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Nanozymes with phosphatase-like activity are a class of artificial nano-catalysts
that mimic the catalytic functions of natural phosphatases. They have attracted
widespread attention in the biomedical field in recent years owing to their
superior stability, controllability, and low cost. Nanozyme demonstrates
unique potential in regulating physiological phosphorus metabolism,
intervening in disease-related signaling pathways, detecting disease
biomarkers, and treating conditions such as tumors and inflammation. Despite
significant progress in nanozyme technology for mimicking natural enzymes in
recent years, the research field of phosphatase-mimicking nanozymes remains in
a relatively preliminary stage. The types and mechanisms of nanozymes with
phosphatase-like activity that have been systematically explored remain quite
limited. With the deepening understanding of the role of phosphatases in
complex biological processes including disease signal regulation, metabolic
disorders, and bone disease pathogenesis, there is an urgent need to develop
novel nano-materials that simulate phosphatases with more precise functions to
meet the catalytic demands of diverse biological environments. This review
focuses on recent research advancements in phosphatase-like nanozymes,
with a critical summary of different types of nanomaterials. It aims to provide
a theoretical basis and technical reference for the development of phosphatase-
mimicking nanozymes with high catalytic activity, excellent biocompatibility, and
targeted properties. By analyzing the key challenges and research gaps currently
facing the field, we aim to provide new ideas for its continued development and
accelerate its practical translation in precision medicine.
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1 Introduction

Phosphatases are a class of hydrolases that catalyze substrate dephosphorylation
reactions. They remove phosphate groups from proteins or other molecules and,
together with protein kinases, constitute the core mechanism for regulating protein
phosphorylation modification. This mechanism plays a key role in maintaining cell
signaling, metabolic homeostasis, cell cycle regulation, gene expression, cellular
differentiation, and other life processes (Kaplan, 1972; Stanford and Bottini, 2023).

Abnormal phosphatase function is closely associated with the occurrence and
development of many diseases. Specifically, upregulation or downregulation of
phosphatase activity leads to imbalance of signaling pathways, interfering with basic
physiological processes such as cell proliferation, differentiation, and apoptosis, thereby
inducing pathological states. For example, deletion or mutation of PTEN (a protein tyrosine
phosphatase) is common in various solid and hematological tumors: its inactivation causes
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sustained activation of the PI3K/AKT pathway, promoting cell
survival and tumor growth (Cheng et al., 2024). Additionally,
certain phosphatases (e.g., PP2A) are functionally impaired in
neurodegenerative diseases like Alzheimer’s disease, affecting
stability —and  the
phosphorylated proteins involved in aberrant Tau protein

neuronal  microtubule removal  of
aggregation (Sardoiwala et al., 2024). Phosphatase abnormalities
are also strongly linked to metabolic and immunologic diseases such
as type 2 diabetes and systemic lupus erythematosus (Hosen et al.,
2024). Thus, phosphatases serve not only as important targets for
studying disease molecular mechanisms but also provide potential
intervention pathways for clinical diagnosis and targeted therapy.

Although natural phosphatases perform crucial functions under
physiological conditions, they exhibit limitations in basic research
and clinical applications (Wang et al., 2016; Gao and Yan, 2016;
Zhang et al., 2021; Huang et al., 2019; Liang et al., 2019; Wu et al.,
2019; Jiang et al., 2019). First, natural phosphatases typically possess
high substrate specificity and complex regulatory mechanisms,
which limit their applicability in multi-target regulation or
broad-spectrum dephosphorylation studies (Lai et al, 2022).
Second, many natural phosphatases depend on specific
intracellular environments (e.g, pH, metal ions, cofactors) to
maintain stability and catalytic activity; their functions are readily
compromised when removed from physiological conditions.
Additionally, the prevalence of conformational polymorphism
and multiple splice variants in phosphatases results in highly
organized expression and function, thereby increasing the
difficulty of recombinant expression and structure-function
studies in vitro (Sayegh et al,, 2016). More importantly, certain
natural phosphatases may exert dual or even opposing biological
effects in different disease states. For instance, they might inhibit
tumor growth in some contexts while promoting tumor progression
in others, thereby limiting their controllability and safety as drug
targets (Gesmundo et al., 2019; Li et al, 2015). Consequently,
strategies for modifying, artificially designing, or selectively
regulating natural phosphatases have emerged (Wu et al, 2019;
Di et al., 2022).

