ultrasonic stimulation, opening
new avenues for semiconductor-based inorganic photosensitizers in tumor suppression applications [60].

Materials exhibiting oxidase-like activity can catalyze oxygen to generate ROS such as superoxide anions in
vivo, enabling applications in bio-detection and disease therapy with broad potential in biomedicine [61-63]. Feng
et al. successfully constructed Fe SACs, which Fe single atoms (FeSA) anchoring onto onion-like carbon (OLC)
support (FeSA-OLC). This structure efficiently activates oxygen to generate ROS, exhibiting catalytic efficiency
significantly superior to traditional nanoparticles and commercial platinum-carbon catalysts. Moreover, the
material exhibits a photothermal enhancement effect for its enzyme-like activity: heat generated by near-infrared
irradiation further accelerates ROS production, ultimately achieving efficient antibacterial activity through
synergistic photothermal-catalytic effects [64]. SACs with oxidase-like activity can not only directly inhibit
bacteria by catalyzing ROS but also achieve disease treatment by modulating metabolism [65]. Sun et al.
constructed a sulfur-doped iron SAC, whose oxidase-like activity plays a dual core role: On one hand, it directly
catalyzes ROS production; on the other, it synergizes with its bioorthogonal catalytic function to activate prodrugs
in situ within tumor-associated macrophages. This jointly upregulates m®A RNA methylation levels, thereby
reprogramming pro-cancer M2 macrophages into anti-cancer M1 macrophages. Ultimately, it suppresses tumor
growth and metastasis by activating immune responses [66].

SACs with OXD-like activity exhibit higher stability than natural oxidases, making them suitable for low-
temperature disinfection and sterilization [67-69]. For addressing the global challenge of viral transmission in cold
chain logistics, Qin et al. designed a FeN4P, SAC that maintains high activity at —20 °C by fine-tuning the
electronic structure through phosphorus atom doping at the Fe-N, center. By mimicking lipid oxidases, this catalyst
directly catalyzes the peroxidation reaction of viral envelope lipids, targeting the conserved physical structure of
viruses. It has achieved broad-spectrum low-temperature inactivation of a variety of coronaviruses and influenza
viruses, overcoming the bottleneck of the failure of traditional chemical disinfectants at low temperatures. This
breakthrough provides an innovative solution to block the cold chain transmission route, and also demonstrates
the great potential of reasonably designed SAC in extreme environments [70]. The OXD-like activity of SACs
often involves the generation of ROS through catalytic reactions, enabling applications in biomedical fields
including sterilization, disinfection, and antitumor therapy [71].

2.2.2. Antioxidant Enzyme Activity: Catalase (CAT), Superoxide Dismutase (SOD), Glutathione Peroxidase (GPx)

Beyond oxidase-like activity, SACs can precisely mimic the functions of multiple antioxidant enzymes such
as catalase, superoxide dismutase and so on. Their structural designability enables adaptation to diverse pH,
temperature, and substrate environments, maintaining high stability even under physiological conditions. SACs
are frequently employed in treating various diseases through the following four processes: (1) SOD catalyzes the
conversion of superoxide anion into H,O» and oxygen, (2) CAT catalyzes the conversion of H,O> into oxygen and
water, (3) GPx reduces H,O; or toxic organic peroxides into harmless alcohols and water, (4)The accumulation of
hydroxyl radicals in the body is also reduced due to oxygen production and H>O, consumption during these
catalytic processes [23,72—74]. Therefore, currently designed materials for scavenging ROS (ROS) often possess
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all three enzymatic activities working synergistically to eliminate ROS in vivo, collectively contributing to disease
diagnosis and treatment [75-78].

Li et al. developed a platinum-doped CeO, SAC (Pt/CeQ,) exhibiting multiple antioxidant enzyme activities
including CAT, SOD, and GPx, with significantly higher catalytic efficiency than pure CeO,.Research indicates
this material not only efficiently scavenges ROS but also disrupts the a-glycerophosphate shuttle and malate-
aspartate shuttle pathways by consuming H" around mitochondria. Following fusion of immune cells and tumor
cells, increased expression of markers on the cell membrane surface facilitates nanoparticle-loaded shuttle
pathways, inducing mitochondrial membrane potential depolarization and subsequently triggering mitochondrial
autophagy eliminating dysfunctional mitochondria at their source and blocking sustained ROS production. To
further enhance targeting and blood-brain barrier penetration, the research team encapsulated Pt/CeO, within
activated neutrophil-like (HL-60) cell membrane (AHM) and modified it with rabies virus glycoprotein (RVG29),
constructing the RVG29@AHM@Pt/CeO, nanomaterial system. In a Parkinson’s disease model, this system
specifically enriched in brain inflammatory regions and entered dopa mine neurons, achieving dual therapeutic
effects: “treating symptoms” (clearing existing ROS) and “treating root causes” (inducing autophagy to clear
dysfunctional mitochondria). This significantly improved both motor and non-motor symptoms in model mice.
This research provides new materials and mechanistic support for nanocatalytic therapies targeting
neuroinflammatory diseases [79]. Similar antioxidant enzyme-like activities of SACs can be applied not only to
treating diseases like inflammation but also to medical sensing and disease monitoring [80,81]. Gao et al. have
developed a multifunctional electrochemical sensing platform based on atomic engineering iron SAC (FeNy),
which realizes real-time detection of dopamine in the living brain without inflammatory interference. The catalyst
has both high-efficiency antioxidant activity and excellent dopamine electrocatalytic oxidation performance. By
eliminating ROS and neuroinflammation caused by electrode implantation, the accuracy and reliability of long-
term neurochemical monitoring have been significantly improved. This method provides new ideas for the design
of implantable devices with both anti-inflammatory and sensing functions, and promotes the application of SACs
in the field of biomedical sensing [82].

The antioxidant enzyme-like activity of SACs can remove a large amount of reactive oxygen ROS in the
body and convert it into harmless substances, inhibiting inflammatory reactions and improving the
microenvironment. This characteristic makes it widely used in the field of biomedicine.

2.2.3. Other Enzymatic Activities and Synergistic Effects

In addition to the common enzyme-like activities involved in ROS metabolism mentioned above, researchers
have also engineered SACs exhibiting other biological enzyme-like activities for biomedical applications.
Furthermore, in complex physiological processes, the activity of a single enzyme is often insufficient to meet the
needs. Therefore, SACs designed for biomedical applications often possess multiple enzyme activities
simultaneously, participating in physiological processes together [83,84]. Xue et al. developed an Fe-N3 SAC
exhibiting outstanding SOD, CAT, ascorbate peroxidase (APx), and GPx activities. These enzyme-like activities
form a complete antioxidant cascade reaction network, synergistically scavenging excess ROS in psoriatic lesions
to fundamentally alleviate oxidative stress. Results indicate effective reduction in pro-inflammatory cytokine
expression, inhibition of pathological epidermal hyperplasia, and restoration of skin homeostasis, demonstrating
significant therapeutic efficacy in psoriasis treatment [85]. Beyond metallic SACs mimicking natural enzyme
activity, recent studies demonstrate that non-metallic SACs can also emulate natural enzymes. For example, the
non-metallic single-atom selenium (Se) nanoenzyme (SeSAE) constructed by Cheng et al. can mimic the activity
of the natural NADPH oxidase, efficiently converting NADPH to NADP" and inducing the generation of ROS.
NADPH, as a primary electron donor, plays a crucial role in maintaining cellular redox homeostasis and supporting
anabolic processes. The NADPH oxidase activity of SeSAC leads to NADPH depletion, excessive accumulation
of ROS, and disruption of antioxidant regeneration and essential biosynthetic pathways. Consequently, this
interference compromises tumor compensatory mechanisms, impairs antioxidant defenses, and induces metabolic
abnormalities and dysregulation, thereby inhibiting tumor progression [21].

