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A B S T R A C T

Nanomaterials with enzyme-like activities are crucial in biosensing, disease diagnosis, and treatment due to their 
advantages of low costs, ease of synthesis, high stabilities, and tunable activities. Among them, nanozymes based 
on metal-organic frameworks (MOFs) attract significant attention because of their unique structural character
istics and compositions. In this review, we analyze the regulation mechanisms and catalytic properties of MOF- 
based nanozymes, focusing on the latest research advancements in sensor development and biomedical appli
cations. Additionally, we briefly explore the potential applications of these nanozymes in smart assistive tech
nologies. Furthermore, we identify the current challenges and limitations, propose viable solutions to address 
these problems, and position sensors fabricated using MOF-based nanozymes as effective alternatives in disease 
diagnosis. Ultimately, this review provides guidance for researchers to effectively utilize MOF-based nanozymes 
in the field of biomedicine.

1. Introduction

Natural enzymes serve as highly efficient catalysts within organisms, 
exhibiting not only high catalytic activities but also substrate specific
ities. This enables them to rapidly convert specific substrates into 
quantifiable substances. When employed in biological sensing systems, 
the designed reactions are initiated by the presence of target molecules, 
enabling the generated products to serve as rapid, potentially quantifi
able indicators of the presence of the target molecules. Commonly used 
biological enzymes in laboratory diagnostic tools include horseradish 
peroxidase (HRP), alkaline phosphatase, and acid phosphatase [1–3]. 
However, the application of these enzymes in sensing systems is limited 
by their poor stabilities, high costs, and complex production processes 
[4–6]. Notably, most of these enzymes are proteins, which are suscep
tible to denaturation or degradation due to environmental changes in 
pH, temperature, the presence of proteases, etc., and thus, their catalytic 
performances are often adversely affected under certain physiological 
conditions [7,8].

Nanozymes, as artificially engineered nanomaterials, display cata
lytic functionalities and characteristics akin to those of natural enzymes. 
Compared to natural enzymes, nanobiocatalysts exhibit several advan
tages, such as environmental compatibilities, ease of synthesis, extended 
stabilities, and capacities for repeated utilization, thus overcoming the 
inherent constraints of natural enzymes. In 2007, Yan et al. [9] reported 
that magnetic Fe3O4 nanoparticles (NPs) exhibit peroxidase-like (POD- 
like) activities, marking a rapid advancement in the field of nanozymes. 
Subsequent research identified various materials, such as metal oxides, 
metal nanoparticles, 2D materials, and MOFs, with diverse enzyme-like 
activities [10–13]. MOFs, which comprise metal ions or clusters coor
dinated with organic ligands, form crystalline materials with porous 
structures [14]. The pores offer abundant active sites, enabling MOFs to 
effectively mimic enzyme activities. By selecting appropriate ligands 
and metal ions, the structures of MOFs can be tailored to optimize their 
catalytic performances and selectivities. Nanozymes are widely utilized 
in sensor development, particularly in biosensing and -assays [15,16], 
due to their enzyme-mimicking efficiencies. The forms, sizes, and 
modifications of MOFs also affect their performances [17], underscoring 
the importance of studying the syntheses and structures of MOF-based 
nanozymes to comprehensively understand their catalytic capacities. 
Given the multi-enzyme activities and tunable structures of MOF-based 
nanozymes, they display significant potential for use in various sensing 
platforms, such as enzyme-linked immunosensors and electrochemical 
and optical biosensors [18–21]. Furthermore, MOF-based nanozymes 
can be employed in enzyme cascade analysis and point-of-care testing 
(POCT) to enhance diagnostic efficiency [22,23]. In clinical disease 
diagnosis, the highly controllable pore structures and surface function
alization properties of MOF-based nanozymes enable the specific cap
ture and identification of particular biomolecular markers, such as 
disease biomarkers or drug metabolites. These biomolecular markers are 
primarily used in diagnosing cancer, cardiovascular, infectious, and 
neurodegenerative diseases, and metabolic disorders [24–31]. Several 

valuable reviews cover extensive research in this field. However, no 
reviews are currently published that summarize the latest advancements 
in MOF-based nanozymes in the early diagnosis of major diseases, which 
is crucial in the timely prevention and treatment of related illnesses.

In this review, we investigate the current advancements and pros
pects of MOF-based nanozymes in biosensing and disease diagnostics 
(Scheme 1). Section 2 analyzes the regulation of MOF-based nanozymes 
and factors influencing their enzymatic activities. Section 3 summarizes 
the catalytic mechanisms of MOF-based nanozymes, elucidating how 
they leverage their porous MOF structures and surface functionalization 
properties to mimic and enhance enzymatic catalysis. Section 4 cate
gorizes the sensors fabricated using MOF-based nanozymes, including 
their applications in POCT, and furthermore, Section 5 provides an in- 
depth review of the applications of MOF-based nanozymes in clinical 
disease diagnosis. Finally, we analyze the application of machine 
learning in sensor development and the current obstacles and potential 
for clinical application in disease detection.

2. Regulation of MOF-based nanozymes

2.1. Pore and quantity

The pore structures of MOFs determine their capacities to accom
modate substrate molecules and the diffusion characteristics of the 
substrate molecules, thus influencing the rates and efficiencies of cata
lytic reactions. Hence, the performances of MOF-based nanozymes are 
directly affected by the pore sizes of their porous structures, e.g., Tian 
et al. [32] manipulated the pore size of p-WO3 to regulate the catalytic 
activity of in-situ-assembled MOF-818 and its catalytic performance in 
the oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC). The maximum 
reaction rate (Vmax) of MOF-818 in oxidizing 3,5-DTBC increased, 
peaking at a pore size of 400 nm, as the pore size of p-WO3 was increased 
from 230 to 400 nm. However, upon further enlargement of the pore 
size, Vmax began to decline. This was attributed to the effective assembly 
of MOF-818 within the pore channels of p-WO3 when the pore size 
reached 400 nm, providing an appropriate confined environment. This 
environment not only facilitated the rapid diffusion of substrates into 
the pore channels of p-WO3 but also enhanced the effective collisions 
between the nanozyme and substrate, thus significantly increasing the 
catalytic activity. Hyeongtae et al. designed the layered porous structure 
of LIG@Cu3HHTP2 to effectively exploit its large surface area and 
porosity, enabling the rapid detection of NO2 [33]. Furthermore, the 
pore size significantly influences the sensing performance of a MOF in 
terms of chiral selectivity [34]. IRMOF-74-II-Mg-C-Tb, with a larger pore 
size, exhibited superior adsorption and detection capacities for larger 
chiral molecules, whereas IRMOF-74-I-Mg-C-Tb was more suitable for 
use in detecting smaller chiral molecules. This indicates the potential for 
realizing the selective, efficient detection of target molecules with 
different sizes by regulating the pore size. Remarkably, Wang et al. [35] 
reported that the regular pore structures of MOFs also influence their 
catalytic efficiencies.
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2.2. Size

The activities of nanozymes are influenced by their particle sizes. 
Nanozymes based on MOFs commonly occur in 2D and 3D forms, such as 
dodecahedral (ZIF-67) and hemin-based (PCN-222(Fe) structures 
[36,37]. Two-dimensional MOF-based nanozymes exhibit superior cat
alytic performances compared to those of their 3D counterparts, mainly 
due to the smaller substrate diffusion barriers of 2D nanozymes [38]. 
These enable substrate molecules to smoothly traverse the nanozyme 
channels, rapidly reaching the active sites and significantly enhancing 
the catalytic efficiencies. Lu et al. [39] successfully synthesized Zr-MOF- 
PVP nanozymes with diameters of 45 nm, using polyvinylpyrrolidone 
(PVP) as a surface modifier. Compared to that of conventionally syn
thesized Zr-MOF (600 nm), the Zr-MOF-PVP nanozymes displayed 
significantly enhanced POD-like activities [40]. This is because smaller 
particle sizes typically correspond to higher specific surface areas, 
providing more active sites for substrate adsorption and reaction, thus 
enhancing the catalytic activity. Conato et al. investigated the synthesis 
of MIL-88B(Fe) MOFs using varying concentrations of benzoic acid (BA, 
0.25–10 times the concentration of terephthalic acid (TA) [41]. By 
adjusting the BA concentration, the particle size and shape of MIL-88B 
(Fe) can be effectively controlled. Lower BA concentrations (0.25–0.5 
times that of TA) result in rod- and spindle-shaped MIL-88B(Fe), 
whereas higher concentrations (approximately 10 times that of TA) lead 
to the formation of octahedral and spherical MIL-88B(Fe) structures. 
The smaller crystals (spindle- and rod-shaped) exhibit higher adsorption 
capacities and faster adsorption rates for methylene blue (MB) (Fig. 1A). 

The larger crystals (octahedral and spherical) display excellent catalytic 
performances, degrading >90 % of MB within 20 min, which is attrib
uted to the increased levels of exposure and accessibility of the active 
sites due to microstructural defects. Furthermore, higher concentrations 
of BA induce missing linker defects, increasing the number of active iron 
centers and thus enhancing the catalytic activity (Fig. 1B). Additionally, 
Ahmed et al. [42] reported that the sizes of NPs were crucial in the 
conversion of CO2 into valuable hydrocarbons. Smaller iron NPs were 
favorable in hydrogenation reactions, whereas larger particles were 
more suitable for the chemical adsorption of CO2.

2.3. Morphology

In addition to size, morphology is a key factor influencing the cata
lytic activity of a nanozyme. Numerous studies reported close relation
ships between the morphologies of nanomaterials and their enzyme-like 
activities when designing efficient nanozymes [43,44]. Xu et al. [45] 
synthesized and characterized spherical, cubic, and rod-shaped Mn3O4 
NPs with {101}, {200}, and {103} crystal facets, respectively. They 
investigated the design of nanozymes based on different shapes of 
Mn3O4 and their potential for use in treating Parkinson’s disease. The 
Mn3O4 nanorods ({103} crystal facets) exhibited excellent enzyme-like 
activities in scavenging reactive oxygen species (ROS). Similarly, 
Singh et al. studied the enzyme activities of Mn3O4 nanostructures with 
various morphologies (including nanoflowers and -sheets, cubes, poly
hedrons, and hexagonal plates), revealing that nanoflower-shaped 
Mn3O4 exhibited the highest enzyme-like activity, indicating the 

Scheme 1. Schematic diagram of the regulation of MOF-based nanozymes and their applications in disease diagnosis.
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substantial morphology dependence [46]. Notably, changes in the 
morphologies of several nanozymes do not necessarily affect their 
enzyme activities. Cao et al. [47] reported that the formation of a 
Au–Hg alloy disrupted the sharp surface morphologies of Au nanostars 
(AuNSt), reducing their numbers of hot spots and significantly dimin
ishing their capacities for Raman enhancement without deteriorating 
their catalytic activities. Ultimately, they successfully utilized the cata
lytic activity and surface-enhanced Raman scattering (SERS) effect of 
AuNSt in detecting Hg2+ in seawater. Remarkably, the morphologies of 
nanozymes not only affect their catalytic activities but may also influ
ence their selectivities [48].

2.4. Modification

The activities of MOF-based nanozymes can be effectively modulated 
and their functionalities can be enhanced, while maintaining their MOF 
structures [49]. The enzyme-like activities of MOF-based nanozymes are 
highly sensitive to surface modifications. Among seven types of bime
tallic NPs synthesized using the MIL-101 MOF as a stable carrier 
(Cu–Pd, Ni–Ru, Co–Pt, Cu–Pt), the POD-like activity of 9.5 wt% Cu- 
Pd@MIL-101 was the highest, surpassing those of bare Au NPs by a 
factor of 12.73 [50]. Zhang et al. synthesized 1Al/MIL-100(Fe) nano
zymes via cyclic Al2O3 atomic layer deposition, and they exhibit 
enhanced POD-like activities compared to those of unmodified MIL-100 
(Fe) nanozymes (Fig. 2A and B) [51]. This enhancement is attributed to 
the generation of more hydroxyl radicals by 1Al/MIL-100(Fe) nano
zymes (Fig. 2C). Furthermore, the catalytic effects of these nanozymes 
are inhibited by glutathione (GSH), leading to the development of a 
highly sensitive colorimetric GSH sensor with a detection limit of 2.2 nM 
(Fig. 2D). Zhang et al. [52] encapsulated a hemin/bovine serum albumin 
co-assembly (Hemin@BSA) within a zeolitic imidazolate framework 
(ZIF-8) to form Hemin@BSA@ZIF-8 nanozymes, which exhibited 
increased POD activities. The enzyme activities of the modified nano
zymes were enhanced via confinement effects, thus accelerating sub
strate transfer and internal catalytic cycling, enabling the sensitive 
detection of small molecules, such as H2O2, glucose, and bisphenol A. 
Remarkably, surface modifications of MOF-based nanozymes with 
multiple enzyme activities can selectively influence the activity of one 
enzyme without affecting those of the others [53]. Moreover, integrating 
antioxidant nanozymes into MOFs can regulate neuronal differentiation 
and improve oxidative stress, offering a novel approach to utilizing 
nanozymes in promoting neural regeneration [54].

2.5. Composition

MOFs, which are nanomaterials containing metal atoms and ligands, 
are commonly modified by doping with metal ions and synthesizing 
complexes to regulate nanozyme activity [55]. For example, Xu et al. 
[56] reported a simple method of preparing metal-adenosine triphos
phate (metal-ATP) NPs, with enzyme activities that could be modulated 
via metal doping. Cu-ATP NPs exhibited only POD-like activities, 
whereas Fe3+-doped Cu-ATP NPs displayed excellent POD activities and 
reduced POD-like activities. Upon introducing Mn2+ ions as regulators 
to balance the enzyme-like activities, the CuMnFe-ATP NPs exhibited 
significant POD- and catalase-like (CAT-like) activities. Another study 
reported that MOF-818 containing a trinuclear copper center exhibited a 
significantly enhanced catechol (CC) oxidase-like activity compared to 
that of copper-free MOF-818 [57]. Remarkably, hybridization is an 
effective strategy for use in fabricating nanomaterials with multiple 
enzyme activities, e.g., by incorporating platinum NPs with CAT-like 
activities and manganese (III) porphyrin with a superoxide dismutase 
(SOD) activity into a zirconium-based MOF (PCN-222), an integrated 
dual-enzyme nanozyme system (Pt@PCN-222Mn) was developed, with 
the catalytic functions of SOD and CAT [58].