Nanomaterials exhibit significant advantages in the biomedical
field due to their unique physicochemical properties. Firstly, they
possess a high specific surface area and adjustable size, enabling
efficient drug loading and sustained release, which enhance the
bioavailability and targeting of drugs. Secondly, their excellent
surface modifiability allows functional coupling with various
biomolecules (e.g., antibodies, peptides, nucleic acids), thereby
enabling precise recognition and treatment of specific cells or
Thirdly, (such as gold
nanoparticles, quantum dots, and magnetic nanoparticles) exhibit

tissues. certain  nanomaterials
excellent optical, electrical, or magnetic properties, making them
applicable in high-sensitivity imaging, diagnostic, and therapeutic
integrated platforms. Additionally, nanomaterials can overcome
biological barriers of traditional drugs (e.g., the blood-brain
barrier), thereby improving treatment efficiency for complex

diseases (such as brain tumors and neurodegenerative diseases).

With the rapid advancement of nanotechnology and
nanomaterials, Scrimin et al. in 2004 utilized triazole-
functionalized ~ gold  nanoparticles  as  catalysts  in
transphosphorylation ~ reactions,  discovering  that  this

nanomaterial could catalyze the hydrolysis of phosphate esters
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(Manea et al., 2004). They coined the term “Nanozyme” for this
novel catalyst. Since then, “Nanozyme” has officially become a new
nomenclature in the field of artificial enzymes, marking the entry of
artificial enzyme research into a new era of rapid progress. Following
the 2007 discovery by Chinese scientists that Fe;O4 nanoparticles
exhibit peroxidase-like activity and the integration of enzyme
research methods into nanotechnology, numerous novel artificial
enzymes (nanozymes) based on nanomaterials have been developed
and reported (Gao et al., 2007).

Phosphatases, as a class of hydrolytic enzymes, play a crucial role
in the normal functioning of biological processes such as blood
glucose regulation and energy transfer. Nanomaterials that mimic
phosphatases are emerging as novel functional materials in disease
treatment, owing to their ability to stably exhibit dephosphorylation
catalytic activity under non-physiological conditions. Such
nanomaterials enable precise therapy by regulating abnormally
activated signaling pathways. In tumors, they can simulate
dephosphorylation to inhibit pro-proliferative pathways (e.g.,
AKT and ERK), inducing cell apoptosis (Cheng et al., 2024). In
neurodegenerative  diseases,

they can target

phosphorylated proteins (such as Tau protein) to alleviate

abnormally

neurotoxicity and pathological progression (Hau-Ting et al,
2024).
regulating the phosphorylation status of key signaling molecules

In chronic inflammation or autoimmune diseases,
(e.g., NF-kB or MAPK) inhibits inflammatory factor release, thereby
reducing tissue damage (Guo et al, 2024). Furthermore, in
metabolic disorders, phosphatase-mimicking nanomaterials are
expected to improve insulin sensitivity by modulating insulin
signaling  pathways. In  summary, nano-phosphatases,
characterized by their stability, high efficiency, and strong
designability, provide a new strategy for targeted intervention in
complex diseases, demonstrating broad clinical application
prospects. Current nanozyme research is predominantly focused
on pseudo-oxidoreductases, with only a small fraction dedicated to
pseudo-hydrolases and other types of nanozymes (Figure 1) (Wu
etal, 2019; Wang et al,, 2022). To date, only a very limited number
of nanozymes with phosphatase-like activity have been explored.
Thus, there is an urgent need to guide the design of advanced
nanozymes with high stability and phosphatase-like activity by
reviewing recent reports on phosphatase-mimicking nanozymes

(Wu et al., 2023).

2 De_sicR;_n strategies for phosphatase-
mimicking nanomaterials

Although research on phosphatase-like nanozymes remains in its
infancy, several representative phosphatase-mimicking nanomaterials
have already been developed. Based on their composition, they can be
primarily classified into two categories: metal oxides and metal-
organic frameworks (MOFs) (Jiang et al., 2020).

2.1 Metal oxide-type
phosphatase nanozymes

Given the presence of two Zn*" ions in the active site of natural
phosphatases, which play a crucial role in enzyme catalytic kinetics,
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FIGURE 1
Proportions of different types of nanozymes.
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Structural diagram of metal oxide-based phosphatase nanozymes. (A) The research has found that the acidic cerium species on the octahedral (111)

surface can selectively catalyze the dephosphorylation reaction of the substrate, while the electron-rich counterparts on the cubic (100) surface only
promote the oxidation reaction of the substrate. (B) Schematic diagram of the synthesis of cerium oxide fiber particles with high phosphatase-like activity.
(C) Diagrammatic representation of the NADP (H)-mediated glutathione regeneration pathway in ferroptosis suppression. (D) Schematic illustration

of the ZrO,/CeO,/polyacrylic acid nanocomposites as an alkaline phosphatase mimetic enzyme for the detection of methyl parathion. Reprinted with

permission (A) (Tan et al., 2022), (B) (Kato et al., 2020), (C) (Xiong et al., 2022) and (D) (Wu et al,, 2021).