The above demonstrates that a fundamental characteristic of SAC enzyme activity lies in its inherent
multifunctional synergism. Unlike highly specific natural enzymes, a SAC often simultaneously mimics the
activities of multiple natural enzymes such as OXD, POD, and so on [86,87]. This “one enzyme, multiple
functions” property is not a simple accumulation of functions but constitutes a synergistic catalytic system. A
common application is to use OXD activity to activate the reaction chain and activate oxygen molecules, while
POD activity uses H,O, to further produce more active free radicals. At the same time, POD activity quickly
removes excess H,O; to prevent inhibition of other reaction pathways. This ability to integrate and coordinate
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multiple activities within a single active site enables SACs to adapt flexibly and efficiently to complex catalytic
environments. Through multiple parallel pathways, they can complete complex catalytic tasks that cannot be
achieved by a single enzyme, showing great application potential in the field of biomedicine [8§8—90].

2.3. Precision Control Strategies for Catalytic Activity

Although SACs have great potential due to their maximum atomic utilization and structural uniformity, their
catalytic properties do not depend entirely on isolated metal centers. Atomic dispersion is only a prerequisite for
high-efficiency catalysis. The final activity, selectivity and stability of the catalyst also depend on the complex
interaction between single metal atoms and their surrounding microenvironment [91-93]. Therefore, how to
accurately regulate the local electrons and geometric structure of single-atom active sites through reasonable
strategies to enhance their catalytic activity is an important research hotspot in this field. This section focuses on
the strategy of regulating catalytic activity, and elaborates on the following aspects.

2.3.1. Regulation of Intrinsic Properties of Metal Centers

In the multi-level regulation strategy of SACs, controlling the inherent properties of metal centers is the
cornerstone and the first step in determining its catalytic properties. Directly select metal elements with specific
electronic structures as active centers, so as to fundamentally pre-set the basic ability of catalysts to interact with
reactants molecules [94].

Fei et al. explain the inherent regulation of metal centers in SACs at the paradigm level. They report a general
approach to a series of atomic 3d metals embedded in nitrogen-doped holey graphene frameworks (M—-NHGFs, M
= Fe, Co or Ni). Through systematic X-ray absorption fine structure (XAFS) analysis and annular dark-field
scanning transmission electron microscope (ADF-STEM) imaging, they confirmed for the first time that different
metal centers are embedded in graphene double voids and have the same local coordination geometry. This shows
that after eliminating interference factors such as the coordination environment and the carrier effect, the difference
in the catalytic properties of the SACs can be attributed only to the different inherent electronic structures in the
metal center. DFT calculations reveal that the oxygen evolution reaction (OER) pathway transitions from a single-
site mechanism at Fe/Co centers to a dual-site mechanism at Ni centers due to the progressive increase in metal d-
electron count. This results in a clear catalytic activity trend: Ni > Co > Fe. This trend was subsequently validated by
electrochemical measurements, where Ni-NHGF exhibited outstanding oxygen evolution reaction activity and
stability. This study successfully explored and quantitatively established the correlation between the atomic structure
of the metal center and its catalytic performance, demonstrating a crucial step in rationally designing and synthesizing
SACs with exceptional atomic utilization efficiency and catalytic activity (Figure 4) [95].
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Figure 4. Evaluation of catalytic activity by DFT simulations and electrochemical measurements. (a,b) Proposed
reaction scheme with the intermediates having optimized geometry of the single-site (a) and dual-site mechanisms
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(b) towards OER. (c¢) Free energy diagram at 1.23 V for OER over Fe-NHGF, Co-NHGF and Ni-NHGF with a
single-site mechanism, and Ni-NHGF with a dual-site mechanism. The highlights indicate the rate-determining
step with the values of the limiting energy barrier labelled. (d) OER activity evaluated by LSV in 1 M Potassium
hydroxide at a scan rate of 5 mV s*! for NHGF, Fe-NHGF, Co-NHGF and Ni-NHGF along with a RuO2/C catalyst
as a reference point. The data are presented with current—resistance (iR) correction. (e) The Tafel plots of the
corresponding catalysts shown in d. (f) Turnover frequency (TOF) values of the Ni-NHGF catalyst and other
recently reported OER catalysts based on earth-abundant metals, including NiCo ultrathin metal-organic
framework nanosheets (NiCo-UMOFNs), gelled CoFeW oxyhydroxides (G-FeCoW), cobalt-manganese layered
double hydroxide (MnCo-LDH), NiCeOx-Au, exfoliated nickel-iron layered double hydroxide (NiFe-LDH),
nickel-vanadium monolayer double hydroxide (NiV-LDH) and a-Ni(OH)2. The TOF values are based on the total
amounts of metal for all catalysts [95]. Copyright 2018, Springer Nature.

Thus, the selection of the metal center is not a simple element substitution but a rational design based on a
profound understanding of the target reaction mechanism. It determines the theoretical upper limit of catalyst
performance, while subsequent strategies such as coordination environment engineering and support regulation
serve as further “fine-tuning” and optimization of activity to approach or even surpass this limit. In-depth research
into the intrinsic properties of metals serves as the logical starting point for establishing the “structure-activity
relationship” in SACs and achieving targeted catalyst design [96].

2.3.2. Coordination Environment Modulation
Coordination Number

Most SACs adopt M-Nx coordination structures (where M is a metal atom, and x is typically 4). However,
the nonpolar coordination structure leads to symmetric electron distribution, resulting in insufficient adsorption
capacity and catalytic activity. Altering the number of coordinating nitrogen atoms may break local charge
symmetry, increase electron density at the metal center, and optimize adsorption strength with reaction
intermediates [97]. Therefore, controlling the coordination number may be a key strategy for optimizing the
electronic structure of SACs and thereby enhancing their intrinsic activity.

Song et al. clearly demonstrate the pivotal role of coordination number in determining the oxygen reduction
reaction (ORR) activity of iron-based SACs. They prepared Fe-Nx/C catalysts via a simple nitric acid oxidation
of carbon black method and ingeniously combined selective chemical etching with poisoning experiments to
successfully distinguish the contributions of different active sites, including Fe-N», Fe-Na, Fes-N-C, and N-C.
Crucially, their theoretical and experimental results jointly established the catalytic activity hierarchy: Fe-N»> Fe-
N4> Fes-N-C > N-C. This directly demonstrates that adjusting the coordination number between the Fe center and
the N atom can alter the catalytic activity of a SAC [98]. On this basis, Shen et al. successfully synthesized a new
catalyst by evenly dispersing a large number of highly active FeN, sites on the surface/edge of nitrogen-doped
ordered mesoporous carbon (NOMC). Compared with the traditional FeNy structure, theoretical calculations show
that due to the weak interaction between FeN, and intermediates and the enhanced electron transfer capacity, it
shows better activity in ORR. This study established the linear relationship between ORR current density and FeN,
site concentration for the first time, clearly proving that FeN, is the main active site, and confirming the high
efficiency of FeN, position structure [99]. Similarly, Liang et al. systematically regulated a series of single-atomic
cobalt catalysts with a specific Co-Nx (x = 2, 3, 4) structure for the peroxymonosulfate (PMS) activation. Their
research directly reveals the negative correlation between catalytic specificity and the coordination number, and
the activity order is: Co-N;, > Co-N3 > Co-N4 [100]. The research by Song and Shen’s team on the Fe-Nx system
in the ORR and Liang’s team on the Co-Nx system in PMS activation have revealed the pattern of low coordination
number inducing high activity. However, the conclusion is not absolute. Liu et al. constructed an Ir-Ns SAC that,
compared with the traditional Ir-N4 structure, introduced an axial nitrogen ligand to disrupt the original
symmetrical electron distribution. This enhanced the adsorption and activation ability of the active site for the
reaction substrate, endowing it with a variety of enzyme-like activities. Therefore, it can efficiently generate ROS
in the tumor microenvironment and realize the cycling of the substrate between O, and H>O,[101]. These studies
indicate that there is no clear linear relationship between coordination number and catalytic activity in different
SACs. Changes in coordination number affect the catalytic activity of the SAC by altering its electronic structure.
These findings have deepened our understanding of the structure-activity relationship between electronic structure,
adsorption behavior and catalytic activity, and also put forward clear requirements for future precise and
controllable synthesis.
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Type of Coordinating Atoms