2.6. External factors

Similar to those of natural enzymes, the optimal catalytic activities of 
nanozymes are also influenced by external factors, such as pH, tem
perature, and light [59,60]. However, compared to those of natural 
enzymes, most nanozymes exhibit enhanced tolerances over wider pH 
ranges. Generally, nanomaterials with multiple enzyme activities are 
more likely to display POD-like activities at a low pH and CAT- and SOD- 
like characteristics at a high pH. Chen et al. [61] designed a nanozyme 
with dual enzyme activities (Ni-MOF), which can be dynamically 
regulated based on changes in pH. Under slightly acidic conditions, this 
nanozyme displays a POD-like activity, reacting with hydrogen peroxide 
to generate hydroxyl radicals and effectively killing bacteria. In neutral 
environments, the nanozyme exhibits an SOD activity, clearing excess 
ROS and promoting the transformation of macrophages into M2-like 
macrophages (Fig. 3A). Therefore, different pH values can result in 
the manifestation of different enzyme-like activities by the same nano
zyme. Building on this, Liu et al. [62] used 2D Cu-TCPP(Fe) nanosheets 
as a POD-like system and immobilized glucose oxidase (GOx) on their 
surfaces via physical adsorption. During the GOx catalytic reaction, 
large amounts of gluconic acid and hydrogen peroxide are produced. 
The generated gluconic acid effectively lowers the pH from 7 to 3–4, 

Fig. 1. Regulation of size and pore in metal-based nanozymes. (A) Catalytic reaction rate of MOF-818 in p-WO3–1, p-WO3–2, p-WO3–3, or p-WO3–4 with varying 
concentration of 3,5-DTBC. Reprinted with permission from Ref. [32]. (B) The synthesis of BA-MIL-88B(Fe) particles at various modulator concentrations captured 
through SEM images. Reprinted with permission from Ref. [41].
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Fig. 2. (A) Comparison of peroxidase-like activity catalyzed by 1Al/MIL-100(Fe) nanozymes. (B) The relationship between the initial reaction rate and [H2O2] for 10 
min of incubation on two nanozymes, MIL-100(Fe) and 1Al/MIL-100(Fe). (C) The reaction mechanism of 1Al/MIL-100(Fe). (D) The correlation between absorbance 
change and GSH concentration. Reprinted with permission from Ref. [51].
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significantly enhancing the POD-like activity (Fig. 3B).
Temperature fluctuations can influence the catalytic performances 

and reaction kinetics of nanozymes, thus regulating their enzyme ac
tivities [63]. Nanozymes with multiple enzymatic activities exhibit 
distinct optimal temperatures for the catalytic activities, with their ac
tivities typically increasing with temperature until reaching the optimal 
points, e.g., Luo et al. reported a novel MOF (Ce-BPyDC) with significant 
OXD and POD activities, revealing the clear dependences of the enzyme 
activities on the temperature [64]. As the temperature increased, the 
OXD activity gradually increased, but it significantly decreased when 
the temperature was >40 ◦C. Similarly, Qiao et al. [65] immobilized a 
temperature-sensitive polymer (poly(N-isopropylacrylamide) (PNI
PAM)) on a MOF, followed by the attachment of different enzymes onto 
this composite, successfully fabricating polymer-MOF@enzyme nano
reactors (Fig. 3C). The results indicated that temperature variations 
significantly influence the catalytic activities of five nanozymes, 
including TRY@MOFVN, Glnase@MOFVN, and HRP@MOFVN. Inte
grating photoactive molecules into MOFs enables the fabrication of 
photoresponsive MOF-based nanozymes. These nanozymes can activate 
enzyme-catalyzed reactions under specific wavelengths or light stimuli, 
generating ROS and modulating their catalytic properties. These char
acteristics endow them with high levels of potential for application in 
various fields, including drug delivery, photodynamic therapy, and the 
regulation of light-initiated biochemical processes, thus promoting the 
deep integration of biomedicine and nanotechnology [66–68]. Liu et al. 
[70] synthesized a photoresponsive MOF-based nanozyme (PSMOF) that 
exhibited an excellent OXD activity under visible light, efficiently 

catalyzing substrate oxidation. Furthermore, the photoresponsive na
ture of PSMOF enabled flexible control of its OXD activity by modulating 
the activation of the light source. Another study revealed the charac
teristics of a light-regulated nanozyme composite material (NCDs/UiO- 
66) [69]. Under darkness, NCDs/UiO-66 displays a significant antioxi
dant capacity, effectively scavenging ROS and free radicals. Conversely, 
under light, this composite material exhibits pro-oxidative properties, 
generating ROS and displaying a POD-like activity. By toggling the (de) 
activation of the light, this system realizes controllable switching be
tween pro-oxidative and antioxidant activities (Fig. 3D). This novel 
regulatory mechanism holds promise for use in overcoming the limita
tions of traditional unidirectional enzyme regulation, offering novel 
possibilities for future practical applications.

3. Catalytic mechanisms

The catalytic mechanisms of MOF-based nanozymes rely on the 
metal active sites within their structures, which can catalyze the 
chemical transformations of various substrates under different envi
ronmental conditions, exhibiting enzyme-like activities, such as those of 
OXD, POD, CAT, SOD, GPx, laccase, and hydrolase [71,72]. The cata
lytic mechanisms of oxidase-like MOF-based nanozymes primarily 
involve the utilization of specific active site structures and chemical 
properties to efficiently catalyze substrate conversion via steps including 
substrate binding, oxidation, electron transfer, and product release. 
During this process, dissolved O2 typically acts as an electron acceptor in 
the reactions, leading to the generation of key intermediates, such as 1O2 

Fig. 3. (A) The mechanism by which Ni-MOF promotes macrophage transformation. Reprinted with permission from Ref. [61]. (B) The antibacterial mechanism of 
the 2D MOF/GOx hybrid nanocatalyst as a benign and self-activated cascade reagent. Reprinted with permission from Ref. [62]. (C) thermo-responsive polymer effect 
on the catalytic activity of the enzymes@MOFVN-based nano-reactors at different temperatures. Reprinted with permission from Ref. [65]. (D) Mechanisms of 
generating or consuming reactive oxygen species by NCDs/UiO-66 under light and dark conditions. Reprinted with permission from Ref. [69].
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and O2•
− . These intermediates are commonly employed in catalyzing 

substrate oxidation. The different active intermediates can be confirmed 
via experimental methods, such as reaction-state trapping assays and 
electron spin resonance studies. Chromogenic substances, such as 
3,3′,5,5′-tetramethylbenzidine (TMB), o-phenylenediamine (OPD), and 
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), are often 
used to evaluate the performances of nanozymes in terms of substrate 
oxidation. Additionally, OPD can serve as a typical substrate for oxidase- 
like nanozymes, e.g., Sha et al. [73] developed a copper-based MOF 
nanozyme (MOF-L(D)-His-Cu) based on chiral histidine coordination, 
which mimics the structure and activity of natural CC oxidase and cat
alyzes the conversion of 3,5-DTBC to 3,5-di-tert-butyl-p-benzoquinone 
(Fig. 4A). The catalytic mechanism involves the dehydrogenation and 
oxidation of CC, transferring electrons to O2 via copper redox cycling to 
generate H2O2 (Fig. 4B). Similarly, nanozymes with POD-like activities 
catalyze substrates similar to those of oxidoreductases. In contrast, the 
metal centers (e.g., Fe, Cu, and Ni) within POD-like nanozymes catalyze 
H2O2 decomposition. This process typically involves electron transfer, 
reducing H2O2 to H2O while generating oxidized metal centers and ⋅OH 
or O2•

− . The resulting products further undergo redox reactions with 
TMB, leading to the oxidation of the amino moiety of TMB, which can be 
easily detected using ultraviolet-visible spectrophotometry, e.g., for the 
first time, our research group synthesized a controllable hollow- 
structure trinuclear MOF with a POD-like activity and modified it with 
tetracycline-specific (TC-specific) oligonucleotides (apt-NiCoFe-MOF- 
74) [74]. Using this nanozyme, a dual-signal (colorimetric and fluores
cent) sensor for TC antibiotics was developed, enabling specific detec
tion. The colorimetric sensor exploited the POD-like activity to catalyze 
the generation of blue oxtetramethylbenzidine in the presence of H2O2. 
Additionally, reaction trapping studies were conducted to elucidate the 
catalytic mechanism of apt-NiCoFe-MOF-74. The results indicated that 
apt-NiCoFe-MOF-74 catalyzed H2O2 decomposition to produce •OH, 
which could be trapped by terephthalic acid (TA). The reaction of TA 
with •OH yielded 2-hydroxyterephthalic acid with a distinct fluores
cence signal at 430 nm. Furthermore, in another study, the POD-like 
activities of bimetallic MOF-based nanozymes significantly exceeded 
those of monometallic MOF-based nanozymes. This difference is due to 
the introduction of the new metal, enhancing the synergistic interactions 
between active sites, thus significantly increasing the electron transfer 
capacity and promoting •OH generation (Fig. 4C) [75]. ROS mainly 
comprise H2O2, •OH, 1O2, and O2•

− [76].
CAT is an essential oxidoreductase in the human body, playing a 

crucial role in removing ROS, protecting cell membranes, and inhibiting 
tumor cell proliferation. MOF-based nanozymes with CAT-like activities 
can decompose H2O2 into H2O and O2, e.g., Zhang et al. [77] uniformly 
decorated PCN-224 with Pt nanozymes and investigated its perfor
mance. PCN-224-Pt exhibited a significant CAT-like activity, facilitating 
the decomposition of H2O2 into O2 in hypoxic tumor regions, while 
promoting 1O2 generation. In another study, MOF-Au nanozymes cata
lyzed the conversion of H2O2 to O2 to oxygenate the tumor microenvi
ronment (TME). Notably, the cascade reaction of SOD and CAT is one of 
the most typical antioxidant pathways in nature, where SOD catalyzes 
the conversion of O2•

− to H2O2 and O2, and the conversion of H2O2 to O2 
is then catalyzed by CAT [58]. Yang et al. [78] combined Zn ions with 
Mn-TCPP to synthesize a MOF nanozyme (ZMTP) with a SOD activity. In 
this process, the Zn ions enhance the redox potential of the Mn-TCPP 
metal center, endowing ZMTP with SOD and CAT activities. The cata
lytic mechanism of ZMTP involves the first disproportionation of O2•

−

driven by single electron transfer between Mn(III) and Mn(II) and outer- 
sphere proton-coupled electron transfer, followed by the dispropor
tionation of H2O2 based on double electron transfer between Mn(III) and 
Mn(V) and inner-sphere proton-coupled electron transfer (Fig. 4D). 
Recent studies reveal that several MOF-based nanozymes can mimic the 
activities of hydrolytic enzymes, such as proteases and organophos
phorus hydrolases. Most Zr-based MOF-based nanozymes exhibit the 
capacity to hydrolyze P–O bonds [79,80]. The catalytic activities of 

these MOFs are primarily attributed to strongly acidic Zr(IV), which 
activates the coordinated phosphate species, and the presence of mul
tiple Lewis-acidic Zr-OH-Zr linkages, resembling the Zn-OH-Zn active 
sites of natural phosphatases [81,82]. Additionally, different in
termediates may be generated during catalytic reactions involving MOF- 
based nanozymes with multiple enzyme activities, influencing their 
overall reaction pathways and efficiencies.

4. Construction of MOF nanozyme-based sensors

MOF-based nanozymes are widely utilized in developing biosensors 
due to their excellent catalytic performances and highly tunable struc
tures. Common types of MOF-based sensors currently include electro
chemical and optical biosensors, enzyme-linked immunosorbent assays, 
and sensors based on multi-enzyme cascade analysis (Table 1). 
Furthermore, the use of nanozymes in developing POCT systems for 
application in modern medical diagnostics and disease monitoring is 
extensive.

4.1. Electrochemical biosensors

MOFs with large surface areas, high porosities, and excellent bio
compatibilities serve as ideal platforms for the stable immobilization of 
biomolecules, leading to amplified electrochemical signals. Applying 
such nanozymes in electrochemical detection has significantly advanced 
biosensing technology. The working mechanisms can be broadly cate
gorized as two types. The first type exploits the exceptional electro
catalytic properties of MOFs to generate electrochemical signals [112], 
whereas the second type involves the activation or coupling of relevant 
molecules to serve as the electrochemical signals [113]. The outstanding 
electrocatalytic performances of MOFs may be attributed to their elec
troactive components, e.g., metal ions and organic ligands. The metal 
centers within MOFs facilitate electron transfer reactions, thus pro
moting redox reactions, e.g., metal ions, such as copper, iron, and 
manganese ions, within MOFs provide pathways for electron transfer, 
enhancing their catalytic performances [114]. Additionally, the high 
permeabilities of MOFs facilitate electrochemical redox processes and 
accelerate the internal diffusion of ions within their solid matrices 
[115]. The organic ligands of MOFs not only contribute to structural 
stability but also influence electron transfer via their coordination ef
fects [116]. Several ligands can form stable coordination environments 
with metal centers, facilitating electron transfer between the metal 
centers and substrates. Furthermore, the 3D framework structures of 
MOFs offer large specific surface areas, promoting the proximities and 
reactions of substrate molecules. The pore structure of the framework 
aids in electron migration between metal centers, enhancing the overall 
catalytic efficiency. These exceptional characteristics of MOF-based 
nanozymes underscore their enormous potential for use in electro
chemical biosensors. Wang et al. [117] utilized N-(4-aminobutyl)-N- 
(ethylisobutyramide) (ABEI) as an organic bridging ligand, effectively 
immobilizing it within a MOF, resulting in the synthesis of a nanozyme 
denoted ABEI/MIL-101(Fe) with a POD-like activity. Utilizing ABEI/ 
MIL-101(Fe) as a signal probe in conjunction with AgPt hollow nano
spheres, an electrochemiluminescence (ECL) immunosensor was devel
oped for use in detecting the tumor biomarker MUC1, realizing a low 
detection limit of 1.6 fg/mL, as shown in Fig. 5A. ABEI exhibits a low 
chemiluminescence intensity (approximately 500 a.u.), but it signifi
cantly increases to 5900 a.u. upon adding H2O2, which is attributed to 
H2O2 serving as an effective co-reactant for ABEI. The anti-MUC1 anti
body (Ab1) was immobilized on the electrode surface modified with 
AgPt hollow nanospheres. The large surface areas of the AgPt hollow 
nanospheres enable increased antibody loading and accelerated electron 
transfer, facilitating the specific capture of the MUC1 antigen while 
further enhancing the ECL signal. In contrast, Xu et al. [86] developed an 
enzyme-free high-performance glucose sensor. As depicted in Fig. 5B, 
the sensor integrates a conductive Ni/Co bimetallic MOF onto carbon 
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Fig. 4. (A) Schematic diagram of the catechol oxidase-like activity of MOF-HisCu and (B) mechanistic cycleforcatechol oxidase-like activity of MOF-His-Cu. 
Reprinted with permission from Ref. [73]. (C) Schematic diagram of the synthesis and application of Fe3Ni-MOF/Gox.Reprinted with permission from Ref. [75]. 
(D) Schematic for the interconversion among resting, reduced, and oxidized states of ZMTP nanosheet, as well as the detailed chemical reactions in each step of 
conversion. Reprinted with permission from Ref. [78].
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cloth to form Ni/Co(HHTP)MOF/CC. The Ni/Co(HHTP)MOF/CC elec
trode combines the large surface areas and good conductivities of the 
MOF and carbon cloth, along with the synergistic catalytic effects of Ni 
and Co. Additionally, they investigated the effects of variations in the 
working potential on the sensor current. At the optimal potential of 0.5 
V, the relationship between the glucose concentration and current 
density response of Ni/Co(HHTP)MOF/CC was investigated, and a 
calibration curve correlating the glucose concentration with the current 
density response was established. The results revealed an excellent 
sensor performance, with a low detection limit (100 nM), high sensi
tivity (3250 μA mM/cm− 2), and rapid response time (2 s). In another 
intriguing study [118], the composite material Ce-MOF(TV)/CNT 
treated with a NaOH/H2O2 solution exhibited two distinct oxidation 
peaks in the presence of hydroquinone (HQ) and CC. Using the differ
ence between the two oxidation peaks, an electrochemical sensor with 
the capacity to simultaneously detect and distinguish HQ and CC was 
developed. Furthermore, changes in the electrochemical signals may 
reflect redox reactions at electron sites and active regions between the 
MOF and analytes, potentially leading to energy and electron transfer 
between the MOF and analytes. A novel strategy for application in 
detecting pesticide residues using a screen-printed electrode (SPE)- 
based electrochemical sensor was proposed [119]. This sensor involves 
the modification of the SPE surface with a synthesized bimetallic man
ganese‑iron MOF (MnFe-MOF). The measured charge transfer resistance 
(Rct) of the MnFe-MOF-modified SPE is 1.01 kΩ, whereas that of the 
unmodified pure SPE is 2.31 kΩ. This difference in resistance suggests 
restricted electron charge transfer between the modified electrode and 
electrolyte. Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) reveal that the bimetallic MnFe-MOF effectively 
modifies the SPE surface, exhibiting enhanced charge transfer kinetics 
and a superior electrocatalytic performance. Ultimately, the bimetallic 
MnFe-MOF was developed as a sensor for use in detecting the organo
phosphate pesticide chlorpyrifos, with a limit of detection (LOD) of 0.85 
nM and a measurement range of 1.0 × 10− 9-1.0 × 10− 7 M.

4.2. Optical biosensors

Optical sensors based on MOF-based nanozymes are simple, rapid, 
cost-effective tools for use in detecting analytes. These sensors typically 
comprise two components: a recognition element that specifically binds 
to the target analyte, and a transducer that converts the recognition 
event into a measurable signal [120]. Based on their operating principles 
and the type of output signal, optical sensors can be categorized as 
colorimetric, fluorescence, ECL, surface plasmon resonance (SPR), 
Förster resonance energy transfer (FRET), and Raman spectroscopy 
sensors, etc [108,118,121–125]. These sensors find wide applications in 
environmental monitoring, food safety, disease diagnosis, and drug 
therapy [126–131].

4.2.1. Colorimetric biosensors
Colorimetric biosensors are widely utilized in analyzing various 

analytes due to their simplicities and ease of operation [132,133]. Their 
visual signal outputs and capacities for detection using the naked eye or 
portable low-cost devices endow these sensors with significant appli
cation potential. Enzyme-catalyzed chromogenic substrates, such as 
TMB, OPD, ABTS, PNP, and BPB, are primarily employed in colorimetric 
biosensors to generate color signals for detection. However, the poor 
stabilities and high costs of enzymes hinder the further advancement of 
colorimetric biosensors [134,135]. In the past two decades, nanozymes 
gradually replaced natural enzymes in the fabrication of colorimetric 
sensors due to their high catalytic activities, strong stabilities, tunabil
ities, and low costs. Among them, MOF-based nanozymes stand out 
prominently, e.g., Shu et al. [136] developed a metalloporphyrin-based 
MOF nanorod (M-PCN-222 (M = Mn, Fe, Co, Ni)) for use in a colori
metric sensor for application in H2O2 detection. By using Fe-PCN-222 
nanorods as catalysts and combining them with the colorimetric reac
tion of TMB, researchers established a standard curve for use in H2O2 
detection, thus producing a sensitive, highly selective colorimetric 
sensor (Fig. 6A). This sensor was applied in detecting H2O2 in real 
samples, such as milk and orange juice (Fig. 6B). Based on the principle 
of colorimetric sensing, Zhang et al. developed a sensor based on an Fe/ 
Mn MOF using a portable cotton pad and smartphone (Fig. 6C) [137]. 