initial attempts to develop artificial phosphatase-like enzymes
focused on metal ions (Liu et al, 2005). Among these, the
lanthanide Ce*/Ce*" is notable for its exceptional ability to
hydrolyze phosphate esters. Surface-functionalized oxidase
nanoenzymes play a crucial role in the synthesis of novel and
highly efficient

nanomaterials, mainly manifested in the
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enhancement of catalytic activity: by mimicking the active center
of natural oxidases, they effectively catalyze the removal of reactive
oxygen species (such as -OH, H,0,) or substrate oxidation/
phosphorylation reactions. Compared with traditional materials,
their catalytic efficiency is significantly improved, and they can
still maintain stability even under extreme pH or temperature
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conditions. Currently, research on phosphatase-mimicking
on Ce-based or Zr-based
nanomaterials,  particularly  cerium  oxide  nanoparticles
(Figure 2A) (Tan et al., 2022; Kuchma et al, 2010; Manto et al,,

2017; Huang et al,, 2021). Ce is regarded as one of the most

nanomaterials primarily focuses

promising metals due to its unique valence characteristics and
catalytic activity similar to that of phosphatases. In recent years,
many cerium-based nanomaterials have attracted significant
research interest because they can catalyze dephosphorylation
reactions. Inorganic nanomaterials have the advantages of low
cost, good stability, and simple synthesis. These cerium-based
nanomaterials overcome the inherent defects of natural enzymes
and show great potential as substitutes for natural phosphatases. In
addition, other factors, such as end caps, surface area, and main
exposed plane, also affect the catalytic performance of cerium-based
nanoenzymes. Compared with natural phosphatases, cerium-based
nanoenzymes have stronger resistance to interference. Although the
catalytic efficiency and selectivity of nano-sized cerium dioxide are
still not satisfactory at present, it is still a promising substitute for
natural phosphatases and has broad application prospects. CeO,
nanomaterials have been found to exhibit various types of mimetic
enzyme activities. In addition to their commonly observed redox
enzyme activities, they also display phosphatase-like activity.
Furthermore, their enzymatic activity is closely related to factors
such as surface valence states, the transformation between Ce** and
Ce**, and the presence of oxygen vacancies on the material’s surface
(Xiao et al., 2022). A series of porous cerium dioxide nanorods (PN-
CeO,) synthesized by Yao et al. are considered potential tools for
bioanalysis and biomolecule applications (Yao et al., 2018). Based on
the electrostatic attraction between negatively charged bacteria and
positively charged nanoparticles, metal and metal oxide
nanoparticles bind to the bacterial cell wall. This interaction not
only inhibits bacterial growth but also induces the production of
reactive oxygen species (ROS), leading to cell death. It is worth
noting that the fibrous CeO, nanomaterials synthesized by Kato
et al. exhibited higher phosphatase-like activity than the polyhedral
and cubic forms (Figure 2B) (Kato et al., 2020). This characteristic
not only significantly influences antibacterial applications, but the
material’s high antigen-antibody binding ability also endows it with
great potential in biosensors and biological catalysis. A type of ultra-
small and well-dispersed CeO, nanoparticles synthesized by Xiong
et al. has been demonstrated to disrupt cellular homeostasis through
their phosphatase-like activity, thereby promoting oxidative stress
and ferroptosis (Figure 2C) (Xiong et al., 2022). Ferroptosis is a
regulated cell death (RCD) form regulated by ions (Fe®),
characterized by abnormal accumulation of lipid peroxides. The
core of its molecular mechanism lies in the loss of activity of
glutathione peroxidase 4 (GPX4) or the dysfunction of the
intracellular antioxidant defense system (such as the cysteine-
glutamate-glutathione antioxidant axis), which leads to the
uncontrolled accumulation of lipid ROS, ultimately causing
oxidative damage to the cell membrane lipid layer and cell death.
Through this activity, CeO,
dephosphorylation of NADPH and its synthetic precursor

continuously catalyzes the

glucose-6-phosphate, thereby inhibiting the biosynthesis of
glutathione and cancer cells’ resistance to ferroptosis. This
mechanisms of cells