In addition to the influence of the coordination number, the type of coordinating atom is also crucial for
regulating the catalytic properties of SACs [102]. By replacing some nitrogen atoms in the traditional M-Ny4
structure with heteroatoms with different electronegativity (such as sulfur and phosphorus), the symmetry of the
coordination field can be effectively broken, thus causing charge redistribution, optimizing the adsorption behavior
of reaction intermediates at active sites, and improving the catalytic performance [103—105].

In recent years, due to the low electronegativity (relative to nitrogen) of sulfur (S) and its stronger electron-
ginding ability, it has been widely used as a common coordination heteroatom to regulate the electronic structure
of metal centers [106]. Long et al. designed a composite catalyst composed of CoS nanoparticles and CoNsS;
SAC:s for high-efficiency hydrogenation of nitroaromatics. Theoretical calculations show that the introduction of
S moves the d-band center of Co from —0.86 eV (CoNy) to —1.24 eV (CoN4S;), which significantly weakens the
adsorption strength of the reaction intermediate and alleviates the problem of overadsorption. This improves the
activity and selectivity of the hydrogenation reaction. The study also shows that the CoN4S; site shows excellent
structural stability and remains intact after ten reaction cycles, while CoS nanoparticles aggregate, hydroxylation
and dissolve, which further highlights the durability advantage of SACs [107]. Additionally, in the S-doped Fe-N-
C nanoenzyme reported by Lu et al., the introduction of S formed Fe-N4S; active centers. This not only reduced
the adsorption energy of O, but also accelerated charge transfer between Fe and O, significantly enhancing its
oxidase-mimetic activity. It was successfully applied for colorimetric detection and photothermal therapy of tumor
cells [108].

Phosphorus (P) doping also plays a crucial role in regulating the electronic structure and catalytic
performance of SACs [109-111]. Liu et al. successfully constructed Fe-N/P—C catalysts that demonstrated
outstanding performance in the electrochemical reduction of CO, to CO. Here, P coordinates with Fe to form
FeNsP active sites, effectively lowering Fe’s oxidation state and increasing its electron density. This optimizes
CO; activation and adsorption of the key intermediate COOH. Simultaneously, P introduction significantly reduces
the energy barrier of the rate-determining step in CO, reduction and weakens H adsorption, strongly suppressing
hydrogen evolution side reactions. Furthermore, P doping enhances the structural stability of active sites,
preventing Fe atom agglomeration and deactivation during the reaction. This study elucidates the effective
mechanism by which the heteroatom P synergistically modulates the electronic structure and coordination
environment to enhance the activity and selectivity of SACs [112]. To identify optimal coordination conditions,
Zhang et al. systematically compared the effects of S and P doping on the peroxidase-like activity of cobalt-based
single-atom nanozymes (SACNZs).The study revealed that S doping (Co—N3S;) more effectively modulates the
electronic structure of Co compared to P doping (Co—N3P;) and pure N coordination (Co—N4), lowering the energy
barrier for -OH generation. Consequently, it demonstrated optimal catalytic therapeutic effects in both in vitro
antibacterial activity and in vivo wound healing [113].

The rational introduction of heteroatoms effectively modulates the local electronic structure of SACs,
optimizing the adsorption/desorption behavior of intermediates and thereby achieving synergistic enhancement of
catalytic activity and selectivity. This coordination engineering provides crucial theoretical foundations and
practical pathways for the rational design of high-performance SACs.

2.3.3. Regulation of Support Interactions

The performance of SACs also depends on its support. In addition to anchoring and stabilizing isolated metal
atoms, the support also enhances its catalytic activity, selectivity and stability by changing the electronic structure
and configuration environment through complex metal-support interactions. According to the composition and
structural characteristics, commonly used support systems can be divided into the following categories: oxide
supports, carbon-based supports and metal organic frameworks (MOFs) or covalent organic frameworks (COFs).
Different types of supports significantly regulate the activity and selectivity of SACs through mechanisms such as
electronic effects, interface interaction and geometric domain limits.

Metal Oxide Supports

Metal oxide supports, such as TiO,, CeO, and Fe,Os, are the most widely studied supports categories. These
supports play a crucial role in determining the activity, selectivity and stability of SACs. Their impact is far more than a
simple physical load, but atomic-level regulation is achieved through precise metal-carrier interaction [26,114—119].

As a carrier, CeO» is widely used in SACs systems, which can affect the catalytic activity of SACs through
different effects. Hu et al. proved that the (100) crystal surface of CeO, can prioritize the stability of Pd single
atoms because it is easy to form abundant oxygen voids. This forms a highly active Pd-O coordination structure,
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so that in the N-alkylation reaction, its selectivity is significantly better than the (111) crystal surface of Pd cluster
aggregation. This shows that basal surface engineering is crucial to regulating the single atomic electron state and
reaction path (Figure 5a,b) [120]. At the same time, Fu et al. found that catalysts where Pt single atoms and Pt
nanoparticles coexist showed the best performance in CO oxidation reactions. This is because Pt single atom, as a
regulatory site, can change the reaction potential barrier of the lattice oxygen on the surface of the adjacent CeO,
carrier, and these two components have a significant synergistic effect under the mediation of the carrier. This
suggests that the form in which metals exist on the support is not fixed, and advanced preparation methods can
precisely control the ratio of single atoms to nanoparticles to achieve better catalytic effects (Figure 5c¢,d) [121].
Additionally, Pham, H. N. et al. discovered that the macrostructural stability of the support directly determines the
practical application potential of SACs. Pure CeO, readily sintered at high temperatures, causing a drastic
reduction in surface area. However, constructing a composite support by combining it with high-surface-area
AlL,O3 not only effectively preserved the atomic capture capability of CeO, nanocrystals but also significantly
enhanced the overall thermal stability of the material. This enabled the maintenance of highly dispersed single-
atom states and excellent low-temperature catalytic activity even under harsh conditions (Figure Se,f) [122].
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Figure 5. (a) Comparison of conversion and selectivity over different catalysts. (b) DFT calculation results for
hydrogen atom adsorption free energy on different sites [120]. Copyright 2022, John Wiley and Sons. (c¢)
Relationship between the Pt1 proportion, T50, and laser ablation strength. (d) computed energies of intermediates
and transition states for Pt;/Ce02-Ov-Cey, Pt10/CeO2, and Pt1o—Pt1/Ce02-Oy-Cey [121]. Copyright 2023, American
Chemical Society. (e) CO-DRIFTS of 1 wt % PtAT/ceria-alumina and PtAT/PHC ceria catalysts. (f) CO oxidation
on 1 wt % PtAT/ceria-alumina and PtAT/ceria catalysts after reduction in flowing CO. Data plotted are for the third
run. The improved performance of PtAT/CAS0 can be attributed to smaller crystallites of ceria on the alumina,
providing a higher surface area and more facile oxygen transfer to the Pt metal crystallites formed during reduction
[122]. Copyright 2022, American Chemical Society.