Table 1 
Biosensing applications of MOFs.

Enzymes Detection method Analyte Linear range Refs.

MOF@Pt@MOF Electrochemistry miRNAs 10− 9–10− 3 IM [83]
Fc-Zn-MOF Electrochemistry Aβ 10− 4-100 ng/mL [84]
Zr-MOF@AuCu Electrochemistry GSH 10 pM-1 mM [85]
Ni/Co(HHTP)MOF/CC Electrochemistry Glucose 0.30 μM-2.31 mM [86]
UiO-66-NH2@MWCNTs Electrochemistry Cd2+ 0.50–170 μg/L [87]
BFMOF-1a Colorimetric H2S 0.60–12 ppm [88]
ZnO-Co3O4 NCs Colorimetric Aβ 5–150 nM [89]
RIgG@Cu-MOF Colorimetric mIgG 50–105 cells/mL [90]
Zr-MOF-ssDNA-AuNP Colorimetric Semen 90 % [91]
Ce-MOF Colorimetric Hg+ 0.05–6 IM [92]
Tb0.6Eu0.4-MOF Fluorescence malachite green 2–180 μM [93]
2D Tb-MOF Fluorescence Carbendazim 0.06–40 μg/mL [94]
UiO-66 Fluorescence PKA 10− 4-0.05 U/μL [95]
Eu-MOF@Fe2+ Fluorescence bromate 0–0.20 mM [96]
COOH-Tb MOF Fluorescence Pb2+ 2–1000 nm [97]
Fe3O4@MOF@Pt Enzyme linked immunosorbent assay procalcitonin 0.50 pg/mL-1.26 ng/mL [98]
Cu-BTC@PQQ Enzyme linked immunosorbent assay CEA 0.01–1 ng/mL [99]
Fe-MIL-88 A Enzyme linked immunosorbent assay Thrombin 0–100 ng/mL [100]
Fe3O4@UiO-66/Au@PtNP Enzyme linked immunosorbent assay Cardiac troponin I 0.01–100 ng/mL [101]
AChE/ChOx@MIL-100(Fe)-BA Multienzyme cascade assay ACh 6–9600 μM [102]
AChE/CHO@MPNCs Multienzyme cascade assay OPs 0.05–1000 nM [103]
UsAuNPs/2D MOF Multienzyme cascade assay trichlorfon 1.70–42.40 μM [104]
Eu-MOF POCT TC 0–140 μМ [105]
MOF-FeP POCT EBV-IgAs 75.56 %-93.30 % [106]
Au-Zn-Sln-MOF POCT hCG 96.20 % [107]
MOF-818 UV-ECL H2S 0.001–2000 μM [108]
Ru@MOF ECL-RET Aβ 10− 5-500 ng/mL [109]
MOF@TB@cDNA Y-junction SERS ATP 1–200 nM [110]
hexaphosphate@MIL-101 Raman methenamine 3.16 × 10− 6-1 × 10− 8 M [111]
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Dropping a meta- (m-AP) or para-aminophenol (p-AP) solution onto the 
pre-prepared Fe/Mn MOF cotton pad results in a color change from light 
blue-green to pink, with the color intensity directly proportional to the 
m-AP concentration. Subsequently, the RGB values on the cotton pad are 
read using a color recognition app on the smartphone, and a linear 
equation is established, with LODs as low as 0.13 and 0.20 mM, which 
are suitable for detecting environmental pollutants. However, the reli
ance on the camera quality and processing capacity of the smartphone 
limits the on-site analysis of target analytes. Therefore, developing 
simple, effective recognition sensors based on solid-phase carriers, such 
as paper-based analytical devices (PADs), is necessary [138]. In addi
tion, researchers developed a dual-mode colorimetric-electrochemical 

biosensing method, e.g., Wang et al. [20] utilized a MOF (PBA- 
CP@MOF) wrapped with CuO2 nanodots modified with phenylboronic 
acid (PBA) to prepare a dual-mode colorimetric-electrochemical 
biosensor for use in rapidly and sensitively detecting Vibrio para
haemolyticus (VP) (Fig. 6D). PBA, which is known for its specific 
recognition of polysaccharide binding sites on Gram-negative bacterial 
surfaces, is commonly used as a recognition element in probes [139]. 
Under acidic conditions, PBA-CP@MOF decomposes, releasing Cu2+ and 
H2O2 to initiate the Fenton reaction, generating ⋅OH. The ⋅OH then 
oxidizes TMB to produce the blue product o-TMB, with a characteristic 
absorption peak at 652 nm. Additionally, Au NPs, which are known for 
their excellent optical, electrochemical, and magnetic properties, are 

Fig. 5. (A) The fabrication of the ECL immunosensor and possible reaction mechanism. (B) Schematic illustration of the synthetic process of the Ni/Co(HHTP)MOF/ 
CC and their application in glucose determination. Reprinted with permission from Ref. [86].
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Fig. 6. (A) Construction of the Colorimetric Sensing System. (B) Selectivity of Fe-PCN-222 for H2O2 detection and Colorimetric determination of H2O2 injection in 
10 % milk. Reprinted with permission from Ref. [136]. (C) Schematic diagram of the synthesis and detection principles of Fe/Mn MOFs. Reprinted with permission 
from Ref. [137]. (D) Schematic diagram of the sensor platform and dual-mode analysis for VP detection, along with the corresponding calibration curve. Reprinted 
with permission from Ref. [20].
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well-suited for use in biosensing applications [140]. Electrode interfaces 
modified with tetrahedral deoxyribonucleic acid (DNA) nanostructures 
enable the precise control of the distance between capture probes to 
reduce nonspecific adsorption. Poly(amidoamine) dendrimers, which 
are commonly used in immobilizing antibodies and aptamers, can spe
cifically recognize VP and effectively bond to the electrode interface. 
Furthermore, Cu2+ ions released during the reaction are utilized in the 
electrochemical detection of VP. Therefore, the development of a dual- 
mode colorimetric-electrochemical biosensor realized an accuracy of 
88.7 %, which significantly exceeds that of single-mode detection of 
81.1 %. This innovation demonstrates the potential for effective on-site 
pathogen detection in food samples.

4.2.2. Fluorescence sensors
Compared to those of colorimetric sensors, fluorescence sensors offer 

higher sensitivities, stabilities, and lower background interferences 
[126,141]. The detection mechanism involves measuring the fluores
cence signal emitted by a sample under photoexcitation to determine the 
presence and concentration of the target substance. Based on the nature 
of the target analyte and electronic properties of MOFs, fluorescence 
sensors can be broadly classified into three categories: turn-on and -off 

and ratiometric fluorescent sensors [21,142–144]. Turn-on fluorescent 
sensors refer to MOF-based nanozymes with weak or no fluorescence 
under initial dark background or low-emission conditions, exhibiting 
significantly enhanced fluorescence intensities upon introducing the 
analyte [144,145]. Li et al. utilized a MOF (PCN-700) as the sensing 
platform, integrating fluorescent (L1) and recognition groups (L2Hcy) 
into PCN-700, yielding PCN-700-L1-L2Hcy [146]. The fluorescent and 
recognition groups are an anthracene fluorophore and a hemicyanine, 
respectively, with an intramolecular charge transfer (ICT) mechanism 
between them causing the quenching of the fluorescent group. When 
exposed to a cyanide solution, PCN-700-L1-L2Hcy reacts with cyanide 
ions via the hemicyanine recognition group, disrupting ICT and 
restoring the fluorescence of the fluorescent group, enabling cyanide 
detection (Fig. 7A). The optimized sensor in terms of the fluorescent 
group:recognition group ratio displayed a cyanide LOD of 0.05 mM, 
which is significantly lower than those of traditional cyanide fluores
cence sensors. In contrast to turn-on fluorescent sensors, turn-off fluo
rescent sensors refer to probes with initial fluorescence intensities that 
decrease or disappear completely in the presence of the analyte [96]. Li 
et al. [147] employed Cu-MOF and 2,3,5,6-tetrafluorothiophenol as a 
template and reducing agent, respectively, to synthesize a novel 

Fig. 7. (A) Schematic representation for the design of a turn-on fluorescence sensor in multicomponent MOFs by integrating a fluorophore and a recognition moiety. 
Reprinted with permission from Ref. [146]. (B) A schematic diagram of the synthesized probe for H2O2 and 2,4-DNP (a); the relation of response values of Cu 
NCs@Cu-MOFs with concentrations of H2O2 and 2,4-DNP (b); The hydrogel portable sensor and the practicality of the hydrogel in wipe sampling microparticulate 
(c). Reprinted with permission from Ref. [147].
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material (Cu NCs@Cu-MOF) with excellent catalytic and fluorescent 
properties. This material effectively activates H2O2 to generate ⋅OH and 
oxidize OPD to produce yellow emission. Additionally, the strong red 
fluorescence of Cu NCs@Cu-MOF is quenched by 2,4-dinitrophenol (2,4- 
DNP) due to the inner filter effect. The established fluorescence-color 
dual-mode sensor for H2O2 and 2,4-DNP exhibits LODs of 72.5 and 67 
nM, respectively (Fig. 7B-a). Furthermore, they developed a portable 
sensor using polyvinyl alcohol hydrogel for application in the efficient 
sampling and on-site detection of 2,4-DNP (Fig. 7B-bc).

Various factors, such as analyte concentration, environmental con
ditions, and excitation light intensity, may lead to monochromatic MOF 
sensors with decreased detection accuracies during fluorescence in
tensity measurements [148]. Modifying the fluorophores or ligands of 
original single-emission MOFs (e.g., Zr-MOF) can alter their fluores
cence properties, e.g., by introducing new fluorophores, adjusting their 
ligand structures, or changing the fluorophore environments. These 
modifications can result in MOFs with different luminescent character
istics under different conditions, enabling the sensors to detect specific 
analytes via changes in ratios (e.g., the ratio of the emission peak in
tensities) [145]. As an illustrative example, Wang et al. [21] synthesized 
a novel MOF nanozyme (BUC-88) with dual emission signals using 2,6- 
naphthalenedicarboxylic acid as a bridging ligand. Quinolone antibi
otics (ENR, NOR, and CIP) exhibit fluorescence sensitization and 
quenching effects on BUC-88, offering the potential for the fabrication of 
quinolone antibiotic ratio sensors. The detection signals are based on the 
fluorescence intensity ratio of the BUC-88 emissions at 439/615 nm. 
This method, employing precisely designed ratio sensors, can detect 
multiple components simultaneously in complex environments owing to 
its dual-emission capacity. Furthermore, BUC-88 can be utilized to 
establish a fluorescence sensor for use in TC detection based on the 
competitive ultraviolet-induced (UV-induced) fluorescence quenching 
between BUC-88 and TCs.

A novel trimetallic organic framework nanozyme (apt-NiCoFe-MOF- 
74) was developed by our research group for use in detecting TCs [74], 
significantly enhancing the sensitivity of the fluorescence sensor for use 
in TC detection (LOD = 0.0013 μmol/L), surpassing the LOD of BUC-88 
(0.08 μmol/L). Unlike BUC-88, this detection platform integrates 
colorimetric and fluorescent dual sensors, significantly improving the 
accuracies of the detection results. In addition to the common sensing 
platforms, research indicates the potential of utilizing fluorescence- 
enhanced detection in live-cell bioimaging applications [149–151].

4.2.3. Other optical sensors
In addition to the optical sensors mentioned above, SPR, FRET, and 

Raman sensors are also commonly used. Chen et al. [152] engineered a 
heterostructure on the surface of MXene to grow a 2D MOF with a 
matching morphology, an excellent stability, and outstanding opto
electronic properties, confirming the photoelectric dual-enhanced 
MXene@MOF heterostructure. This led to the development of an 
MXene@MOF/peptide-SPR sensor for use in sensitively and rapidly 
detecting cancer biomarkers in exosomes. Furthermore, FRET nanop
robes based on MOFs were developed for use in detecting Staphylococcus 
aureus with an LOD of 12 CFU/mL [153]. These nanoprobes exhibited 
exceptional selectivities and sensitivities in detecting S. aureus in real 
samples, such as lake water, orange juice, and saliva. Additionally, Lai 
et al. [154] developed an innovative SERS substrate by directly growing 
gold‑silver (Au@Ag) NPs on 2D nickel MOF (Ni-MOF) nanosheets (Ni- 
MOF-Au@AgNPs). This technique efficiently separated, pre- 
concentrated, and quantitatively detected fipronil, paraquat, and 
glyphosate in fruit and vegetable samples. Moreover, Wang et al. [155] 
introduced a novel detection method based on dual-mode signal 
amplification, which combined fluorescence and SERS signals to 
monitor Staphylococcal enterotoxin B (SEB) using a MOF with encap
sulated gold NPs (AuNPs@MIL-101). This dual detection approach 
exhibited LODs of 0.5 and 0.2 pg/mL for SEB using fluorescence and 
SERS, respectively, indicating the exceptional reliability and precision of 

the AuNPs@MIL-101 platform in SEB detection.

4.3. Enzyme-linked sensors

An enzyme-linked reaction refers to a biochemical experimental 
method where the activities of enzymes are utilized to catalyze reactions 
that generate measurable signals for use in detecting target substances. 
Currently, different types of enzyme-linked sensors (enzyme-linked 
sensors based on enzyme-signal transduction and enzyme-antibody in
teractions) can be developed based on the natures of the enzyme and 
binding molecules involved in the enzyme-linked reaction [156–158]. 
Enzyme-nanomaterial conjugation involves the combination of natural 
enzymes with nanomaterials that exhibit enzyme-like activities, such as 
MOFs and carbon nanomaterials. These nanomaterials, which are 
characterized by high porosities, large surface areas, and tunable 
structures, can serve as carriers for natural enzymes, e.g., Mao et al. 
[159] successfully synthesized an efficient POD-mimic catalyst (HhG- 
MOF) by immobilizing histidine (H) and hemin-G-quadruplex deoxyri
bonuclease (hG) on a MOF. Subsequently, they designed a simple, highly 
sensitive colorimetric sensor for use in detecting acetylcholinesterase 
(AChE) based on the inhibition effect of thiocholine generated by the 
reaction between AChE and acetylthiocholine (Fig. 8A). Enzyme-signal 
transduction cascade sensors utilize the combination of enzyme- 
catalyzed reactions and signal transduction to convert the concentra
tions of analytes into corresponding electrical signals, with high sensi
tivities and rapid responses [160]. Li et al. quantitatively detected target 
micro ribonucleic acid (miRNA) using a triple-amplification electro
chemical biosensor comprising an mCHA circuit and MOF@Au@G- 
triplex/hemin nanozyme [161]. The sensor circuit comprises three 
hairpin structures (HpC, HpH1, and HpH2) that maintain stability in the 
absence of the analyte. In the presence of the target miRNA, HpC un
folds, disrupting the original stem structure. Domain 1 of HpC is then 
exposed, acting as a primer in initiating amplification. This process re
sults in the generation of a significant amount of a biotin-labeled HpH1- 
HpH2 complex, which binds to magnetic microspheres via a highly se
lective interaction with biotin-streptavidin. Subsequently, the complex 
facilitates the electrocatalytic oxidation of TMB, producing a robust 
signal for miR-721 detection. Enzyme-linked immunosorbent assay 
(ELISA) sensors integrate enzymes with antibodies to enable sensitive 
detection in complex samples by specifically binding target molecules 
with antibodies and generating signals via enzyme-catalyzed reactions. 
Karen et al. utilized the fragment crystallizable (Fc) regions of anti
bodies to induce the crystallization of zinc-based MOFs 
(Zn2(mIM)2(CO3)), generating MOF nanocrystals using solutions of Zn2+

and 2-methylimidazole (mIM) [162]. In the resulting composite crystals, 
a segment of the Fc region of the antibody is incorporated into the MOF 
surface, while the binding region faces the target, maintaining the 
target-binding efficacy of the original antibody. These MOF nanocrystals 
exhibited vast potential for application in sensing, diagnostic imaging, 
and targeted drug delivery. Expanding on this work, Tian et al. [158] 
developed a sensor based on the directed assembly of antibodies within 
a MOF (Zn2(mIM)2(CO3)*Cmab), displaying an exceptional perfor
mance in on-site sweat cortisol detection, with a detection limit as low as 
0.26 pg/mL. Furthermore, the sensor exhibited an excellent durability, 
with a performance degradation of only 4.1 % after 9 d of storage. Of 
particular interest, Guo et al. developed a MOF-based nanorobot, i.e., 
CAT@ZIF-8, with capacities for self-propulsion and biocatalytic buoy
ancy propulsion (Fig. 8B) [163]. By functionalizing the nanorobot with 
anti-carcinoembryonic antigen (anti-CEA) antibodies (anti-CEA-CAT- 
ZIF-8), it was endowed with the capacity for the targeted recognition of 
specific cells. Subsequently, anti-CEA-CAT-ZIF-8 realized directional 
vertical motion via CAT-driven oxygen bubble generation to “seek and 
retrieve” target cells, enabling the simple retrieval of the captured cells 
with preserved metabolic potentials.