indirectly ~suppresses the

weakened by oxidative stress, which is exacerbated by enhanced

self-repair
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glutathione supply and ferroptosis resistance. This finding provides
a new perspective for regulating ferroptosis in cancer cells using
non-redox nanomaterials and broadens the application of
phosphatase-mimicking nanomaterials in early disease intervention.
Zirconium-based nanomaterials also play a significant role in
phosphatase-mimicking nanozymes, such as in the detection of
phosphorus-containing drugs (Figure 2D) (Wu et al, 2023; Wu
et al, 2021). Notably, Hu et al. first discovered that ZrO,
exhibit activity
substrate  4-methylumbelliferyl ~ phosphate and

nanoparticles phosphatase-like using  the
fluorescent
evaluated this activity using natural enzyme research methods
(Hu et al., 2020). Furthermore, the catalytic interactions of ZrO,
nanoparticles  with  biologically relevant molecules were
systematically evaluated. The results demonstrated that ZrO,
nanoparticles  exhibit phosphatase-like effectively
hydrolytic

triphosphate (ATP) and O-phospho-L-tyrosine. In contrast, no

activity,
catalyzing the dephosphorylation of adenosine
detectable interaction was observed between ZrO, nanoparticles
and DNA strands, indicating their substrate selectivity. These
findings provide critical insights into the biochemical reactivity
and potential biomedical applications of ZrO, nanoparticles.
Although its phosphatase activity is not as strong as that of
CeO,, ZrO, is more suitable for large-scale development and
application due to the greater abundance of the Zr element on
Earth compared to currently studied Ce-based nanozymes.

Therefore, functionalizing the surfaces of oxide particles to
mimic the catalytic microenvironment of natural phosphatase
active sites is crucial and requires further in-depth exploration.
Future research should focus on investigating the surface
functionalization of oxide-based phosphatase nanozymes to
develop more efficient phosphatase nanomaterials.

2.2 MOF-like phosphatase nanozyme

MOFs (Metal-Organic Frameworks) are crystalline porous
materials formed by the self-assembly of metal centers and
organic ligands. They are characterized by a high specific surface
area, tunable porosity, and uniformly distributed active sites within
the crystalline porous structure (Xu et al., 2019). The metal (oxide)
clusters at the nodes of these frameworks have a unit structure
remarkably similar to that of natural enzymes, making them ideal
catalytic active sites (Mian et al., 2020). For instance, Mian et al.
identified the zinc-based metal-organic framework MFU-4L as a
potential hydrolytic catalyst, attributing its activity to the presence of
Zn (II)-OH moieties located at the framework nodes. These
functional groups closely mimic the structural characteristics of
the active sites in carbonic anhydrase (CA), a zinc-containing
metalloenzyme renowned for its remarkable efficiency in
catalyzing the hydrolysis of phosphate esters. Therefore, by
selecting suitable metal ions and organic linkers, it is possible to
design nanomaterials with enzyme-like activity, which have
advantages over natural enzymes, such as a simpler preparation
process, easy storage, and high tolerance to temperature and pH.
Currently, commonly used metal elements in MOF materials that
simulate phosphatase include Zr, Hf, Ce, and Zn (Cavka et al., 2008;
Katz et al., 2014). For instance, Gu et al. reported on the phosphatase

catalytic activity of UiO-66(Ce), where the abundant Ce(III)/Ce(IV)

frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2025.1645583

Cao and Zhu

10.3389/fnano.2025.1645583

350nm 426nm

N

.. Uu
3.:4- BNPP—-.; 4 Se

350nm quenched

A\ f

H
U
g,"’l,-,u
v oY

OH

NO:

FIGURE 3

0 /@/NOZ
[l
/\O’FI,\O

~~0

VPIM-polymer beads@GO

NO
(l)l 2
“SoP~on +
~-0
OH

Structural schematic of other types of phosphatase nanomaterials. (A) The unique properties of CeCD as a model phosphatase and the IFE sensing
strategy provide an ideal platform for monitoring the catalytic hydrolysis of phosphates. (B) By constructing catalytic active sites, a biomimetic catalyst
was prepared to effectively degrade certain organic phosphorus nerve agent analogues (such as paraoxon and diphosphenol). Reprinted with permission:

(A) (Du et al,, 2020) and (B) (Ma et al., 2018).