Metal oxide carriers affect the performance of SACs on all scales from atoms to macro through their crystal
surface structure, defective chemical properties and dynamic synergy with metal species. This provides some
guidance for the reasonable design of high-efficiency and stable SACs.

Ordered Porous Materials

Ordered porous materials show unique advantages in the construction of SACs because of their adjustable
pore structure, abundant surface coordination sites and excellent stability [123]. Among them, zeolites and MOFs
are served as two typical ordered porous carriers. They can significantly improve the activity, selectivity and
stability of SACs through the spatial limit effect and electronic structure regulation [124—-126].

Zeolite has a highly ordered crystal skeleton and nanoscale cage-shaped hole structure. Its rigid micropores
effectively prevent single-atom migration and aggregation, which is conducive to stable atomic dispersion. The
abundant oxygen atoms and adjustable acidic sites in the zeolite skeleton form a strong interaction with the metal,
resulting in the formation of a stable M-O-Si configuration structure in a limited space. This optimizes the energy
distribution of adsorption and reaction intermediates [127]. Chen et al. selectively limited Pt single atoms to the
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cage-shaped cavity of Y-type zeolite, achieving high selectivity and anti-poisoning ability for hydrogenation.
Theoretical calculations show that the strong electric field and rigid space constraints inside zeolite change the
electron occupancy rate of the metal d orbit, thus accurately regulating the electron structure and reaction path of
the active site [128]. Similarly, Liu et al. observed that the single atoms anchored by zeolite showed better electron
transfer efficiency and reaction selectivity than traditional catalysts in hydrogenation/dehydrogenation reactions,
which was attributed to the strong restriction effect and stable geometric environment provided by the ordered
channel [126].

MOFs stand out as a new ordered porous material, with high specific surface area, flexible pore structure and
adjustable organic-inorganic dual-compont characteristics. The metal nodes and organic ligands in MOFs can
achieve the precise construction of SACs on the atomic scale. By adjusting the valence state and local charge
density of the metal, the single atom center can be given excellent catalytic activity [129-131]. Yu et al. synthesize
MOF-based SACs at room temperature to stabilize the metal center and achieve efficient oxidation reactions [132].
Xue et al. further studied the mechanism of CO oxidation on MOF-808-M2" (M = Zn, Cu, Fe, Pd, Ni, Pt) through
DFT and microdynamic analysis. The results show that the ZrsOs node in MOF-808 provides a stable triple M-O-
Zr anchor positioning point for metal single atoms. Among them, Pt** shows the highest stability and electron
receptor ability, and can efficiently activate CO and O, through the Langmuir-Hinshelwood mechanism. This
significantly reduces the reaction energy barrier and achieves the highest turnover frequency. The synergistic
electronic interaction between MOF organic ligands and inorganic nodes can flexibly regulate the adsorption
energy and reaction energy barrier, which is in line with the principle of optimal balance between adsorption and
desorption in Sabatier’s principle [133].

As typical ordered porous materials, zeolites and MOFs embody two single-atom activity regulation modes:
rigid restriction and flexible regulation. Zeolite enhances the structural stability and reaction selectivity of single
atoms through spatial constraints and frame electric fields, while MOFs use the designability of colocation
chemistry to finely regulate the single atomic electron structure and reaction path. Both of these materials enhance
the synergy of the metal-carrier interface at the atomic scale, significantly improving the activity and durability of
SACs. Future research can explore the combination of zeolite stability and the programmability of MOF to achieve
precise control of the single-atom catalysis process.

Other Two-Dimensional Material Supports

In addition to metal oxides and ordered porous materials, new two-dimensional materials, such as graphite
carbon nitride (g-C3N4) and metal carbides, nitrides, or carbon-nitrides (named MXenes), provide an excellent
anchoring platform for SACs due to their unique electronic structure and surface chemical properties. Compared
with three-dimensional carriers, these two-dimensional materials have high specific surface area, short charge
transmission path and adjustable colocation environment, which helps to clarify the structure-performance
relationship more clearly [134,135].

Take g-C3N4 as an example, the hexagonal cavity in its nitrogen-rich skeleton is the ideal site for anchoring
a single atom. However, the recent research of Zhao et al. has deepened our understanding of this “anchoring”
mechanism: they calculated through DFT that the migration of a single atom Pt on the g-C;N4 plane shows
anisotropy. On a global scale, due to the limitations of high energy barriers, this migration has high stability and
effectively prevents long-range migration and reunion. However, on the local scale of a single cavity, atoms can
easily gather dynamically to form clusters. This shows that the precise control of the metal load below the density
of the hexagonal cavity is crucial for the preparation of stable SACs [135]. In addition, the powerful electronic
regulation ability of g-C3;N4 makes it an ideal design platform for high-performance catalysts. Lv et al. found
through systematic calculation and screening that the d-band center of the anchored single-atom transition metal
(such as Ru, Pt) is the key activity descriptor; for example, in the electrocatalytic nitrate reduction reaction
(NOsRR), Ru/g-CsN4 achieves the best NO3;~ due to its moderate d-band center, whose limit potential is
significantly better than that of many reference catalysts, showing excellent activity and selectivity [136]. At the
same time, Xu et al. also studied the morphological effect of g-C3Ny carriers. Through the experimental synthesis
of curved g-C3;N4 nanorods (about 9 nm in diameter), the traditional plane model was broken through, revealing
that its curvature effect could expand the layer spacing and induce the anchored Co single atoms to form a low-
colocation structure. This unique local environment significantly enhances the adsorption of reactants, reduces the
dissolving energy barrier of O, and achieves a high conversion rate of 22.4% and selectivity of more than 95% in
the cyclohexane oxidation reaction. This highlights the surface engineering as a previously neglected but very
effective regulatory method [137]. Similar MXenes, with their high conductivity and tunable surface functional
groups, also provide efficient electron transport pathways for single atoms [134,138].
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2.3.4. Control of Dual-Atom Sites

In dual-atom SACs, the introduction of a second atom fundamentally reconfigures the electronic and
geometric microenvironment around the single-atom site through a “paired site + shared ligand” mechanism,
thereby overcoming the scaling limitations on activity and selectivity inherent in SACs [139,140]. On one hand,
metal-metal or metal-nonmetal interactions induce significant charge redistribution and spin state modulation,
pulling the adsorption energy of key intermediates from “excessively strong” or “excessively weak” back to the
optimal range. Chen et al. introduced Se single atoms into Fe-N—C to construct Fe;Se;-NC. Se serves as a new
ORR active site while inducing charge rearrangement and spin state regulation at Fe sites. Consequently, ORR
activity in both acidic and basic electrolytes significantly outperforms that of Fe;-NC and Se;-NC, demonstrating
a typical binuclear synergistic effect [141]. On the other hand, adjacent bimetallic sites can synergistically
adsorb/activate reactants through spatial “soft association.” For instance, in FeZn-NSC—where Fe/Zn dual single
atoms are anchored on N/S co-doped hollow carbon polyhedra and carbon nanotubes—where proximate Fe—Ny4
and Zn-Njy sites form favorable electronic coupling and intermediate-sharing adsorption under S-doping
regulation, elevating the ORR half-wave potential to 0.87 V—surpassing Pt/C. This demonstrates that bimetallic
pairs can significantly enhance conversion efficiency by synergistically modulating local electronic structures and
exposing more accessible sites relative to SACs [142]. Furthermore, Gao et al. noted in their review on
microenvironment engineering that introducing bridging heteroatoms such as O or N between diatomic centers to
construct W—O-Mo, Ni—O—Fe structures, the bridging atoms provide additional M—X—M active frameworks while
establishing efficient charge/spin transport pathways between the two metals. This makes it possible to accurately
control the valence state and adsorption configuration of the metal center, thus significantly reducing the free
energy barrier of key steps such as hydrogenation reaction (HER) and oxygenation reaction (OER) [143]. In a
word, the transformation from diatom to single-atom enables the precise regulation of single-atom active sites
through metal-metal/metal-non-metallic synergy, charge and spin reconstruction, and the regulation of the
microenvironment by bridge ligands without affecting the atomic utilization rate. This provides an important idea
for promoting the design of high-efficiency single-atom catalysis system.