Additionally, ELISA is a typical enzyme-linked immunosorbent test, 
and effectively coupling a large amount of streptavidin-HRP to the 
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interior or surface of metal‑nitrogen-doped framework (MAF-7) micro
particles can enable a single antibody-antigen sandwich complex to 
label multiple enzymes, significantly enhancing the signal intensity of 
the enzyme color reaction and further improving the detection sensi
tivity of ELISA [164]. Certain MOF-based nanozymes display multiple 
enzyme activities in the same or different environments. This multi
functionality is due to the unique structural features and tunable prop
erties of a MOF, enabling the introduction of multiple catalytic sites or 
active centers within its framework. Moreover, MOF-based nanozymes 
with multiple enzyme activities can prevent interference between 
different enzymes while amplifying signal transduction, e.g., Wen et al. 
[165] designed a MOF nanozyme (MOF-808/Pt NPs) with the dual 

enzyme activities of AChE and POD. This nanozyme catalyzed the hy
drolysis of acetylcholine (ACh) to generate acetic acid, thus enhancing 
the POD-like activity of MOF-808/Pt NPs and amplifying the colori
metric signal.

4.4. Multi-enzyme cascade analysis sensors

Inspired by enzyme cascade reactions in biological systems, 
nanozyme-based biosensors amplify signals via multi-enzyme cascade 
reactions, significantly enhancing their sensitivities in substrate detec
tion. Similar to enzyme-linked sensors, sensors based on multi-enzyme 
cascade analysis rely on enzyme binding and catalytic reactions, but 

Fig. 8. (A) Construction of a colorimetric sensor for AChE detection. Reprinted with permission from Ref. [159]. (B) Schematic illustration of the anti-CEA-CAT-ZIF-8 
nanobot synthesis and its autonomous cell “find-and-fetch” process with a customized glass column. Reprinted with permission from Ref. [163].
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they are distinct because they employ multiple enzymes in cascade re
actions to realize more complex analytical processes. As early as 2008, 
Wei and Wang pioneered a simple system based on multi-enzyme 
cascade reactions, using nanozymes in glucose detection [166]. They 
utilized Fe3O4 NPs with POD-like activities and GOx in cascade catalysis, 
converting glucose to gluconic acid. The generated H2O2 could then 
oxidize ABTS to its green oxidized form. Similarly, Yang et al. [104] 
immobilized ultrasmall gold NPs (UsAuNPs) on 2D MOF nanosheets, 
forming a POD-like MOF nanozyme (UsAuNPs/2D MOF). In a cascade 
enzyme reaction mediated by AChE and choline oxidase (ChOx), the 
substrate ACh is activated by OPD to generate H2O2 (Fig. 9A). The 
variation in the production of H2O2, as a classic POD-like nanozyme 
substrate, affects the reaction outcome. Organophosphorus pesticides 
(OPs) can inhibit the AChE activity, reducing H2O2 generation and then 
diminishing the catalytic oxidation capacity of the POD-like nanozyme. 
To detect this process, TMB is used as the chromogenic substrate for the 
UsAuNPs/2D MOF composite, establishing a triple-cascade enzyme re
action system comprising AChE, ChOx, and UsAuNPs/2D MOF. This 
system displays an LOD as low as 1.7 mM, effectively detecting OPs in 
tomatoes, cucumbers, and eggplants, with sample recovery rates of 
96.6–105.3 % (Fig. 9B). Hassanzadeh et al. [167] integrated sensors 
based on multi-enzyme cascade analysis with a portable point-of-care 
monitoring device, designing a sensor with multiple monitoring zones 
and the capacity for measurement using a smartphone. The sensor was 
based on a cerium oxide NP-embedded amino-functionalized iron MOF 
(CeO2@NH2-MIL-88B(Fe)), which formed a multifunctional mimetic 
composite. By maintaining enzyme catalysis on the MOF and combining 
it with continuous TMB oxidation, a theoretical cascade reaction was 
realized. This enabled the simultaneous quantitative analyses of various 
sugars, including glucose, fructose, sucrose, and maltose. Moreover, this 
method could be directly applied in detecting the sugar levels in samples 
such as whole blood, urine, semen, honey, and fruit juice, with a relative 
error of <7.7 %, displaying a superior reliability compared to those of 
methods based on high-performance liquid chromatography. Further
more, nanomaterials can be used to package different types of enzymes 
to fabricate array sensors, e.g., Yuan et al. prepared a nanocomposite 
encapsulating GOx and HRP, modifying both with polyethylene glycol 
(mPEG) via Schiff base reactions to prepare an array sensor [22]. mPEG 
modification within the sensor does not disrupt the secondary structures 
of the enzymes, while their activities are retained, realizing high sensi
tivities (LOD: 1.6 μM) and the rapid (30 s) detection of glucose in un
treated samples, such as urine, plasma, and saliva.

4.5. MOF-based nanozymes in POCT

The engineering of nanozyme biosensors led to the development of 
various portable biosensors, such as paper-based or immunochromato
graphic devices, to satisfy the demands of POCT in real-time settings 
[168]. MOF-based nanozymes are crucial in fabricating POCT bio
sensors, owing to their superior catalytic performances and excellent 
cascading capacities with other substances, rendering them ideal op
tions. Currently, various portable test strips based on MOF-based 
nanozymes have been developed for use in detecting various analytes. 
Wang et al. [106] designed a portable sensor based on test strips for use 
in simultaneously detecting three Epstein-Barr (EB) virus (EBV) IgA 
antibodies using a nanozyme fabricated based on a heme MOF (MOF- 
FeP). Fig. 9C shows the design of the MOF-FeP test strip. Researchers 
enhanced the binding of MOF-FeP to mouse anti-human IgA antibodies 
via coordination bonds between Zr clusters and the carboxyl groups of 
COOH-PEG-NHS. Subsequently, the MOF-FeP bound with mouse anti- 
human IgA antibodies was integrated into the test window of the 
detection strip. Upon adding the test sample, after lateral flow for 15 
min, MOF-FeP binds to the three EBV-IgA antibodies and their corre
sponding EBV capture antigens, forming a sandwich complex. Due to its 
excellent POD-like activity, MOF-FeP catalyzes the generation of 
chemiluminescent signals from a luminol substrate in the presence of 

H₂O₂, which are then captured by the MiniChemim chemiluminescence 
imaging system. To demonstrate the practicality of the test strip, a study 
compared the serum samples of 45 EBV-related nasopharyngeal carci
noma (NPC) patients after dilution (dilution ratio: 1:10–1:10000). The 
ELISA kit can detect levels of EA-IgA and VCA-IgA at a dilution of 1:100 
(Fig. 9D), which significantly exceeds the concentration required by the 
MOF-FeP test strip (1:10000). Additionally, the MOF-FeP test strip dis
plays higher positivity rates for the three EBV-IgAs compared to those of 
the ELISA kit (Fig. 9E). Furthermore, whole blood samples from EBV- 
related NPC patients were utilized to investigate the interference of 
whole blood with the MOF-FeP test strip, with the corresponding serum 
diluent as a control. The results reveal no significant background 
interference in the chromatogram due to the whole blood diluent, 
indicating the effective removal of endogenous interferents by the blood 
filter membrane. Based on these findings, Hassanzadehtuand et al. 
developed a cost-effective, portable POCT device by combining a multi- 
enzyme cascade system with a paper-based platform [167]. This 
detection device comprised a multifunctional mimetic composite 
(CeO2@NH2-MIL-88B(Fe)) on a disposable 3D microfluidic PAD (3D 
μPAD), and it could simultaneously detect glucose, fructose, sucrose, 
and maltose. This economically efficient and convenient μPAD exhibits 
significant potential for application in medical diagnostics and food 
testing, particularly in resource-limited or emergency settings.

5. Clinical diagnostic applications of MOF-based nanozymes

MOF-based nanozymes display considerable potential for use in 
clinical diagnostic applications for various diseases. Due to their unique 
structures and catalytic properties, MOF-based nanozymes have been 
integrated as catalytic labels into existing diagnostic technologies, 
significantly enhancing their sensitivities, specificities, and accuracies in 
disease identification based on specific biomarkers. Numerous studies 
indicate the capacities of MOF-based nanozymes to generate colori
metric or luminescent signals via catalytic reactions for biomarker 
detection, enabling early disease diagnosis [25,169,170]. Moreover, in 
disease diagnosis, medical monitoring, and biomedical research, bio
imaging techniques play crucial roles by enabling the non-invasive 
visualization of biological factors at the molecular level [171,172]. 
MOF-based nanozymes can be utilized in staining pathological tissue 
sections. With the aid of antibodies, nanozymes can target specific 
pathological areas, activating the oxidized states of chromogenic sub
strates (such as 3,3′-diaminobenzidine), thus revealing the statuses of 
diseases. Furthermore, in in vivo diagnostics, nanozyme systems can 
respond to elevated levels of ROS and dysfunctional protease levels 
caused by the microenvironment. This induces degradation into 
metabolizable fragments that can be excreted via the kidneys. MOFs 
with tunable structures and compositions exhibit significant potential 
for use as contrast agents in bioimaging applications. Currently, MOF- 
based nanozymes generate detectable signals via multiple reaction 
pathways, enhancing the versatilities of current diagnostic tests and 
profoundly influencing disease detection and monitoring. Their appli
cation in these diagnostic methods not only provides the capacity for 
rapid, sensitive, specific disease detection but also plays crucial roles in 
advancing personalized medicine and on-site testing.

5.1. Diagnosis of cancer

Cancer can infiltrate adjacent tissues and spread to other parts of the 
body via the bloodstream or lymphatic system. Common methods of 
diagnosing cancer include imaging (such as computed tomography (CT) 
and X-ray scanning and magnetic resonance imaging (MRI)), patholog
ical, tumor marker, and molecular tests and endoscopic examinations 
[173–176]. Tumor markers are considered crucial in cost-effective, 
early, accurate cancer diagnosis. In 2008, a groundbreaking study was 
published regarding the use of manganese-containing MOFs (Mn 
NMOFs) in the targeted delivery of molecular probes to cancer cells, 

M. Wang et al.                                                                                                                                                                                                                                  Coordination Chemistry Reviews 532 (2025) 216506 

15 



Fig. 9. (A) Scheme of colorimetric biosensor based on AChE, ChOX and UsAuNPs/2D MOF for Ops detection. (B) Colorimetric diagram of different samples. 1-control 
sample; 2-tomato; 3-eggplant; 4-cucumber; 5-standard sample. Reprinted with permission from Ref. [104]. (C) Schematic illustration of the MOF-FeP strip tests for 
EBV-IgAs. Recognition, chromatography, amplification, and analysis. (D) The LOD of the ELISA kits for detecting EBV-IgAs. (E) Comparison of the positive detection 
rates and the negative coincidence rates of MOF-FeP strip and ELISA kit for detecting EBV-IgAs. Reprinted with permission from Ref. [106].

M. Wang et al.                                                                                                                                                                                                                                  Coordination Chemistry Reviews 532 (2025) 216506 

16 



enabling targeted MRI in vitro [177]. Subsequently, in 2014, Hu et al. 
[178] introduced a method involving gold NP (AuNP)-embedded MOFs 
for use in the highly sensitive SERS detection of alpha-fetoprotein (AFP, 
linear range: 1.0–130.0 ng/mL). This marked the rapid development of 
MOF-based nanozymes for use in disease diagnosis. Common tumor 
markers used in clinical cancer diagnosis include CEA, prostate-specific 
antigen (PSA), AFP, cancer antigen 15–3, cancer antigen 125, and 

neuron-specific enolase, e.g., Du et al. innovatively developed a multi
functional photoelectrochemical (PEC) biosensor combining copper- 
based MOFs with clustered regularly interspaced short palindromic 
repeats-Cas12a (CRISPR-Cas12a) cleavage for use in the sensitive 
detection of CEA [179]. In contrast, Huang et al. [180] devised a label- 
free electrochemical immunosensor. This sensor utilized anti-CEA anti
bodies immobilized on a MOF and a graphene oxide (GO) 

Fig. 10. (A) Principle of UCNPs-Cas12a sensor detection system. (B) Synthesize a responsive hydrogel-MOF. (C) Principle of hydrogel-MOF-Cas12a sensor. Reprinted 
with permission from Ref. [181].
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nanocomposite-modified glassy carbon electrode (Anti-CEA/Ag-MOF/ 
GO/GCE) to realize the highly sensitive detection of CEA in human 
serum (LOD: 0.005 ng/mL), exhibiting significant consistencies with the 
results of the ELISA and DPV methods. However, Wang et al. [181] 
designed a dual-mode fluorescence/colorimetric biosensor for use in 
detecting non-nucleic acid targets. This sensor integrates the principles 
of a fluorescence-based CRISPR-Cas12a detection system with the 
characteristics of MOFs, resulting in a CRISPR-Cas12a colorimetric 
sensor based on biomimetic DNA hydrogel-coated MOF enzymes 
(hydrogel-MOF-Cas12a), with a more intuitive signal output mode 
(Fig. 10A). Signal output is realized using a pre-assembled Cas12a- 
CRISPR RNA (Cas12a-crRNA) complex and hydrogel-MOF. A responsive 
hydrogel-MOF is formed by mixing P-SA, P-SB, a linker, and the 2D-MOF 
(Fig. 10B). Upon adding small target molecules, they activate the 
cleavage activity of Cas12a, leading to the hydrolysis of the linker within 
the hydrogel, causing its disintegration and the release of 2D-MOF. The 
released 2D-MOF catalyzes the generation of oxygen radicals from H2O2, 
which reacts with the TMB substrate, changing the color of the solution 
from blue to yellow (Fig. 10C). This sensor converts the target into an 
input DNA signal, amplifies it via catalytic hairpin assembly, and then 
uses CRISPR-Cas12a to produce a fluorescent or colorimetric output for 
the detection of small molecules, such as estradiol (E2), and proteins, 
such as PSA. Different concentrations of small target molecules (PSA and 
E2) were introduced into the detection system. As the target concen
tration increases, the absorbance also increases, indicating a linear 
relationship within a certain range. The viability of the hydrogel-MOF- 
Cas12a system for use in detecting small target molecules in biological 
samples was further evaluated. The results revealed good PSA and E2 
recovery rates in real sample detection. Khoshfetrat et al. integrated 
electrochemistry with molecular sensors for use in analyzing DNA 
methylation [182]. This immuno-DNA sensor could detect methylation 
levels as low as 0.1 % and successfully identified tumor-specific meth
ylated DNA in the plasma samples of 9 out of 10 thyroid cancer patients. 
The combination of immunoassays and ECL imaging enables the visu
alization of the distributions of specific proteins on the cell membrane, 
which is crucial in monitoring the changes in the target analytes within 
tumors. After modification, several MOF-based nanozymes can selec
tively recognize specific biomarkers or receptors on the surfaces of 
cancer cells, thus facilitating the design of a diagnostic method based on 
tumor imaging. Unlike contrast agents, this diagnostic method can 
specifically identify and image cancer cells, e.g., Zhang et al. [183] 
developed a universal, straightforward strategy for use in fabricating a 
nanoplatform based on intelligent NMOFs for application in imaging 
HeLa (cancer) cells. Similarly, leveraging the unique physicochemical 
properties of MOF materials, various imaging techniques are widely 
used in in vivo tumor imaging to monitor and diagnose cancer.