coupling sites enable UiO-66(Ce) to selectively catalyze the
dephosphorylation hydrolysis of the phosphate ester substrates
ATP and ADP under physiological conditions, effectively
removing the phosphate groups from ATP and ADP through
hydrolysis (Stanford and Bottini, 2023). This discovery has
important guiding significance for reducing thrombosis in blood-
contacting biomedical devices and for regulating various life
activities related to ATP/ADP. Wu et al. first explored the
phosphatase-like activity of the Zr-based MOF material MIP-
202(Zr). MIP-202(Zr), as an environmentally friendly a-amino
acid-based zirconium metal-organic framework (Zr-MOF),
demonstrates remarkable green chemical characteristics in its
synthesis process: using biogenic L-aspartic acid (L-Asp) as the
organic ligand and water as the sole solvent. This study for the first
time reveals the phosphatase mimicking activity of MIP-202(Zr) and
successfully applies it to the specific detection of phosphate groups
in drug molecules. The material synthesis adopts the hydrothermal
method as a sustainable strategy, using ZrCl, as the metal precursor

Frontiers in Nanotechnology

and constructing a stable framework structure with 12 coordination
Zrg (u3-0)4 (u3-OH),4 secondary building units (SBUs) through self-
assembly with L-Asp. Unlike other reported Zr-based MOF
materials, this material acts as a phosphatase-mimicking green
nanozyme for phosphatase-like reactions. Moreover, its
phosphatase-like activity can be inhibited by phosphorus-
containing drugs, eliminating the need for organic solvents and
toxic ligands. This broadens the application of phosphatase-
mimicking nanozymes in clinical pharmacy (Wu et al., 2023).

2.3 Other types of phosphatase
nanomaterials

In addition to the aforementioned materials used for
constructing phosphatase-like nanozymes, other material types
include active molecules (e.g., amino acids, deferoxamine, and
insulin) (Me et al, 2012; Arad et al, 2022; Qiu et al, 2019),
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metal (ion)-modified carbon-based materials (such as carbon
quantum dots and activated carbon frameworks) (Figure 3A)
(Wei et al,, 2019; Du et al,, 2020; Cao et al., 2018; Liu et al,,
2019), and graphene (Figure 3B) (Li et al., 2021; Ma et al., 2018).
However, single-component materials often struggle to achieve
catalytic activity; most are composite materials. The main reasons
why single-component materials perform poorly as catalysts are
related to their structural characteristics, the uniformity and stability
of the active sites. Specifically: 1) Inhomogeneity of active sites:
Single-component materials usually have no carriers, resulting in
uneven distribution of active sites. This limits the activity and
selectivity of the catalyst because catalytic reactions depend on
specific active sites. In multi-component catalysts, the interaction
between the active component and the carrier can provide more
active sites, which may be more uniform, thereby improving
catalytic efficiency. 2) Stability issues: During catalytic processes,
single-component materials may be more prone to agglomeration or
form larger aggregates, which reduces the number of active sites and
lowers the stability of the catalyst. Additionally, single-component
materials may lack the protective effect provided by the carrier,
making them more susceptible to failure in high-temperature or
corrosive environments. 3) Adsorption problems of reactants and
products: Single-component materials may have strong adsorption
capabilities for specific reactants or products, which may lead to
catalyst poisoning or carbon deposition, further reducing their
performance. For example, in graphene-based phosphatase
nanozyme composites, graphene acts as a carrier with a large
specific surface area but lacks the ability to catalyze phosphate
ester hydrolysis. The actual hydrolytic function is performed by
the loaded metal nanomaterials. Nevertheless, these auxiliary
materials play important roles in enhancing adsorption affinity,
improving the stability of catalytic active sites, and promoting
substrate mass transfer.

Research on non-metallic materials related to phosphatase-
mimicking nanomaterials is also a noteworthy direction.
Investigating and developing the phosphatase-like activity of
variety of
nanomaterials but also deepens understanding of the mechanisms

non-metallic materials not only expands the
by which nanomaterials catalyze phosphate ester hydrolysis. Lei
et al. developed a novel type of phosphatase nanozyme—boron
nanosheets—based on their high phosphatase-like activity and, for
the first time, applied them to the hydrolytic conversion of
anticancer prodrugs, opening a new direction for the biological
applications of boron nanosheets (Lei et al., 2024). In this study, the
catalytic rate of boron nanosheets is as high as 17 times that of the
known phosphatase-mimicking nanozymes. By introducing polyols
and Lewis bases, the catalytic activity of boron nanosheets was
attributed to the Lewis acidity of the B atoms in the boron
nanosheets. This discovery provides a new approach for the
development of hydrolytic enzyme-mimicking nanozymes.