3. Applications of Single-Atom Catalysts in Biomedical Fields

With its high-efficiency enzyme-like activity and excellent biocompatibility, SACs have broad application
prospects in biomedicine, environmental monitoring and other fields. In the field of biosensing, SACs can be used
as high-sensitivity and high-selectivity signaling amplifiers for the detection of glucose, nucleic acid and disease
biomarkers. In the field of antibacterial treatment, SACs can efficiently kill drug-resistant bacteria under low
concentration H,O; conditions through photothermal/catalytic coordination strategies, and promote the healing of
infected wounds. In addition, the application of SACs in antioxidant treatment, tumor catalytic treatment and
degradation of environmental pollutants has also attracted much attention. In the future, in-depth research on the
relationship between SACs and their interaction with biological systems is expected to build a more bionic
intelligent catalytic diagnosis and treatment integration platform.

3.1. Catalytic Cancer Therapy

Although traditional cancer treatments such as chemotherapy and immunotherapy have achieved remarkable
results, tumors remain the main causes of morbidity and mortality. The current tumor treatment faces many
challenges, including the therapeutic bottleneck caused by tumor heterogeneity and drug resistance, and the uneven
distribution of clinical medical resources [144,145]. SACs provide new solutions to these challenges. Its atomic
dispersion structure achieves nearly 100% atomic utilization rate and extremely high catalytic efficiency, so that
it can accurately regulate the tumor microenvironment. As a multi-functional platform, they can work together
with radiotherapy, immunotherapy and other therapies to improve the overall therapeutic effect, representing an
important frontier exploration in promoting the development of tumor treatment in a more accurate, efficient and
controllable direction [56,146].

Due to its highest atomic utilization rate, clear active site and adjustable catalytic properties, SACs have
become the forefront of tumor catalytic medicine [147]. Their core mechanisms for tumor treatment include(Figure
6): (1) Depletion of glutathione: Catalytically oxidizing and consuming glutathione—the primary antioxidant in
tumor cells—weakens their defense capabilities and amplifies oxidative stress; (2) Alleviation of tumor hypoxia:
Catalytically decomposing hydrogen peroxide to produce oxygen, improving tumor hypoxia and thereby
enhancing the efficacy of radiotherapy and photodynamic therapy; (3) Mimicking natural enzyme functions:
Precisely mimicking the atomic structures of key enzymes like peroxidase to trigger specific catalytic reactions at
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tumor sites; (4) Synergistic combination therapy: Acting as a highly efficient catalyst when combined with SDT,
RT, and PTT to produce synergistically enhanced antitumor effects [148—150].
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Figure 6. Schematic illustration of SACs mechanisms for tumor treatment. Created with BioRender.com.

SACs employed for tumor therapy often rely solely on their catalytic activity. However, by modulating the
catalytic reaction process, researchers have designed diverse highly efficient SACs featuring different substrates
and structures [151-153]. For instance, to broaden substrate scope, Wang et al. developed a mesoporous hollow
copper SACs, which no longer relies only on the limited H>O, in the tumor. On the contrary, it uses loaded calcium
peroxide (Ca0,) to provide H>O; in situ in the tumor microenvironment. At the same time, the released calcium
ions will cause mitochondrial “calcium overload” and bind to the ROS produced by the copper single-atom,
producing a double killing effect through oxidative stress and ion disturbance. This establishes a self-amplifying
synergistic therapeutic system [154]. Similarly, to enhance catalytic killing effects, Zhao et al. designed an iron-
cobalt bimetallic dissociative SAC (FeCo-DIA/NC). Its core innovation lies in proposing an atomic-level “division
of labor and synergy” mechanism: where iron atoms primarily catalyze Fenton reactions to generate ROS, while
cobalt atoms mainly catalyze Fenton-like reactions to produce singlet oxygen. These ROS can interconvert and
regenerate H>O, within acidic microenvironments, forming an efficient “ROS cycle” that significantly amplifies
the catalytic killing effect [155].

To achieve superior therapeutic outcomes, a SAC is typically engineered as a highly efficient antitumor
composite platform where multiple synergistic functions converge. These include the catalytic activity of the SAC,
the physical properties of the platform structure, and the pharmacological effects of the loaded drug [156—-158].
Some efficient antitumor composite platforms are listed in Table 1. Cheng et al. designed the iridium SAC,
simultaneously mimicking the dual activities of POD and glutathione peroxidase (GSHOX): In the acidic tumor
microenvironment, it catalyzes endogenous H,O, to generate highly toxic hydroxyl radicals (-OH) while
simultaneously depleting the key antioxidant glutathione (GSH), thereby disrupting the redox balance of tumor
cells. To enhance efficacy, researchers further developed a composite nanoplatform (Pt@IrSAC/RBC) loaded with
a platinum (IV) prodrug capable of capturing GSH (Figure 7). This platform was encapsulated with red blood cell
(RBC) membranes to improve biocompatibility and prolong circulation. It also efficiently induces ferroptosis in
tumor cells while exhibiting superior photothermal properties. Ultimately, in a triple-negative breast cancer mouse
model, a single treatment combined with near-infrared laser irradiation achieved complete tumor ablation without
recurrence, while demonstrating good biosafety. This study provides new insights for designing highly effective,
low-toxicity novel nanocatalytic antitumor agents [159]. Various systems, such as nitrogen-doped jellyfish-like
mesoporous carbon nanomotors (JMCNSs) loaded with copper single atoms (Cu- JMCNs) and manganese-doped
single-atom nanoenzyme composite metal-organic frameworks, achieve potent antitumor effects through
synergistic multi-mechanistic actions [160—163].
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Figure 7. Schematic illustration of Pt@IrSAC/RBC application in tumor ferroptosis therapy [159]. Copyright 2023,
John Wiley and Sons.

Photothermal therapy(PTT), as a novel therapy that is spatiotemporally controllable, minimally invasive, and
highly selective, has become a major tumor treatment method after surgery, radiotherapy, and chemotherapy by
using different excitation sources to increase the local temperature of cancerous tissue to achieve tumor ablation
[164]. Therefore, many SACs have achieved synergistic killing of tumor cells by utilizing the photothermal effect
of the carrier. For example, Zhou et al. designed a MOF rich in porphyrin-like single atom Fe(IIl) centers (P-
MOF), which exhibits excellent photothermal effect under near-infrared light (808 nm) irradiation, achieving a
photothermal conversion efficiency of up to 41%, which is significantly better than traditional photothermal
materials, realizing photodynamic therapy, and catalyzing the decomposition of endogenous hydrogen peroxide in
tumors into oxygen, improving the hypoxic microenvironment of tumors. It has shown good anti-tumor effects
and biosafety in in vivo and in vitro experiments [165]. Although traditional high-temperature PTT has a definite
curative effect, high temperature can easily cause thermal damage to normal tissues. Therefore, people began to
explore low-temperature PTT, but the existence of heat shock proteins (HSPs) limited the application of low-
temperature PTT. Based on this, Chang et al. proposed an innovative strategy: ferroptosis-enhanced mild PTT
based on SACs. They designed and synthesized nitrogen-doped carbon-supported palladium SACs, which
exhibited excellent photothermal performance under 1064 nm light irradiation. Utilizing its unique dual activities
of POD and GSHOx properties, it can induce a large accumulation of lipid peroxides and ROS in the tumor
microenvironment, triggering ferroptosis and effectively cleaving HSPs. This breaks through the key bottleneck
of tumor heat tolerance in mild temperature photothermal therapy (38—43 °C), achieving low-temperature high-
efficiency treatment while maximizing the protection of surrounding normal tissues [166]. More and more studies
have shown that SACs based on carbon materials are a new type of multifunctional photothermal agent (i.e., the
common M-C-N structure), which can achieve low-temperature PTT without excessive reliance on the carrier, but
through its POD-like enzyme activity, thus avoiding damage to surrounding normal tissues at high temperatures
while fighting tumors [167]. Therefore, when designing a SAC for synergistic PTT against tumors, one could
consider designing an M-C-N catalyst with POD enzyme activity. Furthermore, it can be modified according to
specific targeting and chemotherapy requirements.