Notably, MOF-based nanozymes can also be designed as various anti- 
tumor catalytic treatment platforms that induce tumor cell apop-, pyrop- 
, and ferroptosis. Xiong et al. designed a novel nanoplatform (PEG2000- 
SiNcTI-Ph/CpG-ZIF-8@CM) by combining photosensitizers, immune 
adjuvants, and tumor cell membranes for use in precisely treating colon 
cancer in the TME [184]. This platform is activated at a low pH and high 
ATP concentration, and it can generate ROS under long-wavelength 
light, inducing immunogenic cell death and anti-tumor immune re
sponses, effectively combatting primary and metastatic colon cancer 
tumors, and inhibiting recurrence. Additionally, a significant body of 
research has demonstrated that MOFs can serve as effective platforms 
for cancer therapy, leveraging their unique structural characteristics and 
functional potential for targeted drug delivery, diagnostic imaging, and 
combinatorial treatments [185–190]. For example, Chen et al. [191] 
synthesized a CaCu-based MOF loaded with artemisinin and GSH- 
activatable ovalbumin to form a hyaluronic acid-modified multimodal 
therapy platform linked by lactobionic acid for use in targeted delivery 
and enhanced synergistic anti-tumor therapy. The results indicate that 
CDT induced by Ca2+/Cu+/2+, Ca2+ overload, and ovalbumin combined 
with chemotherapy significantly enhance the anti-tumor therapeutic 

effects. The current MOF-based nanozymes for tumor marker detection 
are as shown in Table 2.

5.2. Cardiovascular diseases (CVDs)

CVDs encompass conditions affecting the heart and vascular system, 
including myocardial infarction, hypertension, stroke, heart failure, and 
atherosclerosis (AS) [213–215]. These diseases are typically associated 
with dysfunction in the circulatory system, leading to severe health 
problems and complications. The “Chinese Youth Cardiovascular Health 
White Paper” released by the National Clinical Research Center for 
Geriatric Diseases (Beijing, China) in 2019 reveals an increase in CVDs 
affecting younger individuals in China, with a prevalence rate of 15.3 % 
among those aged 20–29. Improving the methods of preventing and 
diagnosing CVDs is critical. Cardiac troponin I (cTnI) is one of the most 
common biomarkers used in clinical practice to diagnose and monitor 
acute myocardial infarction (AMI). In 2019, Sun et al. developed an 
electrochemical biosensor based on a magnetic MOF as the gold stan
dard for use in early AMI diagnosis [216]. They immobilized dual 

Table 2 
The applications of MOF-based nanozymes in Tumor markers.

Tumor 
maker

Materials Sensors LOD Refs.

PSA

hydrogel-MOF- 
Cas12a Fluorescence/Colorimetric

0.648pg/ 
mL [181]

MIL-101- 
NH2(Fe)

Sandwichedtype PEC 
immunosensor

3.000 fg/ 
mL

[192]

MOF-CLISA Immunoassay 0.030 pg/ 
mL

[193]

ZrFe MOF Fluorescence/Colorimetric

8.500 pg/ 
mL 
22.700 
pg/mL

[194]

Ru(bpy)3
2+/MOF 

(Ru-MOF)
Electrochemiluminescence/ 
Photoelectrochemistry

1.783 pg/ 
mL 
0.163 ng/ 
mL

[195]

CEA

Cu-BTC@PQQ Immunoassay
0.010 ng/ 
mL [99]

ZrCo-MOF Electrochemistry
0.350 fg/ 
mL [196]

509-MOF@Apt Electrochemistry 0.400 pg/ 
mL

[197]

Pt@SnS2
Electrochemical 
Immunosensor

0.060 pg/ 
mL

[198]

AFP

Ni-Co MOF
Electrochemical 
immunosensor

0.300 ng/ 
mL [199]

NiZn MOF Electrochemistry
0.980 fg/ 
mL [200]

MIL-101 (Cr) Electrochemical 
Immunosensor

0.054 ng/ 
mL

[201]

AuNPs@Fe-Zr- 
MOL

Electrochemistry 0.110pg/ 
mL

[202]

CA125

Tb-MOF-on-Fe- 
MOF Electrochemistry 58 μU/mL [203]

MOF-808/CNT
Electrochemical 
Immunosensor

0.500 pg/ 
mL

[204]

Ab2- 
functionalized 
GOx-Cu-MOF

Cascade Immunosensor
5.060 mu 
U/mL [205]

1 T-MoS2@dual 
MOFs

Electrochemical 
Immunosensor

0.0001 
U/mL [206]

HE4

IRMOF-3 Electrochemistry
9.890 fg/ 
mL [207]

TiMOF- 
KB@AuNPs

Electrochemical 
Immunosensor

0.020 ng/ 
mL

[208]

nPCN-224 Electrochemical 
Immunosensor

0.560 pg/ 
mL

[209]

NSE

NH2-MIL-88 
(Fe) Electrochemistry

31.600 
fg/mL [210]

Ru-MOF-5 NFs Electrochemistry
0.041 pg/ 
mL [211]

Zr-TCBPE-PEI Electrochemistry 52 fg/mL [212]
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aptamers (Tro4 and Tro6) as capture probes on a screen-printed gold 
electrode to enhance the capturing efficiency of target cTnI, optimizing 
the interface density and stability. Subsequently, non-enzymatic 
nanoprobe 1 was employed in specific cTnI recognition, catalyzing the 
oxidation of HQ to benzoquinone in the presence of H2O2 to amplify the 
current signal. Recently, Ahmadi et al. [217] developed a novel elec
trochemical immunosensor for use in detecting CTnI. The immuno
sensor, with a sandwich design, utilizes a nanocomposite of a 2D zinc- 
based MOF (Zn-MOF), Fe3O4-COOH, and methylene blue labeled with 
monoclonal CTnI antibodies (Ab1) as the signaling molecule. The 
detection surface is modified with a polymer membrane comprising 
hexadecyltrimethylammonium bromide containing a choline chloride- 
urea deep eutectic solvent and coated with polyclonal CTnI antibodies 
(Ab2) (Fig. 11A). The detection limit for the CTnI concentration can 
reach as low as 0.0009 ng/mL (Fig. 9A). In contrast, Wang et al. inte
grated nanozymes into an electrochemiluminescent sensor for use in 
CTnI detection, combining a Co2+-based zeolitic imidazolate framework 
(ZIF-67) and luminol-modified silver NPs (luminol-agnps) [218]. This 
resulted in a significantly enhanced signal 115-fold larger than that of 
luminol only. Cholesterol serves as a key indicator in evaluating AS 
[219]. In 2019, studies indicated that stable MOFs could serve as effi
cient carriers for cholesterol oxidase (ChOx), and they encapsulated HRP 
[220]. A colorimetric sensor for use in cholesterol detection was estab
lished based on such immobilized dual-enzyme cascade catalysis. 
Recently, Cao et al. [221] designed a molecularly imprinted sensor 
based on a cascade enzyme system. By embedding gold NPs (AuNPs) on 
the surface of a UiO-66-NH2 framework to impart a POD-like activity 
and immobilizing ChOx on the surface, molecularly imprinted polymers 
(MIPs) were synthesized using cholesterol as the template molecule. The 
resulting U6NH2@AuNPs-ChOx@MIPs sensor efficiently and selectively 
detected blood cholesterol, with an LOD of 2.4 mM, which is signifi
cantly lower than the normal concentration of blood cholesterol (<5.18 
mM). Researchers proposed a novel approach for use in treating cancer 
by combining ferroptosis and immunotherapy [222]. They developed 
the novel nanozyme FeMOF/CP, which comprised iron-based MOF (Fe- 
MOF) NPs loaded with ChOx and mPEG. The strategy, as shown in 
Scheme 1 of Fig. 11B, enhances iron-induced cell death via three main 
pathways. Firstly, Fe-MOF exhibits a significant POD-like activity, 
catalyzing the generation of •OH from H2O2 within tumor cells, thus 
increasing their ROS levels and promoting ferroptosis. Secondly, ChOx is 
released from Fe-MOF/CP in a pH-responsive manner, depleting the 
cholesterol and generating H2O2, further elevating the intracellular ROS 
levels. Lastly, Fe-MOF/CP disrupts cell lipid rafts, downregulating the 
expression of GPX4 and FSP1 to enhance ferroptosis. Additionally, Fe- 
MOF/CP induces a robust anti-tumor immune response, including den
dritic cell maturation, M2 macrophage polarization, and the alleviation 
of CD8+ T-cell exhaustion and activation of effector memory T cells. 
Furthermore, ChOx promotes immunogenic cell death, reducing the 
expression of programmed death-ligand 1 in cancer cells treated with 
the Fe-MOF NPs, thus inhibiting immune evasion. The in vivo feasibility 
was demonstrated by co-culturing mouse breast cancer 4 T1 cells with 
fluorescein isothiocyanate (FITC)-labeled Fe-MOF/P (Fe-MOF/P@FITC) 
and measuring the cellular fluorescence intensity using flow cytometry. 
The results (Fig. 11C) reveal a significant increase in the cellular fluo
rescence intensity after co-culturing the 4 T1 cells with FITC-labeled Fe- 
MOF/P, indicating the substantial cellular uptake of Fe-MOF/P. The O2 
and H2O2 levels of the 4 T1 cells were detected using Ru(dpp)3]Cl2) and 
Amplex Red fluorescent probes. Fe-MOF/P exhibits a minimal effect on 
the intracellular O2 levels, whereas the cells treated with ChOx and Fe- 
MOF/CP display decreased and increased levels of O2 and H2O2, 
respectively. Moreover, the fluorescence intensity of Fe-MOF/CP at the 
tumor site increases over time, reaching a maximum at 12 h post- 
injection and remaining detectable at 24 h, indicating its excellent 
tumor-targeting capacity. Ex vivo imaging confirms the predominant 
accumulation of Fe-MOF/CP within tumor tissues (Fig. 11D). However, 
Lv et al. [223] introduced a promising novel option for use in the early 

diagnosis and treatment of AS, utilizing Cur/MOF@DS nanozymes with 
excellent MRI performances and anti-AS effects. During the progression 
of AS, SR-A is overexpressed on activated macrophages. DS-modified 
NPs can selectively bind to the SR-A receptor, enabling the diagnosis 
and monitoring of AS via fluorescence localization studies of the inter
action between SR-A and Cur/MOF@DS. Conversely, Rejeeth et al. [27] 
synthesized bimetallic MOF-NPs based on zeolitic imidazolate frame
works and utilized them as matrices in laser desorption/ionization mass 
spectrometry (LDI-MS) to rapidly analyze serum samples and extract 
their metabolic profiles. This method effectively distinguished patients 
with CVDs from those with coronary artery disease with a high sensi
tivity and specificity.

Notably, MOF-based nanozymes not only hold diagnostic value in 
terms of CVDs but also display significant therapeutic potential, e.g., 
Xiang et al. designed a bimetallic MOF nanozyme (Cu-TCPP-Mn) with 
cascading enzyme activities of SOD and CAT [224]. This nanozyme 
protected the heart from oxidative stress and inflammation-induced 
damage by efficiently scavenging ROS, displaying promising results in 
animal models of myocardial infarction and ischemia-reperfusion 
injury. Furthermore, utilizing nanozymes as drug delivery vehicles is 
also a viable approach for use in treating CVDs [225]. Remarkably, the 
application of nanotechnology exhibits multifaceted potential in the 
development of cardiac stents [226,227].

5.3. Neurodegenerative diseases

Common neurodegenerative diseases include Alzheimer’s disease 
(AD), Parkinson’s disease, Huntington’s disease, amyotrophic lateral 
sclerosis, and multiple sclerosis [228–231]. Oxidative stress is critical in 
the development of various neurodegenerative diseases, leading to 
neuronal death and the disruption of neurological functions. Protein 
oxidation is a common manifestation, with amyloid-β (Aβ) interfering 
with metal homeostasis in the brain, contributing to the pathogenesis of 
neurodegenerative diseases (Fig. 12A) [24]. Therefore, measuring the 
Aβ level in the blood serves as an indicator in diagnosing and monitoring 
neurodegenerative diseases [232]. Current clinical methods of detecting 
Aβ mainly involve optical detection, neuroimaging, and immunoassays 
[233], and each exhibits drawbacks, such as susceptibility to interfer
ence from other blood proteins, technical complexity, and high equip
ment costs. Hence, developing a highly sensitive and accurate method 
for use in early Aβ detection is crucial. MOFs have emerged as promising 
nanomaterials in biomedicine due to their exceptional properties, 
including high surface areas and porosities, mild synthesis conditions, 
tunable pore sizes and shapes, strong host-guest interactions, versatile 
functionalization capacities, and excellent biocompatibilities [234].

The fluorescence detection of Aβ is highly attractive in diagnosing 
and monitoring the progression of AD due to its rapid, sensitive, non- 
invasive, real-time, simple, cost-effective nature, coupled with its high 
resolution [235,236], e.g., Wang et al. [26] developed the bioinspired 
fluorescent probe Zn-FBIFs based on Zn-MOFs for use in the selective 
enrichment and detection of Aβ. This probe comprises Zn-MOFs, mIM, 
and the fluorescent molecule N-(6-(benzo[d]thiazol-2-yl) pyridin-3-yl)- 
5-(dimethylamino) naphthalene-1-sulfonamide. The hydrophobic na
ture and size exclusion properties of Zn-FBIFs generate a synergistic 
effect, enabling the probe to selectively enrich Aβ while effectively 
excluding the other interfering proteins within serum (Fig. 12B). The 
fluorescence sensor fabricated using this probe detected Aβ concentra
tions as low as 3.22 nM in undiluted serum. The results shown in 
Fig. 12C indicate that Zn-FBIFs exhibits a significantly increased 
adsorption efficiency for Aβ (87.3 %) compared to those of the major 
proteins in human serum (human serum albumin, bovine serum albu
min, and thyrotropin-releasing factor). Fluorescence measurement and 
confocal laser scanning microscopy reveal a significant decrease in the 
fluorescence signal of Aβ with Zn-FBIFs, whereas the effects on the 
fluorescence signals of the other interfering proteins are minimal 
(Fig. 12D). Similarly, Wang et al. synthesized an Er-MOF ([Er(L)(DMF) 
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Fig. 11. (A) Schematic diagram of electrochemical determination of CTnI. Reprinted with permission from Ref. [217]. (B) The proposed mechanism of cholesterol- 
depleting Fe-MOF/CP for tumor synergistic ferroptosis-immune therapy. (C) Cellular fluorescent images of 4 T1 cells under indicated treatments. Filipin: cholesterol; 
RDPP: oxygen; and Amplex Red: H2O2. (D) In vivo cholesterol depletion and immune response of treatment procedure and fluorescent images. Reprinted with 
permission from Ref. [222]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. (A) Pathogenesis of neurodegenerative diseases. Reprinted with permission from Ref. [24]. (B) Mechanism of the probe Zn-FBIFs for accurate Aβ detection in 
serum. (C) The adsorption capacity of Zn-FIFs or Zn-FBIFs for Aβ, HSA, BSA and TRF, and the fluorescence response of Zn-FBIFs towards Aβ, HSA, BSA and TRF by Zn- 
FBIFs in undiluted serum. (D) Zoom-in images of (a) Zn-FBIFs, (b) Zn-FBIFs + Aβ, and (c) Zn-FBIFs + HSA by CLSM. Reprinted with permission from Ref. [26].
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1.27]) using solvothermal and ultrasonic techniques and incorporated 
the fluorescent dye thioflavin T (ThT) into the Er-MOF to yield a dual- 
emission ThT@Er-MOF probe [237]. This probe exhibited high sensi
tivities in detecting AD-related biomarkers, such as Aβ, amyloid pre
cursor protein 1, and ACh, with a minimum detection limit of 0.142 nM. 
Conversely, Qin et al. [238] encapsulated ferrocene (Fer) within the 
porous structure of ZIF-8 for use in the dual detection of AβO. This was 
due to the tighter interaction between AβO and Zn2+ compared to that 
between mIM and Zn2+. In addition to fluorescence sensors, colorimetric 
sensors are also commonly used in Aβ detection, e.g., Fan et al. [239] 
developed a highly sensitive colorimetric sensor based on the POD-like 
activity of UiO-66-NH2 and strong affinities of Aβ(1–42) monomers for 
MOFs. The sensor realized the ultra-low-level detection of Aβ(1–42) 
monomers in water and cerebrospinal fluid within 5 min, with detection 
limits of 2.76 and 4.65 nM, respectively, outperforming traditional 
detection methods in terms of speed and complexity. Dong et al. [240] 
incorporated Ru(bpy)32+ (bpy = 2,2′-bipyridyl) into the pores of NH2- 
UiO-66 NPs as a luminescent material, leveraging its smaller molecular 
diameter (11.5 Å) compared to those of the octahedral cavities of NH2- 
UiO-66 (13 Å) to yield a composite with an excellent, stable lumines
cence efficiency, providing a larger surface area for antibody adsorption. 
They developed a sandwich-type ECL immunosensor with a signal-off 
mechanism using a combination of MIL-101 and NH2-UiO-66. The pre
pared MIL-101QAu-MoS2 quantum dots were employed to quench the 
ECL signal of Ru(bpy)32+/NH2-UiO-66, thus labeling the secondary 
antibody (Ab2). This sensor enabled the precise measurement of the Aβ 
concentration in solution, as an increase in the Aβ concentration was 
monitored via the increased binding of the Ab2-MIL-101@Au-MoS2 
quantum dots to the antigen. Conversely, Miao et al. [241] utilized Cu- 
Al2O3-g-C3N4-Pd and UiO-66@PANI-MB as the substrate and signal 
label, respectively, to fabricate a dual-signal (voltammetry and amper
ometry combined) sandwich-type electrochemical immunosensor for 
use in quantitative Aβ detection. Similarly, Fang et al. [242] proposed an 
analytical platform using ECL resonance energy transfer technology for 
application in highly sensitive Aβ detection. Within this platform, 
functionalized gold NPs bearing graphene-like carbon nitride nano
sheets (g-C3N4@Au NPs) and a palladium NP-coated MOF (Pd 
NPs@NH2-MIL-53) served as the ECL donor and acceptor, respectively. 
The gold NPs were utilized not only as accelerators to enhance and 
stabilize the ECL signal but also as connectors to link β antibodies, 
enabling the specific recognition of Aβ while enhancing the signal. Aside 
from Aβ, GSH in plasma is also considered a biomarker in diagnosing 
AD. Whereas several studies report the application of MOFs in detecting 
GSH, most research focuses on ROS in cancer treatment, influenced by 
hypoxia and overexpressed GSH in the TME [243–245]. However, Xu 
et al. [246] developed an ultrasensitive dual-signal self-calibrating 
electrochemical platform for use in detecting GSH based on ferrocene- 
functionalized copper MOFs (Fc-Cu-MOF). The sensor exhibits charac
teristic stable electrochemical peaks due to the reaction of CuCl with 
chloride ions in solution. The higher affinity of Cu+ for GSH leads to a 
significant decrease in the current signal of CuCl triggered by the 
crowding effect in the presence of GSH, whereas the peak current of 
ferrocene remains constant, serving as an internal reference. The output 
signal is then calculated as the ratio of the changes in the peak currents. 
This sensing platform was successfully applied in GSH determination in 
food and serum samples, with an LOD of 0.025 nM and excellent re
covery performance. Recently, our research group developed flower-like 
artificial nanozymes with POD-like activities (apo-TF-MnOx NFs) [247]. 
We utilized these activities to develop a biosensor based on colorimetric 
GSH detection. Qualitative testing of H2O2 and GSH in blood samples 
from patients with acute coronary syndrome validated the effectiveness 
of this method. MRI can detect individual Aβ plaques in brain tissue by 
providing a high spatiotemporal resolution [248]. As early as 2010, 
studies explored the application of MOFs in MRI. mPEG-modified MIL- 
88 MOFs exhibited r2 relaxivities of 50 mM− 1 s− 1 at 9.4 T [249]. MRI 
revealed darker signals in the spleen and liver post-treatment compared 