3 Application areas in
biomedical science

Phosphate ester substances are widely present in living
organisms, and their phosphorylation and dephosphorylation
constitute central life processes. In recent years, phosphatase-
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mimicking nanomaterials have demonstrated great potential in
diverse biomedical applications, encompassing tumor therapy
(Cao et al, 2018), prevention of allergic diseases (Lin et al,
2021), antibacterial protection (Liu et al, 2019; Khulbe et al.,
2020), degradation of toxic biomolecules (Gao et al, 2022),
degradation of bioactive macromolecules (Sokolov et al., 2020; Li
et al,, 2014; Cheng et al., 2012), and multiple directions including
biological imaging (Hu et al., 2020) and drug delivery (Walther et al.,
2021) (Figure 4). Leveraging their simulated phosphatase hydrolytic
activity, nanozymes not only regulate key phosphate metabolic
processes within cells but also provide new tools for precise
intervention in pathological signaling pathways. For instance, Qu
et al. prepared a porous carbon composite material loaded with
cerium oxide nanoparticles using Ce-MOF as a precursor via a high-
temperature pyrolysis strategy, demonstrating excellent hydrolytic
capacity for phosphate esters (Cao et al, 2018). This material
efficiently consumes ATP in tumor cells, achieving energy
deprivation akin to “starvation therapy,” thereby enhancing
chemotherapy sensitivity and treatment efficacy.

To address the limited efficacy of traditional small-molecule
mast cell stabilizers in the long-term prevention of allergic diseases,
Lin et al. developed a phosphatase-mimicking nano-stabilizer
(PMNS) based on cerium dioxide nanoparticles (CeNPs) for the
effective prevention of allergic diseases (Lin et al, 2021). This
nanomaterial utilizes the regenerable oxygen vacancies on the
surface of CeNPs as catalytic active sites, exhibiting continuous
and stable phosphatase-mimetic activity. Upon allergen stimulation,
it can effectively mediate the dephosphorylation process of
phosphoproteins within mast cells. By dynamically regulating the
phosphorylation signal cascade in mast cells, PMNS can inhibit the
occurrence of degranulation reactions, thereby blocking the
pathological responses triggered by the release of downstream
allergic mediators (e.g., histamine, cytokines). Ultimately, this
enables proactive intervention and prevention of allergic diseases.

Notably, Liu et al. successfully synthesized a metal-organic
with  dual
biological activities and applied it to the efficient removal of
bacterial biofilms (Liu et al.,, 2019). On the one hand, this system
endows the material with catalytic activity similar to that of

framework/cerium-based nanozyme enzyme-like

deoxyribonuclease (DNase) by attaching cerium complexes to the
surface of the MOF, effectively hydrolyzing extracellular DNA
(eDNA) and thus destroying the structural foundation of the
biofilm. On the other hand, doping with gold (Au) elements
enhances its peroxidase-like activity, enabling in-situ oxidation
and killing of bacteria encapsulated within the biofilm. This
synergistic mechanism not only decomposes the biofilm but also
effectively prevents bacterial re-proliferation and biofilm recurrence,
demonstrating broad prospects for anti-infection applications.
Additionally, a
developed by Mugesh et al. exhibits phospholipase-like activity,

polymer-coated cerium dioxide nanozyme

which specifically disrupts the phospholipid layer of bacterial cell
membranes, demonstrating significant antibacterial activity against
both Gram-positive bacteria (Khulbe
et al., 2020).

In addition to their use in traditional dephosphorylation

and Gram-negative

reactions, phosphatase-mimicking nanomaterials have also
demonstrated extensive potential in multiple other fields of

biological analysis and clinical applications. For instance, Li et al.
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Application areas in biomedical science.

successfully synthesized a rare earth-based nanomaterial, GdF;, and
were the first to apply it to the enrichment of phosphopeptides (Li
etal,, 2014). The research team used density functional theory (DFT)
calculations to explore the potential mechanisms underlying the
dephosphorylation process involving GdF; and its hydrolysis
product GdPO,. This work not only reports the first application
of GdF; in the recognition and capture of phosphopeptides but also
provides a theoretical basis and inspiration for understanding the
molecular mechanisms of catalytic dephosphorylation reactions
mediated by rare earth nanomaterials.

Furthermore, the porous rare earth phosphate microspheres
developed by Cheng et al. show great potential as efficient
phosphopeptide affinity probes (Cheng et al., 2012). This study
innovatively employed the ion-exchange method to prepare
monodisperse REPO, (RE = Yb, Gd, Y) hollow microspheres
with unique spike-like morphology. Through comprehensive
material characterization (including XRD, EDS, FTIR, SEM,
TEM, and N, adsorption-desorption tests), it was confirmed that
this material possesses a regular hollow structure, extremely high
specific surface area, and excellent monodispersity. Particularly
noteworthy is that these nanostructured materials possess a high
specific surface area and controllable pore diameters, which can
significantly enhance the specificity of recognition for target
phosphopeptides. Meanwhile, they can effectively eliminate the
“shadow effect” that may be caused by deep pores, thereby
improving the sensitivity and signal-to-noise ratio of mass
spectrometry (MS) detection. This provides a powerful tool for
the efficient separation and precise qualitative analysis of
phosphopeptides in complex samples.