The antitumor effects of SACs are not only attributed to ROS-mediated killing but also commonly involve
pathways such as copper death or ferroptosis, which rely on metal ion accumulation effects [168—170]. Vanadium-
based SAC not only catalyzes endogenous H,O, to generate -OH but also induces mitochondrial copper
metabolism disruption by downregulating acyl-CoA synthetase and dihydrolipoamide S-acetyltransferase
expression, thereby triggering copper death. Simultaneously, it synergistically induces ferroptosis by depleting
glutathione and inhibiting GPX4 activity [171]. Furthermore, to enhance ferroptosis efficacy, the cobalt-loaded
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iron-based zeolite imidazolate framework material designed by Xu et al. demonstrated promising in vivo and in
vitro antitumor effects and biosafety in colorectal cancer treatment. It not only induces ferroptosis by depleting
glutathione and inhibiting GPX4 but also reduces tumor cell resistance to ferroptosis by downregulating the JAK1-
STATS3 signaling pathway [172].

In summary, the development of SACs is evolving from an efficient “catalytic core” into a powerful
“synergistic platform.” With the aid of novel tools such as machine learning, it is becoming increasingly effective
to construct composite platforms of SACs for disease treatment [173]. By deeply integrating with multiple
technologies such as immunotherapy, kinetic systems, drug delivery, and diagnostic imaging, it holds promise for
establishing a new paradigm of tumor therapy that integrates precision, efficiency, and safety, demonstrating
immense clinical application potential.
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Table 1. Details of some efficient antitumor composite platform.
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Cancer Type Therapeutic Modality Representative Material Key Performance Metrics Applicable Scenario & Limitations
. ~70% cell inhibition . .
Non-small cell lung Cancer ~ Chemodynamic Therapy (CDT) Fe-SAC [158] (24 h + 800 pg/mL) Tailored for H>O,-overexpressing TME
~ o = — —
Malignant Melanoma Chemodynamic Therapy (CDT) OsCu-Ov@CCM [174] ng ﬁ)iiz)lﬁgﬁiz;m Synergy overcomei;;ltl:l z?tt::ty limit of single
200 =
Photothermal Therapy (PTT) Cu-JMCNs [163] (4 1? E)r/,;.)oc ilé;;};tz:t;\? InR) d-orbital of Cu for efficient light absorption
. . ~80% cell inhibition Conductive support enhances US energy
Sonodynamic Therapy (SDT) PdSA/Tiz«CoT y [156] (24 h + 400 pg/mL + US) conversion
Breast Cancer . ~90% cell inhibition Electronic modulation optimizes H>O, activation
Sonodynamic Therapy (SDT) Zn/Pt SATs [175] (24 h + 400 pg/mL + US) pathway
. Leverages deep tissue penetration of X-rays and
. . ~80% cell inhibition . . . .
Radiodynamic Therapy (RDT) MCCP [176] (24 h + 50 pg/mL + X-ray) catalytic amgiigﬁthflsgi S;z}(]?s for “radio-
Photothermal Therapy (PTT) PSMCA [160] ~60% cell inhibition Combinatorial killing via heat and ROS
otothe crapy (200 pg/mL + NIR) 0 0 g viahe
: ~84% cell inhibition
Cervical Cancer Photothermal Therapy (PTT) PmMn/SAE[177] (3 h+400 pg/mL + NIR) Carrier engineering optimizes light utilization and
~80% cell inhibition charge separation
Photothermal Therapy (PTT) C3N4-Mn [178] (12h + 10 ug/mL + IR)
~55% cell inhibition Atomic doping tunes bandgap for enhanced sono-

Colon Cancer

Sonodynamic Therapy (SDT)

W-BN@Fht@TSCM [179]

(12 h + 100 pg/mL + US)

sensitivity
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3.2. Anti-Inflammatory Therapy via ROS Scavenging

ROS are inevitable byproducts of daily biochemical and physiological processes in aerobic organisms. The
antioxidant systems present within the body eliminate excess ROS, maintaining normal ROS levels in living
organisms [180]. During inflammatory responses, immune cells generate large amounts of ROS to eliminate
pathogens. However, an imbalance between ROS production and antioxidant systems can lead to excessive ROS
oxidizing and damaging cellular components. This further activates core inflammatory signaling pathways like
NF-«B, triggering the release of additional inflammatory mediators that exacerbate inflammation and cause tissue
damage [181,182]. Existing anti-inflammatory therapies primarily target downstream components of this cycle.
For instance, nonsteroidal anti-inflammatory drugs (NSAIDs) or biologics “interrupt” inflammatory signaling by
inhibiting cyclooxygenase or blocking specific cytokines like TNF-a. However, they fail to effectively eliminate
upstream ROS, which drive the cycle. This “symptom-relieving but not root-cause-treating” approach, coupled
with potential systemic side effects like gastrointestinal damage and immunosuppression, limits their efficacy
against chronic, refractory inflammation [183].

The core advantage and therapeutic mechanism of SACs lie precisely in directly breaking this vicious cycle.
Their atomically dispersed metal active sites efficiently mimic the catalytic functions of natural antioxidant
enzymes like SOD and CAT, rapidly converting excess harmful ROS into harmless substances like water or
oxygen at the site of inflammation. This precise catalytic scavenging not only eliminates oxidative stress at its
source and blocks the sustained activation of inflammatory pathways by ROS, but also protects surrounding tissues
[184]. Its ROS-clearing anti-inflammatory action rests on three pillars: (1) Efficiently eliminating excess ROS
through Fenton-like or cascade catalytic reactions, converting harmful ROS like superoxide anion (O,¢7), H2O,,
and *OH into harmless water and oxygen, directly alleviating oxidative stress—this constitutes catalytic clearance;
(2) Precise targeted delivery: Functional modifications to the surface of SACs enable them to utilize “cell
hitchhiking” or active targeting strategies to accumulate in diseased tissues such as inflammatory sites, achieving
in situ catalytic therapy while minimizing side effects on normal tissues; (3) Regulation of the immune
microenvironment: By scavenging ROS, modulating hypoxia, and generating signaling molecules, SACs influence
immune cell function and polarization, shifting them from pro-inflammatory to anti-inflammatory phenotypes.
This indirectly suppresses inflammation and promotes tissue repair [185-187]. Qiao et al. designed the novel
multifunctional bio-nanoplatform, combining dual SACs (DACs) with genetically engineered probiotic
Escherichia coli Nissle 1917 (EcN) for synergistic treatment of ulcerative colitis (UC).The engineered bacteria
stably express interleukin-18 binding protein (IL-18BP), which neutralizes pro-inflammatory cytokines; while
DAC s effectively scavenge intestinal ROS by mimicking multiple antioxidant enzyme activities. Following
combined oral administration, this approach demonstrated significant therapeutic efficacy in a DSS-induced mouse
colitis model: alleviating inflammatory symptoms, reducing ROS levels, repairing the intestinal barrier, and
restoring gut microbiota richness and diversity. This platform achieves synergistic effects through ROS
scavenging, immune modulation, and microbiome restoration, offering a novel multi-target therapeutic strategy
for ulcerative colitis [76].