to those of normal tissue using spin- and gradient-echo sequences. 
Notably, no significant toxic reactions were observed in rats following 
the injection of high doses of iron-based MOFs, indicating the potential 
of these materials for use in biomedical MRI applications. Furthermore, 
Zhao et al. developed a multifunctional nanoplatform based on MOFs for 
use in diagnosing and treating AD [250]. The surfaces of these NPs were 
modified with NOTA and DMK6240 for use in specific tubulin associated 
unit (tau) protein detection, with MB encapsulated within as a tau ag
gregation inhibitor. Ultimately, this functionalized MOF platform could 
visualize abnormal regions in MRI and inhibit the accumulation of 
hyperphosphorylated tau via MB release. The current MOF-based 
nanozyme-constructed sensors are mainly applied to the detection of 
the following types of neurodegenerative disease biomarkers (Table 3).

5.4. Metabolic diseases

Metabolic diseases, such as hyperglycemia and -lipidemia and dia
betes, are commonly encountered in clinical practice [264–266]. These 
diseases also include thyroid dysfunction, obesity, hypertension, hy
percholesterolemia, gout, and phenylketonuria, which are characterized 
by specific biomarkers. Diabetes, which is a prevalent chronic metabolic 
disorder, is often associated with fluctuations in blood glucose levels, 
which are the primary contributors to various diabetes-related compli
cations. Monitoring the blood glucose level in the body is crucial in the 

Table 3 
Materials for the detection of Neurodegenerative disease biomarkers.

Biomarkers Materials Detection method LOD Refs.

Aβ

Fc-Zn-MOF Electrochemistry
0.030 
pg/mL. [84]

ZnO-Co3O4 

NCs Colorimetric
3.500 
nM [89]

T@Er-MOF Fluorescence 0.142 
nM

[237]

L-MOF/Apt- 
Au

Fluorescence 0.300 
pM

[251]

Fe2O3@FeS2
Photoelectrochemical 
immunosensor

2.100 
pg/mL [252]

Au@NiFe 
MOFs Electrochemiluminescence

13.800 
fg/mL [253]

Ce-MOF Colorimetric 129 μM [254]
AuNPs/Fe- 
MIL-88NH2

Electrochemiluminescence 71 fM [255]

Zn-FBIFs Fluorescence
3.220 
nM [26]

Tau 
Protein

Fe2O3@FeS2
Photoelectrochemical 
Immunosensor

7.9 pg/ 
mL [252]

2D Nanosheet Fluorescence
10 pg/ 
mL

[256]

Pt@ZIF-8 Electrochemistry 1 fg/mL [257]
Zr-MOF/MB/ 
Au

Electrochemical 
Immunosensor

3.340 
fg/mL

[258]

ACh

TMBDA-MIL- 
100(Fe) Colorimetric

0.036 
μM [259]

MOF-808/Pt 
NPs

Colorimetric 5 μM [165]

ThT@Er-MOF Fluorescence 0.032 
nM

[237]

AChE-ChO/ 
PtNPs/MOF

Electrochemistry 0.010 
μM

[260]

ACC-rGO@Cu 
(BTC)@MnO2

Electrochemistry 5 nM [261]

PKA

Ti-MIL125- 
NH2

Fluorescence
3 ×
10− 5 U/ 
μL

[262]

MOF (Cu- 
TCPP(Zn))

Electrochemistry
3.7 ×
10− 3 U/ 
mL

[263]

UiO-66 Fluorescence
5 ×
10− 5 U/ 
μL

[95]
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timely prevention and diagnosis of diabetes. Zhang et al. [267] devel
oped the trimetallic oxide catalysts with excellent glucose detection 
performances. Recently, Sun et al. [268] encapsulated 4-mercaptobutyr
onitrile (4-MBN) as an internal standard within Au@Ag nanorods (NRs, 
Au@4-MBN@Ag NRs), followed by the encapsulation of Au@4- 
MBN@Ag NRs, malachite green (LMG), GOx, and HRP within ZIF-8 to 
prepare a SERS sensor based on the sequential enzyme catalysis ratio, i. 

e., Au@4-MBN@Ag@LMG@ZIF-8 (GOx, HRP), for use in detecting 
glucose in saliva. Compared to that of traditional portable fingertip 
blood glucose meters (LODs: 0.5–5 mM), this sensor realized the sensi
tive detection of glucose in saliva (LOD: 0.03 μM) without causing 
wounds. Additionally, researchers developed a skin patch-type electro
chemical sensor for use in analyzing the glucose level in sweat [269], but 
its practical utility is inferior to that of the former method of detecting 

Fig. 13. (A) Synthesis of the Au@c-CuBDC/TNT homochiral gate electrode. (B) Schematic illustration of enantioselective Glu detection and colorimetric assay of 
Au@c-CuBDC/TNT. (C) OPECT sensor system for L/D-Glu recognition and quantification and corresponding operation rationale. Reprinted with permission from 
Ref. [270]. (D) Mechanism of the ratiometric fluorescent biosensor for UA based on the Fe3Ni-MOF-NH2 nanozyme and its smartphone-based portable sensing 
application. Reprinted with permission from Ref. [278].
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glucose in saliva. Apart from glucose detection, MOFs can also be uti
lized in distinguishing glucose enantiomers. Zhu et al. [270] integrated 
gold NPs (AuNPs) and a chiral Cu(II)-MOF (c-CuMOF) onto TiO2 
nanotube arrays (TNT) to yield a photoelectrochemically active gate 
electrode. Fig. 13A shows a non-enzyme chiral-driven gate control 
strategy for use in identifying and quantifying glucose enantiomers. 
Initially, titanium sodium (TNT) was combined with cCuMOF, the 
mesoporous pockets of which were loaded with gold NPs (AuNPs). In a 
chiral environment, L- and D-glucose can be recognized and bound to the 
Au@c-CuBDC surface. As illustrated in Fig. 13B, the identified glucose is 
oxidized to gluconic acid and H2O2 under catalysis by the AuNPs with 
GOx activities. Subsequently, CuBDC, acting similarly to POD, activates 
H2O2 to oxidize colorless TMB to blue oxTMB, with a characteristic 
absorption peak at 652 nm. Under the same conditions, the amount of 
oxTMB generated from D-Glu is significantly higher than that generated 
from L-Glu, indicating the pronounced enantiomeric selectivity pro
vided by the chiral environment of c-CuBDC. Furthermore, the effect of 
Au-LSPR on the precipitation reaction was explored to optimize the 
chiral sensing performance of Au@c-CuBDC/TNT. The POD-mimicking 
CuBDC subsequently induced the oxidation of H2O2 to 4-CN, resulting in 
precipitation. As shown in Fig. 13C, this molecular recognition-triggered 
precipitation strategy modulates Vp, leading to the differentiation of ID 
via the transfer of cations and anions to the channel and gate regions, 
respectively, generating distinct IDs. The IDs decrease with increasing 
Glu concentration, with D-Glu causing larger decreases in the IDs than 
those caused by L-Glu at the same concentration. The sensor fabricated 
in this manner exhibits an LOD that is one order of magnitude lower than 
those of traditional PEC biosensors. Thyroid dysfunction is the most 
common endocrine disorder in China, with T3 and T4 commonly used as 
clinical indicators of thyroid function [271]. Kabak et al. [272] syn
thesized a fluorescent Eu-MOF using a solvothermal method to develop a 
fluorescence sensor for use in detecting organic molecules (T3 and T4 
hormones). In the presence of 500 nM T3 and 800 nM T4 hormones, 
fluorescence can be deactivated, with the quenching efficiencies 
reaching 98.7 % and 98.2 %, respectively. In 2017, research indicated 
the potential of MOF-based nanozymes for use in thyroid tissue imaging, 
e.g., Chen et al. [273] developed innovative dual-modal fluorescence/ 
CT imaging probes, i.e., iodine-doped gold nanoclusters (AuNCs@BSA- 
I), for use in visualizing malignant thyroid tumors. The probe exhibited a 
“fast-in, slow-out” signal background in normal thyroid tissue, whereas 
in thyroid tumors, the signal displayed partial fluorescence at 1.5 h and 
rapidly disappeared within 2.5 h, with a “slow-in, fast-out” background 
ratio. This characteristic enabled significant differentiation between 
normal and diseased thyroid tissues. Apart from hormone sensing, the 
use of MOFs in intelligent detection is a method of screening for thyroid 
dysfunction. Recently, Chen et al. investigated the potential of gold- 
doped zirconium-based MOF (ZrMOF/Au) nanostructures for applica
tion in thyroid disease metabolite analysis [274]. The potential of the 
ZrMOF/Au-assisted LDI-MS platform for use in rapid thyroid disease 
screening offers a prospective method of the non-invasive screening of 
thyroid malignant tumors. Uric acid (UA) is a well-known typical marker 
used in diagnosing gout [142,275–277]. Numerous nanozymes have 
been developed for use in UA analysis, as UA can quench the fluores
cence of UiO-PSM via coordination, hydrogen bonding, and π-π in
teractions. Qu et al. [25] designed a post-modified MOF (UiO-PSM) for 
use in direct UA fluorescence sensing. In contrast, Han et al. [278] 
established a more efficient ratiometric fluorescence sensor. This sensor 
utilizes a nanozyme (Fe3Ni-MOF-NH2) to drive the cascade catalytic 
reaction of UA/uricase/OPD (Fig. 13D).

Unlike sensors relying solely on fluorescence properties, Fe3Ni-MOF- 
NH2 exhibits a POD-like activity and fluorescence. In the absence of UA, 
Fe3Ni-MOF-NH2 exhibits fluorescence only at 430 nm (FI430). However, 
upon UA addition, the POD-like activity of Fe3Ni-MOF-NH2 is activated, 
and the H2O2 generated from UA under the catalysis of uricase oxidizes 
OPD to highly fluorescent 2,3-diaminophenazine (DAP, FI565). DAP 
quenches the fluorescence of the MOF via an inner filter effect, resulting 

in a respective decrease and increase in FI430 and FI565. The ratio
metric fluorescence sensor fabricated based on this principle exhibits a 
detection limit of 24 nM, which is significantly lower than those 
observed in most studies. Remarkably, this sensor can also be combined 
with the RGB analysis function of a smartphone to realize portable UA 
detection. Additionally, Chen et al. [275] developed an array sensor 
based on a 2D layered conductive MOF. This sensor could simulta
neously detect UA, ascorbic acid (AA), dopamine, and serotonin in 0.1 M 
phosphate-buffered saline (pH = 7.4). Recently, Lin et al. [279] 
designed a multifunctional biosensor that integrated the electro
chemical detection of UA and glucose in sweat, electrophysiological 
signal acquisition, and electrical stimulation therapy. The multiple sig
nals collected by this integrated biosensor could be wirelessly trans
mitted to mobile devices, indicating significant potential for use in 
muscle therapy and non-invasive monitoring in daily life.

5.5. Infectious diseases

Infectious diseases, particularly bacterial infections, present signifi
cant challenges to global health. Traditional diagnostic techniques are 
often time-consuming and complex, highlighting the urgent need for the 
development of efficient diagnostic methods. MOFs, with their high 
surface areas, tunable porosities, and functionalization capacities, offer 
an innovative approach for use in enhancing diagnostic capacities. In
fectious diseases can be broadly categorized as bacterial, viral, fungal, or 
parasitic infections, based on the pathogens involved. The reported 
research regarding MOF-based nanozymes for use in diagnosing infec
tious diseases is summarized in Table 4.