In the field of drug delivery and transformation, the phosphatase
activity of nanozymes also exhibits significant application potential.
Walther et al. reported the use of cerium dioxide nanoparticles as
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biomimetic phosphatases, which can catalyze the conversion of
phosphoester prodrugs into active therapeutic molecules in
complex physiological environments (Walther et al., 2021). This
study not only verified that the nanozymes maintained stable
phosphatase-like activity in vivo but also emphasized the close
integration of substrate spectrum research and functional design,
providing a new direction for the development of controllable drug
release systems and targeted therapeutic strategies.

In summary, phosphatase-mimetic nanomaterials are
continuously expanding their functional frontiers in biological
systems, providing innovative platforms for key fields such as
disease treatment, precise diagnosis, and gene editing. They are
expected to become a critical driving force in the integrated

development of nanomedicine and catalytic therapy.

4 Challenges and future prospects

In recent vyears, phosphatase-mimicking enzymes have

demonstrated ~ significant potential in disease treatment,

particularly in regulating abnormal phosphorylation signaling,

intervening in tumor microenvironments, and treating

neurodegenerative diseases, with preliminary achievements made.
However, the effective translation from laboratory research to

clinical application still faces several key scientific and
technological ~ challenges that urgently require in-depth
investigation and breakthroughs.

First, current research on metal-based phosphatase

nanomaterials remains focused on lanthanide element systems,
while the potential of other metals in terms of biocompatibility
and catalytic performance has not been systematically explored. In
disease treatment—especially in in vivo applications with extremely
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high biosafety requirements—developing new metallic or non-
metallic alternative materials with superior biocompatibility is of
great significance. Additionally, existing studies have shown that
non-metal-based nanozymes generally exhibit low activity; thus, it is
(e.g.
magnetic

introduce controllable factors
effects,

responsiveness) to endow them with controllable, efficient, and

urgent to externally

photothermal electrical  stimulation, or
targeted catalytic capabilities. This is crucial for precisely
regulating abnormal phosphorylation levels in pathological
tissues, improving treatment selectivity, and reducing side effects.
Furthermore, phosphatase nanomaterials still have limitations in the
specific recognition of pathological substrates. Currently, there is a
lack of systematic strategies to enhance their catalytic selectivity in
complex pathological environments. By constructing mimics of
natural enzyme active sites, adjusting the microenvironment at
the catalytic interface, or modifying surface functional groups, it
is expected that their targeted catalytic capacity in tumors,
inflammation, or neurological diseases can be significantly
thereby

interventions. In

enhanced, achieving more precise therapeutic
although  phosphatase-like

nanozymes have shown promising applications in in vitro

conclusion,

models, their practical application in clinical disease diagnosis
and treatment remains rather limited. Future efforts should focus
on enhancing their integration with multifunctional nanoplatforms
(such as drug delivery systems, responsive hydrogels, and
bioimaging probes) to promote their in-depth development in
precision therapy, combination treatment, and integrated
intelligent diagnosis and treatment.

To summarize, phosphatase-mimicking nanozymes, as
emerging biocatalytic materials, hold broad development
prospects in disease treatment. However, to truly realize their
clinical potential, continuous efforts are needed in material
innovation, clarification of catalytic mechanisms, enhancement of
selectivity, and integrated applications. This will ultimately provide
more efficient, safe, and intelligent treatment solutions for

major diseases.

5 Conclusion

Phosphatases play an indispensable catalytic role in
physiological processes energy
metabolism, and bone mineralization. Their central position

such as cell signaling,
in biocatalytic systems and phosphate metabolism networks
makes phosphatase-mimicking systems one of the important
directions in current nanozyme research. This article reviews
the research status and applications of phosphatase-
mimicking nanozymes.