SACs regulate not only common inflammatory signaling pathways and molecules such as the NF-kB pathway
and NLRP3 inflammasome, but also specific pathways closely associated with certain diseases to achieve
therapeutic effects [188]. For example, Shi et al. developed isolated Cu;-Njy site SACs anchored on carbon supports
for cascade catalytic treatment of atopic dermatitis (AD). This catalyst simultaneously mimics multiple enzymatic
activities, effectively eliminating excess ROS at the lesion site. Crucially, transcriptomic analysis revealed for the
first time that its therapeutic mechanism is closely linked to activating the PPARo/B-3 signaling pathway—
suppressed in AD—which regulates oxidative stress to inhibit inflammation [189].

Simultaneously, the catalytic activity of SACs can be combined with physical effects such as near-infrared
light and ultrasound to enhance anti-inflammatory therapeutic outcomes [190]. For instance, Xiang et al. designed
a near-infrared light-enhanced platinum single atom/graphitic phase carbon nitride nanozyme for treating
osteoarthritis. This Pt SAC not only efficiently scavenges ROS by mimicking SOD and CAT, but also achieves
controllable synergistic amplification of catalytic activity and therapeutic efficacy through the photothermal
enhancement effect induced by NIR-II laser irradiation. It demonstrates remarkable potential for reversing
cartilage damage in both in vitro and in vivo experiments [191]. SACs achieve multi-pathway, synergistic
intervention in the inflammatory microenvironment through their exceptional catalytic performance,
demonstrating significant potential for clinical translation.
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3.3. Antimicrobial and Wound Repair

Traditional antimicrobial approaches (e.g., broad-spectrum antibiotics) face limitations such as inducing
bacterial resistance, disrupting normal microbiota, and having limited efficacy against biofilms. The escalating
antibiotic resistance crisis and emerging infectious diseases urgently demand novel, non-antibiotic-dependent
broad-spectrum anti-infective technologies. SACs, as novel nanozymes, possess highly efficient and controllable
catalytic activity due to their atomically dispersed active sites. They can precisely eliminate bacteria by generating
ROS through enzyme-like reactions while being less prone to inducing resistance. Their multifunctionality and
designable targeting capabilities offer highly promising new strategies for combating drug-resistant bacteria and
stubborn biofilm infections [192,193]. Researchers have designed SACs such as Fe SA/NPCs, Cu SAzyme, and
Co-NC SAzyme to catalyze ROS production for bactericidal effects [194—196].

Recent research advances highlight a deepening trend in this field, shifting from single antimicrobial
functions toward “multimodal synergistic treatment” and “adaptability to complex environments” [197]. The Pt
single-atom-anchored Ti;C, MXene nanoplatform (Pt-Ti3C,) demonstrates an exceptional synergistic antibacterial
strategy: Pt sites confer peroxidase-like activity, catalyzing endogenous H>O; to generate highly toxic -OH; while
the MXene carrier’s superior photothermal effect not only physically kills pathogens but, more critically,
significantly enhances the former’s catalytic kinetics, achieving a photothermal-catalytic cascade amplification
effect. This makes the effective removal of drug-resistant bacterial infection in deep tissues and the disintegration
of biofilms is possible [198]. In addition, the therapeutic significance of SACs is not limited to the removal of
pathogens, but also includes regulating the infected microenvironment and promoting tissue regeneration. Zhang
et al. designed a new type of manganese-iron atomic catalyst (Mn/Fe SACs). In the catalyst, iron single atom (Fe-
N4) acts as a high-efficiency peroxidase to catalyze the conversion of hydrogen peroxide in the wound
microenvironment into hydroxyl free radicals with strong bactericidal activity. At the same time, manganese single
atom (Mn-Ny), as a hydrogen peroxide enzyme, decomposes hydrogen peroxide into oxygen, thus alleviating tissue
hypoxia and transporting the catalyst to deeper infected sites. At the same time, it also shows glutathione oxidase
activity and consumes the antioxidant glutathione, otherwise glutathione will reduce its bactericidal effect. This
multifunctional synergy not only achieves a broad-spectrum sterilization effect of up to 95% in vitro, but also
significantly accelerates wound healing and abscess regression in animal models through strong bactericidal
activity, immunoregulation and promotion of angiogenesis, and integrates the functions from sterilization to
promoting healing [199]. The study of SACs for the treatment of diabetic foot provides new ideas for managing
this difficult chronic disease [200,201]. Dai et al. designed an intelligent nano-catalytic platform for diabetic
wound healing. The platform is constructed by encapsulating copper-doped carbon point SACs (Cu/C-dots) with
a variety of antioxidant enzyme activities in a ZIF-8 metal organic framework. In the diabetic rat model, the
platform significantly accelerated the healing of the entire skin wound by promoting antibacterial, anti-
inflammatory, angiogenesis and collagen deposition effects [202].

In the face of complex practical applications, the design concept of SACs shows excellent environmental
adaptability. Wang et al. developed a silver single atom photocatalyst (Agi/ZIF) uniformly loaded on the metal
organic framework ZIF-8-NH,. Under low light irradiation, the catalyst can quickly generate -OH free radicals
and promote photo-induced electron transfer, thus efficiently inactivating E. coli, Staphylococcus aureus and
viruses. The catalyst is integrated into the non-woven layer of the mask to give the mask excellent self-disinfection
ability. In addition, the catalyst also shows potential application value in aerosol purification devices, providing
new ideas for sustainable and efficient photocatalytic antibacterial technology [203]. In order to solve the core
problem that traditional personal protective equipment (PPE) cannot effectively inactivate intercepted
microorganisms, resulting in cross-contamination, Jin et al. proposed an innovative solution: integrating oxidase-
like SACs into PPE. Take the atomically dispersed copper SACs (Cu-SAC) as an example, these materials can
spontaneously and continuously convert ambient oxygen into ROS with strong bactericidal activity without
external stimulation. This intrinsic, self-driven catalytic sterilization mechanism gives fiber membranes or plastic
surfaces containing Cu-SAC strong and lasting broad-spectrum antibacterial ability. It has successfully upgraded
the traditional physical barrier to intelligent protective equipment that can actively eliminate pathogens, providing
a feasible technical way for the development of the next generation of self-antibacterial PPE [204].

The application of SACs in the field of infection control is rapidly developing in the direction of functional
integration, mechanism optimization and diversified applications. Through the precise design of the metal-carrier
interface, its catalytic performance and biological function can be customized, providing a promising platform for
enabling an efficient, safe and adaptable next-generation infection control strategy.
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3.4. Biosensing and Disease Diagnosis

In the field of life science and clinical medicine, the realization of high sensitivity and highly selective
biomarker detection and effective intervention in major diseases are the keys to achieving precision medicine.
Existing biosensors often face challenges such as insufficient sensitivity, dependence on expensive and unstable
natural enzymes, and limited anti-interference ability when detecting ultra-low concentration biomarkers.
However, SACs can be integrated into sensors as ultra-active and stable nano-art-enzymes due to their atomically
dispersed metal active sites. Its core mechanism is that after identifying the target (such as glucose, DNA, tumor
markers), it can efficiently catalyze colorimetric or electrolytic reactions. This significantly amplifies the weak
identification signal and converts it into a strong signal, thus achieving ultra-sensitivity, high selectivity and rapid
detection of trace targets, while greatly reducing the complexity and cost of the sensor [205].