5.5.1. Bacterial infections
In 2019, research indicated that bacterial infections are the sec

ond‑leading cause of global mortality [298]. Timely, effective detection 
and identification of bacteria are crucial in infection prevention and 
control. Traditional bacterial culture methods are not only time- 
consuming but also susceptible to environmental contamination. 
Although advanced technologies, such as the polymerase chain reaction 
and ELISA, significantly reduced detection times, these methods still rely 
on complex instruments and skilled personnel, with the risk of false 
positives. However, the development of sensing platforms based on 
MOFs facilitated innovation in the diagnosis and monitoring of bacterial 
infections. Shi et al. [299] developed a luminescent sensor based on Eu- 
MOF and 2,5-furandicarboxylic acid as a coordinating ligand. This 
sensor employed a competitive sensing approach to rapidly detect 
Pseudomonas aeruginosa in water. Similarly, Qi et al. fabricated a 
microfluidic colorimetric biosensor for use in rapidly screening Salmo
nella typhimurium using the POD-like activity of Ab-MOF [280]. Criti
cally, unlike other sensors, colorimetric sensors can be applied to quali- 
or quantitatively detect analytes using visual observation or low-cost, 
small-scale equipment. Furthermore, the sensor utilizes an MNB-Sal
monella-MOF composite to catalyze OPD conversion to yellow DAP in 
the presence of H2O2, enabling the rapid analysis of images via a 
smartphone for efficient detection. Building on this, Cai et al. [170] 
developed a multifunctional colorimetric/SERS dual-mode biosensor. As 
shown in Fig. 14A, the sensor employs a nanozyme (4-MPBA-AuAg@PB 
MOF) with an excellent POD activity and significantly enhanced SERS 
properties, in conjunction with a “sandwich” recognition system, real
izing a detection limit as low as 6 CFU/mL. This dual-signal sensor 
provides more accurate detection results compared to those of previ
ously reported sensors that generate single signals. Moreover, via 
distinctive SERS “fingerprint” spectra, Escherichia coli and S. aureus can 
be effectively differentiated. In addition to the detection of pathogenic 
factors (bacteria), diagnosing infectious diseases by detecting bacterial 
metabolites is also viable, e.g., Wang et al. used a MOF to synthesize a 
nanozyme (Au NPs@MIL-101) for use in detecting SEB produced by 
S. aureus, realizing a remarkably low detection limit of only 0.2 pg/mL 
in milk [155]. Furthermore, bacterial infections trigger the production 
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of specific serum biomarkers in the human body, primarily C-reactive 
protein, procalcitonin (PCT), and interleukin 6 (IL-6). The combination 
of IL-6 and PCT serves as an effective indicator in evaluating sepsis. As 
illustrated in Fig. 14B, Chai et al. [288] developed an instant detection 
platform for sepsis biomarkers (IL-6/PCT) using fluorescent MOFs 
(MAFs) and a lateral flow immunoassay (LFA). The MAFs exhibit 
excellent photostabilities, high quantum efficiencies, and abundant 
active sites, enhancing the binding affinities of the labeled antibodies 
(Ab). The optimized composite material (Zr@MAF@IL-6/PCT Ab) dis
plays specific recognition and binding capacities for IL-6 and PCT, 
realizing an LOD in the range of femtograms per milliliter, which is 
significantly lower than the physiological concentrations in serum. 
Furthermore, 29 clinical samples were evaluated, and the results were 
consistent with the clinical diagnoses. Additionally, the MAFs effectively 
distinguish between Gram-positive and -negative bacteria, which is 
attributed to the chemical affinities between the phosphorus-rich bac
terial cell walls and Zr4+ on the MAFs, enabling specific binding to the 
cell walls of Gram-positive bacteria and promoting aggregation 
(Fig. 14C). Therefore, the MAFs not only detect IL-6/PCT but also 
differentiate between Gram-positive and -negative bacteria, rendering 
MAFs LFA a promising candidate for use in next-generation LFAs. In 
addition to the above metabolites, certain bacteria produce volatile 
organic compounds (VOCs), e.g., Listeria monocytogenes generates a 
microbial VOC (3-hydroxy-2-butanone (3H–2B). Pan et al. innovatively 
utilized MOFs as templates to successfully synthesize ordered cobalt- 
doped zinc oxide superparticles (Co3O4/ZnO SPs) and developed a 
highly sensitive and selective gas sensor for 3H–2B [300]. Incorpo
rating cobalt generated more surface lattice defects and oxygen va
cancies, significantly enhancing the gas detection performance. 
Furthermore, the porous structures of MOFs effectively enhance the 
solid-gas interfacial interactions, facilitating gas diffusion and desorp
tion [301], enabling the rapid and sensitive identification of microbial 
VOCs. Moreover, antibiotic resistance is a critical factor in the wors
ening of infectious diseases, underscoring the importance of rapidly and 
accurately identifying drug-resistant pathogens. Methicillin-resistant 
S. aureus (MRSA) is a strain of S. aureus resistant to methicillin, which 
is identified by detecting the specific nuc gene and mecA gene encoding 
penicillin-binding protein. To address this, Dai et al. developed an 
electrochemical DNA sensor using UiO-66-NH2 as a nanocarrier for 
electroactive dyes [284]. Upon binding with the nuc and mecA genes, 
the electroactive dyes were released, enabling the sensitive detection of 
these genes. The sensor exhibited excellent MRSA recognition capacities 
in real samples, effectively distinguishing MRSA from common S. aureus 
and providing crucial support in adjusting treatment regimens.

In contrast, Sun et al. [302] integrated diagnostics with resistance 
testing, producing a portable bandage that indicated drug resistance via 
color changes. This innovative strategy represents significant progress 
over the DNA sensor reported by Wang, seamlessly integrating bacterial 
diagnosis, drug testing, and POCT. Furthermore, incorporating MOFs 
into in situ imaging and therapeutic methods displays significant po
tential for use in addressing bacterial infections, e.g., Zhang et al. [303] 
utilized Zn-TCPP nanorods to visualize in vivo bacterial infections using 
pH-responsive fluorescence imaging, effectively deactivating bacteria in 
chronic wounds. This approach provided an innovative comprehensive 
platform for use in diagnosing and treating infectious diseases. A novel 
photoacoustic probe was recently developed for use in detecting in
fections and enhancing antibacterial activity against antibiotic-resistant 
bacteria. Yuan et al. [304] successfully designed an antibiotic-adjuvant 
photoacoustic probe targeting bacterially endogenous H2S based on a 
bismuth MOF (Bi-MOF) (Fig. 15A). They initially validated the elevated 
levels of H2S in MRSA compared to those of wild-type S. aureus using an 
H2S fluorescent probe and a lead acetate assay (Fig. 15B). Inspired by 
this, the multifunctionality of MOF nanzymes has become a focal point 
of research across various fields, encompassing applications such as 
accelerating wound healing, inhibiting bacterial infections, modulating 
inflammatory responses, and promoting angiogenesis [305–308]. As 
shown in the Fig. 15C, the capacity of Bi-MOF as a PAI signal probe was 
investigated. Co-culturing Bi-MOF with S. aureus resulted in a strong PAI 
signal at approximately 690 nm upon laser irradiation, whereas no 
signal was detected in groups using Bi-MOF or S. aureus. Similarly, no 
PAI signal was generated under 690 nm laser stimulation of normal 
S. aureus cultures or Bi-MOF solutions, whereas co-cultures of Bi-MOF 
and S. aureus exhibited distinct signals (Fig. 15D). Furthermore, the 
multifunctionalities of MOF-based nanozymes inspired various appli
cations, including the acceleration of wound healing, eradication of 
bacteria, reduction of inflammation, and promotion of angiogenesis.

5.5.2. Viral infections
Compared to the application of MOF-based nanozymes in bacterial 

diagnostics, their utilization in viral infection diagnostics has been 
limited. Nucleic acid testing and immunological assays are the most 
commonly reported techniques used in viral detection in clinical set
tings. In nucleic acid testing, MOFs are an ideal option for use in mo
lecular recognition due to their low cytotoxicities, high porosities, 
tunable structures, and stabilities. Currently, numerous viruses, 
including human immunodeficiency virus (HIV, ss-HIV, ds-DNA), res
piratory syncytial virus, and Ebola (ss-RNA), are targeted [309–311]. 
Fluorescently labeled DNA probes (P-DNA) are adsorbed onto MOF 

Table 4 
A typical example of the application of MOF-based sensors in infectious diseases.

Pathogens MOF-based material Sensors Application Analytes Refs.

Bacteria

NH2-MIL-101(Fe) Colorimetric Detection of pathogens Salmonella cells [280]
ZIF-8 Colorimetric Detection of pathogens E. coli O157:H7 cells [281]
AuAg@PB MOF SERS Detection and discrimination of pathogens E. coli and S. aureus cells [170]
Au@Ag@mSiO2 SERS Detection of metabolites and pH changes Pyocyanin and pH [282]
Au NPs/MOFs Electrochemistry Detection of pathogens S. aureus cells and micrococcal nucleases [283]
UiO-66-NH2 Electrochemistry Identification of MRSA and SA Nuc and mecA genes [284]
ML-Cu2O@Cu-MOF Electrochemistry Detection of pathogens S. aureus cells [285]
Mn-MOF Electrochemistry Detection of pathogens S. aureus, E. coli O157:H7, and S. enterica cells [286]
Ab2/AuNPs/MOFs Electrochemistry Detection of pathogens S. aureus [287]
Zr@MAF@IL-6/PCT Ab Fluorescence Detection of biomarkers IL-6/PCT [288]

Virus

MOF-FeP Chemiluminescence Detection of virus antibodies EBV-IgA [106]
Co/Fe(1:1) MOF Fluorescence Nucleic acid detection T-DNAs [289]
P-DNA@1 system Fluorescence Nucleic acid detection Dengue virus and Zika virus RNA [290]
MIL-101-NH2 Fluorescence Nucleic acid detection HAC RNA [291]
MOF-PC Fluorescence Nucleic acid detection HSV-1 DNA [292]
MOF@P1/P2 Fluorescence Detection of pathogens SARS-CoV [293]
H2dtoaCu-MOF Fluorescence Detection of pathogens H5N1 antibody FAM-ssDNA- antigen [294]
Ni-MOF/AuNPs/CNTs Electrochemistry Nucleic acid detection HIV DNA [295]
CdS@Zn-MOF Electrochemical Immunosensor Detection of pathogens FMDV [296]

Parasite Cu-(NH2-BDC)-MOF Electrochemistry Detection of Leishmania antibody anti-gp63 [297]
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Fig. 14. (A) Schematic illustration of nanozyme-based sandwich system that made of bacteria/4-MPBA/AuAg@PB MOF for dual-mode colorimetric/SERS 
discrimination and detection of bacteria. Reprinted with permission from Ref. [170]. (B) The Schematic POC Tests of MAFs-Based LFAs for IL-6/PCT detection. (C) 
SEM images of co-incubation of Gram-positive bacteria/Gram-negative bacteria and MAFs (a). MAF particles are indicated with red arrows. Photographs of the 
aggregations in S. a and E. coli induced by MAFs (b). Reprinted with permission from Ref. [288]. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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materials via mechanisms such as hydrogen bonding, electrostatic in
teractions, and π-π stacking via complementary binding to target DNA/ 
RNA. These interactions lead to the fluorescence quenching of the dye 
on the probe due to photoinduced electron or energy transfer. Upon 
contact between the target viral DNA/RNA sequence and MOF, specific 
hybridization with the probe DNA occurs, forming stable double- 
stranded DNA, hybrid DNA/RNA double strands, or triple-stranded 
DNA structures. Subsequently, the generated complex is released due 
to its lower affinity for the MOF, resulting in fluorescence recovery 
[312]. The extent of fluorescence restoration can be utilized to deter
mine the concentration of a virus in a sample. Viral detection methods 
can be categorized as single or multiple virus detection. Furthermore, 
due to the structural complexity of the double-stranded DNA of HIV, 
which may hinder its interaction with the internal P-DNA of a MOF, 

numerous studies focusing on HIV detection concentrate on single- 
stranded DNA detection, e.g., as early as 2014, studies combined 
SYBR Green I with a single-stranded DNA probe, with a sequence of 5′- 
atgtggaaaaatctctagcagt-3′, and formed a fluorescence quenching plat
form with MIL-101 (Cr) for use in detecting single-stranded HIV-1 DNA 
[313]. The target DNA could hybridize rapidly with the probe, signifi
cantly enhancing the recognition capacity for single-base mismatched 
target DNA. Subsequently, Yang et al. [314] developed two MOFs based 
on lanthanides (3D-MOF1 and 2D-MOF2) for use in detecting Sudan 
ebolavirus. MOFs 1 and 2 effectively quenched the fluorescence of 
carboxyfluorescein-labeled (FAM-labeled) P-DNA, with quenching effi
ciencies of 70.2 % ± 5.3 % and 57.3 % ± 5.3 %, respectively. The dif
ference may be attributed to the positively charged ammonium centers 
exposed on the surface edges of MOF1, leading to stronger electrostatic 

Fig. 15. (A) Synthesis and detection principle of bismuth metal-organic framework (Bi-MOF) as a photoacoustic probe for detecting infections. (B) Representative 
fluorescence images demonstrated the intracellular H2S levels of S. awt and S. atol by SF7-AM probing. (C) The wavelength scanning of PA intensity of S. aureus, Bi- 
MOF and their mixture in different groups. (D) Representative image of PA intensity of S. aureus treated with Bi-MOF. Reprinted with permission from Ref. [304].
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interactions with P-DNA. Upon adding target RNA, the fluorescence of P- 
DNA was restored. The sensing platform formed by non-disseminating P- 
DNA@MOF hybrids could identify the conserved linear single-stranded 
RNA sequence of the Sudan virus, with low detection limits of 112 and 
67 pM. Moreover, these hybrids exhibited outstanding specificities, 
effectively distinguishing single-base mismatched RNA sequences.

MOFs are versatile platforms suitable for use in the multiplex 
detection of analytes. Compared to single-virus nucleic acid detection, 
multiplex virus nucleic acid detection based on fluorescence biosensing 
enables the simultaneous detection of multiple nucleic acids, thus 
enhancing the detection speed and diagnostic accuracy [315]. In 2014, 
Wang et al. [316] first combined H2dtoaCu with oligonucleotides for use 
in detecting multiple sequence-specific DNAs targeting wild-type hep
atitis B virus (HBV, T1) and HIV (T2) reverse-transcription RNA seg
ments. The hairpin structures of the oligonucleotides enabled the MOFs 
to serve not only as nanoscale quenchers for the fluorescently labeled 
oligonucleotides but also as nanoscaffolds. Subsequently, Xie et al. 
synthesized a novel water-soluble MOF with a 3D structure and large 
pores that could exhibit strong affinities for single-stranded DNA probes 
(P-DNA) labeled with FAM or 5(6)-carboxy-X-rhodamine triethy
lammonium salt [290]. Via π-π stacking and electrostatic interactions, 
fluorescence quenching is realized, leading to the simultaneous detec
tion of Dengue virus and Zika virus RNA sequences using the generated 
P-DNA@1 system. This technology benefits from the different affinities 
of MOF 1 and P-DNA, in addition to the formation of double-stranded 
DNA/RNA upon recognition, with sensitivities reaching 184 and 121 
pM. In addition, the system employs two types of DNA probes, i.e., P- 
DNA-1 and P-DNA-2, with cross-reactivity that requires validation. This 
cross-reactivity is crucial in ensuring detection specificity, directly 
influencing the accuracies of multiplex assays. As illustrated in Fig. 16A, 
when only T1 is present in the sample, a significant increase in the 
fluorescence intensity of P-DNA-1 is observed. Conversely, when only T2 
is present, the fluorescence intensity of P-DNA-2 increases indepen
dently. In cases where both targets are present simultaneously, the 
fluorescence intensities of both probes increase, indicating the potential 
of the system for robust application in multiplex RNA detection. Another 
study synthesized a 2D bimetallic MOF nanosheet that could selectively 
detect four hepatitis DNA sequences (hepatitis A, HBV, hepatitis C, and 
HIV) concurrently [289]. The study also investigated the quenching 
efficiencies of Co/Fe complexes with different mass ratios, including Co/ 
Fe (1:0.5), Co/Fe (1:1), and Co/Fe (1:2) MOFs. Furthermore, these 
sensing systems effectively distinguished single-base mismatches in RNA 
sequences. Although nucleic acid testing is considered the gold standard 
in diagnosing viral infections, it displays drawbacks, such as extended 
processing times, sample susceptibility to contamination, and the high 
levels of expertise required for operators. In contrast, immunological 
tests based on antigen and -body specific binding significantly improved 
detection efficiency, which is particularly suitable in initial clinical 
screening. Viral immunological testing based on MOFs can be further 
categorized into antigen or -body detection. Electrochemical immuno
assays garner widespread attention in antigen detection for viral in
fections. However, several MOF-based immunosensors are largely 
constrained via the covalent binding of their biomolecules and inhibited 
electron transfer due to the weak molecular permeabilities of MOFs. To 
address these problems, Mehmandoust et al. developed a label-free 
electrochemical biosensor for use in detecting the SARS-CoV-2 spike 
protein to provide an effective analytical method of diagnosing the novel 
coronavirus in real samples [317]. The preparation of this sensor in
volves synthesizing and modifying SiO2@UiO-66 on the surface of a 
screen-printed carbon electrode, followed by angiotensin-converting 
enzyme 2 (ACE2) modification of the electrode. ACE2, as the primary 
receptor for viral entry into cells, can specifically bind and interact with 
the SARS-CoV-2 S protein (Fig. 16B). The fabricated sensor enables the 
direct analysis of the electrochemical interaction between the electrode- 
electrolyte interface and viral protein, facilitating the detection of the 
SARS-CoV-2 S protein in nasal swab samples. Recently, Li et al. [318] 

developed an electrochemical immunosensor for use in the sensitive 
detection of HBsAg using bimetallic conductive MOFs (c-MOFs) and 
cobalt oxide NPs. The sensor functions via the immobilization of HBsAb, 
which specifically recognizes and binds to HBsAg, on the surface of the 
sensing electrode (Au@Co3O4NPs/NiCo(HITP)/GCE) (Fig. 16C). The 
binding of HBsAg to the immobilized HBsAb forms an immune complex 
with a reduced conductivity, leading to an increase in the Rct between 
the sensor surface and test buffer, resulting in a decreased current in
tensity, as shown in Fig. 16D. Furthermore, the sensor exhibits a 
consistent HBsAg detection performance in human serum. Molecular 
imprinting is another commonly used method in antigen detection, but 
it faces challenges when capturing large viruses. To address this prob
lem, employing carriers with sufficient surface areas to provide addi
tional imprinting sites is an effective strategy [319,320]. MOF materials 
are considered ideal for this purpose due to their exceptional surface 
areas and tunable pore structures. MIL-100 (Cr) and MIL-101 (Cr) 
display pore sizes of 2.5–2.9 and 2.9–3.4 nm, respectively, with MIL-101 
exhibiting a high specific surface area of up to 5900 ± 300 m2/g 
[321,322]. This feature offers more imprinting sites for use in virus 
detection, significantly enhancing sensor sensitivity.