Natural phosphatases can generally be classified into three
categories based on the types of phosphate ester bonds in their
substrates:  phosphomonoesterase,  phosphodiesterase, and
phosphotriesterase. Among them, alkaline phosphatase (ALP) is
a nonspecific phosphomonoesterase widely distributed in various
organisms except higher plants, and it possesses the ability to
catalyze the hydrolysis of various phosphomonoester substrates
(Chen et al.,, 2018a). ALP primarily participates in the transfer and
hydrolysis of phosphate groups in the body, playing a crucial role in
maintaining phosphate homeostasis inside and outside cells,
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regulating calcium-phosphorus metabolism, and bone tissue
mineralization (Chen et al, 2018b). In biomedicine, ALP is
widely used in various immunoassay technologies due to its high
catalytic efficiency and broad substrate adaptability. It particularly
serves as an enzyme label in conventional immunodiagnostic
methods like enzyme-linked immunosorbent assay (ELISA) and
Western blot, performing signal amplification and targeted
detection functions (Zhao et al,, 2019). Additionally, the ATP
phosphorylation/dephosphorylation cycle is a core mechanism
for maintaining cellular energy metabolism, while abnormal
changes in phosphatase activity are often closely associated with
various pathological conditions. Clinical studies have confirmed
that ALP level fluctuations can serve as important biomarkers for
diseases such as prostate-related disorders (Prensner et al., 2012),
liver dysfunction, and bone metabolism disorders (PIOVESAN and
Gonzélez, 2023). As a key enzyme involved in critical physiological
processes (e.g., cell signaling, metabolic regulation, and bone
mineralization), alkaline phosphatase exhibits specific activity
variations during the onset and progression of multiple diseases,
making it widely recognized as a potential biomarker of significant
clinical value (Zhao et al., 2025; Wang et al., 2025; Tampieri et al.,
2025). However, despite the broad application prospects of natural
phosphatases in diagnosis and therapy, their inherent limitations
severely restrict practical application expansion. These include
issues such as catalytic activity being significantly affected by
poor high
purification costs, and activity loss during long-term storage or

environmental conditions, stability, separation-
repeated use.

In recent years, to overcome the aforementioned bottlenecks,
to nanozymes with
their highly tunable

physicochemical structures, excellent thermodynamic stability,

researchers have turned their focus

phosphatase-like activity. Owing to
pH tolerance, and favorable scalability with cost-control
advantages, these materials demonstrate significant potential as
substitutes for natural enzymes across various fields. Compared
with natural phosphatases, phosphatase-mimicking nanozymes
not only exhibit stronger environmental adaptability and
storage stability but also enable further optimization of catalytic
through
regulation, significantly expanding their application prospects in

performance surface engineering and structural
complex biological systems. In the realm of disease therapy,
nanozymes have been widely applied to regulate redox
homeostasis in the body, eliminate excessive ROS, catalyze
localized reactions at disease sites to generate cytotoxic free
radicals, or intervene in metabolic pathways by mimicking
natural enzyme functions. This enables intervention and
treatment for various pathological conditions, including tumors,
infections, inflammatory diseases, and neurodegenerative
disorders. These advancements not only provide a theoretical
basis for expanding the functional roles of nanozymes in
disease treatment but also offer novel research strategies for
designing hydrolytic enzyme-mimicking nanozymes, including
those analogous to phosphatases.

Despite the broad application prospects of phosphatase-
mimicking nanozymes in biomedical fields such as disease
diagnosis and treatment, systematic and in-depth theoretical
support for their in vivo action mechanisms is currently lacking,

and a comprehensive and persuasive mechanistic framework
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remains to be established. In particular, issues related to substrate
recognition non-specificity and their impact on targeted catalytic
reactions have not been fully elucidated. Key questions regarding the
specificity of catalytic reactions of phosphatase-like nanozymes in
complex biological systems, substrate selectivity, and their actual
contribution to overall therapeutic effects require further
clarification. Moreover, the potential toxicity of nanomaterials in
biological organisms remains a significant limiting factor in clinical
translation. There is currently a lack of systematic and rigorous
experimental validation for the metabolic pathways, biodistribution,
physiological degradation, and interference of phosphatase-like
nanomaterials with key in vivo metabolic pathways. In particular,
the potential effects of long-term exposure on tissue homeostasis,
immune responses, and cell signal transduction have not been
thoroughly assessed. Therefore, future research urgently needs to
strengthen the systematic analysis of the biological behavior of
phosphatase-mimicking nanomaterials from a mechanistic
perspective. This should be combined with high spatiotemporal
resolution in situ characterization techniques, advanced in vivo
tracking methods, and multi-omics analysis strategies to deeply
their ~dynamic

physiological environments. This is of great significance for

reveal responses and biocompatibility in

establishing a more rigorous and reliable theoretical framework,
guiding their safe and efficient biomedical applications, and
promoting their clinical translation in precision medicine.
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