Maintaining an appropriate blood sugar level is crucial to human health, and diabetics need long-term blood
sugar monitoring. In the commonly used enzyme-based electrochemical detection methods, the core glucose
oxidase is highly sensitive to temperature, humidity and pH, and is easy to inactivate. As a result, the storage
conditions of the test paper are harsh, the shelf life is short and the operation time-consuming [206]. However, as
an artificial enzyme, SACs can maintain catalytic activity even under harsh conditions and oxidize glucose
molecules on the electrode surface. Its clearly structured active site provides the best adsorption and reaction site
for glucose molecules, thus realizing the direct, efficient and highly selective electrooxidation of glucose [207].
Qi et al. have designed and synthesized a nickel-selenium atomic catalyst (Ni;Se;/NC). The catalyst has adjacent
Ni-Ny4 and Se-Cs; sites and can be used for high-sensitivity enzyme-free electrochemical glucose sensing. Research
shows that nickel single-atoms are the main active sites of glucose oxidation, and although adjacent selenium
single-atoms do not have catalytic activity themselves, their electron structure can be regulated by attracting
electrons from nickel sites. This electron effect enhances the adsorption of glucose at the nickel site and accelerates
the electron transfer rate, thus significantly improving the electrocatalytic oxidation activity of glucose. This work
reveals a new coordination mechanism, that is, non-catalytic atomic sites enhance adjacent active center through
electron regulation, providing new ideas for the design of high-performance sensing materials [208]. At present,
most blood glucose tests rely on blood samples. However, many researchers have proven the potential of using
body fluids such as sweat, tears and saliva for detection [209-211]. Zhang et al. have designed a new type of
wearable biosensor, which uses Pt SAC to realize high-precision real-time monitoring of glucose in sweat. The
sensor adopts a three-dimensional nanostructure, in which the platinum single atom is evenly dispersed on cobalt
oxide nanorods and reduced graphene oxide (rGO), showing excellent electrocatalytic performance. Its detection
range is wide, up to 1-800 uM, and it has excellent selectivity, stability and anti-interference ability. In addition,
this study also designed a flexible sensing device, which adopts a hydrophically modified “S”-shaped micro-flow
control channel. Combined with Bluetooth wireless transmission technology, the device can collect sweat glucose
signals in real time and display them on smartphones. In the human experiment, the sensor successfully monitored
the correlation between sweat glucose and blood glucose fluctuations, providing a new technical way for non-
invasive and continuous health monitoring [212]. The design of such wearable biosensors will significantly reduce
the pain and inconvenience caused by blood sugar monitoring, thus profoundly changing the lifestyle of patients.

Based on the activity regulation and catalytic mechanism of SACs, different types of sensors can be designed
to respond to different detection targets and application scenarios. For example, in the detection of ascorbic acid
(AA), Wu et al. reported a iron-cobalt-zinc triple-atom catalyst (FeCoZn-TAC) with oxidase-like activity. This
triatomic catalyst can efficiently catalyze oxygen into superoxide anionic free radicals, which reoxidize the color-
ding substrate 3,3',5,5'-tertamethylbenzidine (TMB) to produce blue products. Its synergistic catalytic
performance is much better than that of monoatomic or diatomic catalysts. On this basis, the research team has
developed a high-sensitivity and high-selectivity ascorbic acid (AA) colorimetric sensing platform with a detection
limit as low as 6.24 nM and a linear range of 0.01-90 uM. Its practical application potential in human serum
samples has been successfully verified [22]. Qin et al. innovatively anchored platinum single atoms onto CsPbBr;
perovskite nanocrystals (Pt/CsPbBr; single-atom electrocatalyst) and utilized this composite to modify electrodes.
Electrochemical cycling generated a significantly amplified current signal. By measuring this enhanced current,
ascorbic acid concentrations could be precisely quantified [213]. Together, these studies demonstrate that precisely
engineered single-atom active centers enable the flexible development of high-performance sensors tailored for
diverse applications—such as portable screening or precise quantification—offering novel and reliable solutions
for disease diagnosis and health monitoring.

Sensors based on SACs can not only detect the above-mentioned glucose and anti-blood acid, but also detect
substances such as tumor markers and dopamine. Some SACs even have great potential to realize the integration
of diagnosis and treatment. These studies clearly prove the disruptive advantages of SACs. Although there are still
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challenges in large-scale precision synthesis and integration with commercial equipment, SAC is undoubtedly
pushing medical testing technology towards a future characterized by higher sensitivity, precision, intelligence
and accessibility [214-216].

4. Challenges and Outlook

The emergence of SACs marks a revolutionary step in catalytic science in atomic-level precise design and
control [217]. Compared with traditional nanozymes, the core advantage of SACs is that their structure is clear
and the active site is uniform. This allows researchers to deeply explore its structure-effect relationship and
catalytic mechanism, just like studying molecular catalysts, so as to get rid of dependence on complex and
heterogeneous nanostructures. They show great potential in the fields of biological sensing, cancer treatment and
energy conversion [218]. Although SACs excel in catalytic performance, their clinical applications are still limited
by the complexity of biological systems.

Biosafety and long-term toxicity: Metal active sites may be chemically unstable under physiological
conditions, resulting in metal ion leakage. This may cause oxidative stress, cell damage, and even organ toxicity.
In order to solve this problem, future research should focus on: (1) selecting biocompatible or low-toxic metal
elements; (2) improving stability through surface modification (such as polyethylene glycolisation) or bionic
packaging to reduce ion release; (3) designing biodegradable carriers to ensure that SACs can be safely removed
after using [219,220].

The trade-off between mass production and in vivo stability: The current synthesis method is difficult to
maintain the uniformity and structural accuracy of the active site in the process of large-scale preparation, and the
cost is high, which limits its practical application. In addition, single atoms are easy to migrate and aggregate in
the body, leading to inactivation. The solution includes the development of advanced synthesis methods (such as
template method or electrochemical method) and the enhancement of metal-carrier interaction through
heteroatomic doping or defect engineering to stabilize single atoms [221].

Poor adaptability to complex biological environments: factors such as pH changes and biomolecular
interference will reduce the catalytic activity of SACs or lead to the off-target effect. Inspired by natural enzymes,
future SACs should be more intelligent. For example, catalysts can be designed to respond to specific disease
signals (such as acidic environments or high concentrations of hydrogen peroxide), or organic frameworks or
polymers can be used to simulate enzyme-like microenvironments to improve selectivity and reduce unnecessary
interactions [222].

New types of SACs beyond ROS-dependent systems: Current designs often suffer from limited selectivity,
potential cytotoxicity, and strong dependence on specific pathological microenvironments, which restricts their
broader biomedical applicability. Expanding SACs toward non-ROS catalytic pathways would enable more
precise and versatile therapeutic functions. To achieve this, integration with computational chemistry is essential,
as data-driven modeling, DFT, and machine learning can guide the rational design of active sites, predict structure—
activity relationships, and accelerate the discovery of novel SACs with optimized catalytic performance, stability,
and specificity.

Therefore, the future research on SACs needs to be carried out under the framework of multidisciplinary
intersection, organically combining safety design, synthesis method optimization, intelligent response function
construction and rational design driven by computational chemistry, so as to systematically improve the stability,
selectivity and biocompatibility of catalysts. Only in this way can we truly release the transformation potential of
SACs in the field of life sciences and promote precision medicine to a new frontier.
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