Compared to antigen detection, research regarding the utilization of 
MOFs in antibody detection during viral infection is limited. However, 
in 2013, Wei et al. [294] developed an innovative biosensor based on 
MOFs for use in detecting antibodies against the H5N1 influenza virus. 
This sensor exhibited a remarkably low detection limit (1.6 × 10− 9 mol/ 
L, signal-to-noise ratio = 3) and wide linear range (1.0 × 10− 6-5.0 ×
10− 9 mol/L).

By ingeniously combining the H5N1 antigen with the fluorescent dye 
5′,6-FAM within the MOF structure, the specific binding of the H5N1 
antibodies to the H5N1 antigen inhibited the hydrolysis of exonuclease I, 
resulting in irreversible fluorescence quenching, enabling the efficient, 
rapid detection of the H5N1 antibodies. Recently, Wang et al. integrated 
single-atom nanozymes with POD-like activities (MOF-FeP) with mouse 
anti-human IgA antibodies and incorporated them into conventional test 
strips, developing a sandwich colorimetric sensor that could specifically 
recognize and detect EBV-IgA [106]. This sensor could simultaneously 
detect three types of EBV-IgA, significantly enhancing the accuracy of 
NPC screening related to EBV. Notably, MOFs can also serve as protec
tive scaffolds for use in encapsulating live viruses and stabilizing vac
cines [323]. This is attributed to their effective encapsulation of live 
viral particles, providing a secure environment to prevent virus inacti
vation or degradation. Furthermore, the chemical properties of MOFs 
enable their good compatibilities with vaccine components, ensuring the 
stabilities of vaccines during storage and transportation.

5.5.3. Other microbial infections
Compared to the widespread application of MOFs in diagnosing 

bacterial and viral infectious diseases, research regarding diagnostic 
methods for parasitic and fungal infections is relatively scarce. 
Currently, the diagnosis of parasitic infections mainly focuses on the 
stages of the parasites within the tissues, typically their mature or 
reproductive stages, with weaker capacities in identifying early life or 
cyst stages. Therefore, parasitic biomarkers are considered crucial in
dicators in early diagnosis. The Leishmania surface proteinase Gp63 is a 
significant surface molecule in promastigotes, which is often regarded as 
a virulence factor in parasites and key component in host-parasite in
teractions. Due to its high conservation across different Leishmania 
species, Gp63 is a preferred target in Leishmania detection. Recently, 
Perk et al. [297] developed an electrochemical immunosensor specif
ically for use in detecting the major surface proteinase Gp63 of Leish
mania. Preparing this sensor involves modifying a gold nanoelectrode 
(AuSPE) with Cu-(NH2-BDC)-MOF and immobilizing a recombinant 
Leishmania antigen on the electrode surface using a crosslinking agent. 
Changes in the electrochemical signal are monitored using EIS 
(Fig. 17A). Furthermore, the sensors were validated via practical sample 
analysis of Leishmania crude antigens and rabbit serum (Fig. 17B). In 
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Fig. 16. (A) Fluorescence spectra of both P-DNA@1 (50 nM/40 μM) with T1 (a, 60 nM), T2 (b, 60 nM), T1 and T2 (c, 60 nM/60 nM). Reprinted with permission from 
Ref. [290]. (B) An electrochemical biosensor for detecting SARS-CoV-2 S-protein. Reprinted with permission from Ref. [317]. (C) Schematic illustration of as- 
prepared Au@Co3O4NPs/NiCo(HITP)/GCE electrochemical immunosensor towards HBsAg detection. (D) The principle of as-developed HBsAg electrochemical 
immunosensor. Reprinted with permission from Ref. [318].
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another study, researchers utilized CV to monitor the antigen-antibody 
interactions of an electrochemical immunosensor used in diagnosing a 
Leishmania infection [324]. Rispail et al. reported that hydrophilic 
CdSe/ZnS quantum dots functionalized with 3-mercaptopropionic acid 
could be internalized by Fusarium verticillioides, offering a novel method 
for use in the rapid and sensitive detection of this plant pathogen [325]. 
Additionally, Rosamp et al. [326] reported that converting non- 
luminescent microbes into luminescent forms could endow them with 
additional functionalities. By integrating Ln-MOFs onto fungal hyphae, 
they successfully generated luminescent microbes that emitted visible 
light under UV excitation (i.e., photoluminescence). This technology 
ultimately found application in the fields of diagnostics and imaging. 
Compared to diagnostics, MOFs display broader potential for use in the 
treatment of and anti-infective applications regarding fungal and para
sitic infections [327–331].

5.6. Immune diseases

Autoimmune diseases are disorders caused by a malfunction of the 

immune system, and they are attracting increasing attention from the 
medical community and general public due to their wide-ranging effects 
on various physiological systems and potentially far-reaching conse
quences. Evaluating these diseases primarily involves various inflam
matory factors and complement components [332,333]. However, 
laboratory and clinical applications face numerous challenges. In this 
context, developing novel, reliable biosensors for use in diagnosing 
autoimmune diseases is crucial. Fortunately, nanomaterials have 
emerged as critical candidates for application in fabricating biosensors 
used in diagnosing these diseases, e.g., Zhao et al. [334] developed a 
dual-mode PEC and colorimetric sensor for use in the highly sensitive 
detection of HIgG, based on an Ag2S/SnO2 composite material and 
multifunctional CoOOH nanosheets. In the PEC mode, quantum dots 
significantly enhanced the PEC activities of the SnO2 nanofibers and 
facilitated the effective immobilization of the antibodies. Furthermore, 
AA could be captured within the pores of Ag2S/SnO2, thus enhancing the 
photocurrent intensity. Additionally, CoOOH, serving as a secondary 
antibody label, formed a sandwich structure with the electrode. The 
binding of HigG led to a significant attenuation of the PEC signal. In the 

Fig. 17. (A) Schematic representation of synthesis of Cu-(NH2-BDC) MOF and preparation procedure of Leishmania immunosensor. (B) Nyquist diagrams obtained by 
developed Leishmania immunosensor for (a) Leishmania parasite crude antigen (positive sample) and (b) rabbit serum (negative sample). Reprinted with permission 
from Ref. [297].
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colorimetric mode, CoOOH catalyzed the oxidation of TMB to generate 
the blue product oxTMB, with varying concentrations of HIgG forming 
sandwich complexes, causing distinct color changes. Additionally, 
nanomaterials are commonly employed in immune cell imaging and the 
enhancement of the accuracy and sensitivity of pathological detection, 
thus providing robust support for early disease diagnosis and treatment 
[335–337]. However, the use of MOFs in the field of immune disease 
diagnosis remains in its nascent stages and requires further research and 
development. In contrast, the application of MOFs in treating immune- 
related diseases exhibits broader and more mature prospects. Guo 
et al. [338] reported an active targeted nanomedicine strategy based on 
MOFs for use in treating rheumatoid arthritis (RA) by re-educating 
impaired macrophages. This approach leveraged the proton sponge ef
fects of MOFs to facilitate the rapid escape of small interfering RNA 
(siRNA) from the endo− /lysosomes, effectively downregulating the 
expression of inflammation-related cytokines. Furthermore, MOFs 
display capacities to scavenge free radicals, eliminating a broad spec
trum of reactive oxygen and nitrogen species, thus inducing the repo
larization of M1 macrophages towards an anti-inflammatory M2 
phenotype, further enhancing the therapeutic efficacy against RA in 
combination with siRNA.

5.7. Other diseases

In addition to the aforementioned diseases, MOFs can also be utilized 
in diagnosing conditions such as biliary and hematological disorders 

[337,339], e.g., Chao et al. [340] synthesized a Zr(IV)-based MOF (UiO- 
66(COOH)2, Zr-MOF: Eu3+), serving as an independent luminescent 
probe for use in detecting bilirubin in human serum. In this sensor, the 
red emission of Eu3+ was quenched via FRET between bilirubin and its 
ligands. This sensor exhibited a high sensitivity, rapid response (<1 
min), and wide detection range (0–15 μM) and an exceptional selec
tivity. Building on this, Hou et al. developed a novel fluorescent portable 
sensor based on a hydrogel for use in detecting neonatal jaundice [341]. 
Using the UiO-66-NH₂ MOF in an aldimine condensation reaction with 
2,3,4-trihydroxybenzaldehyde, they successfully synthesized fluores
cent UiO-66-PSM (UP). Subsequently, introducing Fe3+ onto the surface 
of UP led to the formation of UiO-66-PSM-Fe (UPF), where the inter
action between Fe3+ and UP caused fluorescence quenching. Due to the 
strong binding affinity between bilirubin and Fe3+, bilirubin could react 
with UPF, prompting Fe3+ release and fluorescence restoration, enabling 
the highly sensitive detection of free bilirubin in urine (Fig. 18A and B). 
This approach offers a novel avenue for use in diagnosing neonatal 
jaundice. Moreover, Lin et al. [342] synthesized a cost-effective MOF- 
derived binary metal oxide nanomaterial (CoFeNMOF-D) and applied it 
in the molecular diagnosis of chronic obstructive pulmonary disease 
(COPD) (Fig. 18C). This study analyzed 202 serum samples, comprising 
102 from COPD patients and 100 healthy controls. Each sample con
tained 75 nL of serum and 1 ng of CoFeNMOF-D. Diagnostic assessments 
were conducted using various machine learning algorithms, such as 
support vector machines (SVMs) and neural networks, evaluating the 
accuracies, specificities, and sensitivities of the models. Four potential 

Fig. 18. (A) Fluorescence “turn-on” of GUPF with bilirubin. Reprinted with permission from Ref. [341]. (B) Fluorescence color changes of UPF/GUPF during day 
light and UV light (365nm). (C) Synthesis of CoFeNMOF-D and its application in LDI-MS based disease screening. Reprinted with permission from Ref. [342].
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COPD biomarkers were identified, demonstrating excellent area-under- 
the-curve values in the training and validation sets. This research offers 
an innovative approach to clinical COPD diagnosis. Additionally, Zhang 
et al. [343] designed and synthesized a fluorescence nanosensor based 
on MOFs, utilizing Zr(IV) and boronic acid esters as active centers for the 
simultaneous detection of ROS and protein phosphorylation sites. The 
dual-photon characteristics of the fluorescence probe effectively 
reduced background fluorescence, thus enhancing the sensitivity of the 
imaging of the phosphorus groups. The probe was successfully applied to 
a pneumonia mouse model, distinguishing pneumonia and healthy mice 
and providing a novel tool for use in understanding disease 
pathogenesis.

6. Intelligence assistance

MOFs have emerged as ideal options for use in high-sensitivity 
sensing materials due to their high surface areas, excellent stabilities, 
and tunable pore structures, which are suitable for application in 
detecting gases, liquids, and biomolecules [344]. Integrating MOF-based 
sensors with machine learning algorithms enables the in-depth analysis 
and optimization of the collected data, significantly enhancing their 
detection efficiencies and accuracies. Such an intelligence-assisted 
detection system displays real-time capacities and convenience in 
various fields, such as environmental monitoring, food safety, and 
medical diagnostics, e.g., Huo et al. [345] proposed a flexible, non- 
contact, multifunctional humidity sensor based on 2D cobalt MOF (Co- 
MOF) nanosheets. The Co-MOF@PA sensor was developed by coating 
the Co-MOF surface with a hydrophilic phytic acid (PA) layer. The hu
midity sensing performance was evaluated by introducing saturated salt 
solutions to produce different humidity conditions for testing (Fig. 19A). 
Additionally, the sensor exhibited significant variations in response to 
different humidity levels, notably reaching a response value as high as 
2250 at a relative humidity of 95 %. This indicated the outstanding 
humidity sensing capacity of the Co-MOF@PA sensor in high- and low- 
humidity environments. Moreover, minimal changes in current were 
observed when the sensor was bent at different angles, underscoring its 
potential advantages in wearable applications. Furthermore, they 
explored the application of the sensor in fingertip humidity monitoring 
and the assessment of the moisturizing effects of cosmetics and detection 
of the surface humidities of fruits (Fig. 19B). The sensor displayed the 
capacity for non-contact humidity sensing, accurately assessing the 
moisturizing effects of cosmetics and effectively distinguishing whether 
an apple was waxed. In another study, Lin et al. developed an integrated 
paper-based colorimetric sensing system, using in situ encapsulation 
with ZIF-67 to combine GOx and luminol for use in detecting glucose in 
saliva [346]. This system utilizes a cascade reaction induced by glucose, 
where GOx catalyzes the oxidation of glucose to produce gluconic acid 
and H2O2, followed by ZIF-67 catalyzing the oxidation of luminol by 
H2O2, yielding a yellow product. In the presence of purple 
G&L@ZIF@Paper, the color of the yellow product changes to brown 
(Fig. 19C), and further validates the selectivity and stability of this 
sensing system. To enhance the convenience of G & L@ZIF@Paper for 
use in everyday applications, they embedded it into plastic straws, 
integrating sample collection and reaction. Users can directly read the 
R/B of the paper-based chip via the Glucose Sensor smartphone appli
cation and calculate the glucose concentration in saliva using this 
application.

Furthermore, MOF-based sensors can be integrated into smart 
packaging to monitor the freshness and safety of food in real time, 
providing feedback via embedded displays or indicator lights [347,348], 
e.g., Kang et al. combined colorimetric sensing tags with composite film 
materials to develop smart packaging boxes that not only extend shelf 
life but also offer real-time monitoring capacities [349]. Microorganisms 
in food can lead to spoilage, and the Cu2+ ions in Cu-MOF within the 
composite film can replace the natural metal ions utilized by proteins 
[350], increasing the metal ion concentration for non-toxic sterilization, 

thus enhancing preservation. Fig. 20A shows the significant antibacte
rial activities of the SP/Cu-MOF composite film against foodborne 
pathogens, such as S. aureus and E. coli, with inhibition zone radii of 9.93 
± 0.40 and 9.35 ± 0.33 mm, respectively. As the Cu-MOF content in
creases, the inhibitory area expands, whereas the pure SP film exhibits 
minimal antibacterial effects. Additionally, food spoilage releases vol
atile basic nitrogen (TVB-N), which can be detected as the volatile 
compounds accumulate at the top of the packaging using an ammonia- 
sensitive membrane (Fig. 20B). At 4 and 28 ◦C, the color of shrimp 
transitions from greenish blue to orange-red, indicating complete 
spoilage. During this process, the ΔE of the SP0 film remains relatively 
stable, whereas the color of the Cu-MOF-tagged shrimp visibly changes 
from the initial blue-green to brown, with a ΔE of >47, indicating the 
presence of a significant amount of TVB-N in the shrimp, leading to 
spoilage.

Recently, electronic noses (E-noses) based on MOFs emerged as de
vices that mimic human olfaction, with the capacities to detect and 
identify gases or volatile compounds, thus becoming a focus of research. 
An E-nose system typically comprises three modules: a gas sensor array, 
signal acquisition and preprocessing, and pattern recognition [352]. Via 
the selection of high-performance sensors to fabricate the sensor array 
and the preprocessing of the signals, combined with intelligent algo
rithms, such as principal component analysis, artificial neural networks, 
and SVMs, the system can effectively identify the types of gases and 
improve the accuracy of concentration prediction in multicomponent 
environments [353], e.g., Okur et al. proposed an array sensor 
comprising thin films coated with different surface-mounted MOFs 
(SURMOFs) for use in detecting and distinguishing the odors of six 
volatile plant oils, realizing an accuracy rate of up to 99.97 % [354]. 
This enabled the development of MOF-based E-noses. Subsequently, 
they introduced an array comprising six sensors that utilized nano
porous MOF membranes with different chiral and achiral structures, 
serving as a selective E-nose [355]. The achiral MOF membrane 
responded similarly to two isomers, whereas the chiral MOF membrane 
exhibited distinct responses. The stereoselective recognition of five pairs 
of chiral odor molecules could be realized via machine learning algo
rithms. Such a chiral MOF E-nose should be a significant tool for use in 
advanced odor sensing. Additionally, wearable gas sensors and self- 
powered sensing technologies emerged as crucial intelligent sensors 
for use in gas monitoring. Recently, Wang et al. [356] developed a self- 
powered organ-like MXene ammonia sensor, with significant potential 
for use in wearable devices. The fabricated power supply device could 
generate a respective short-circuit current and peak open-circuit voltage 
of 34 μA and up to 810 V. In another study, a wearable sensor was 
developed to respond via color changes to physiological stimuli, 
enabling simple visual recognition [351]. The research group loaded 
various gas-sensitive dyes into porous MOFs and further deposited the 
composite materials on electrospun nanofiber membranes to realize the 
specific recognition of various characteristic VOCs and present different 
color signal tags (Fig. 20C). Subsequently, microfluidic channels con
sisting of polydimethylsiloxane were combined with different colori
metric components to successfully fabricate a wearable sensor array. 
This array could be attached to the surfaces of fruits for use in the real- 
time monitoring of VOCs, effectively assessing the levels of fruit ripeness 
(Fig. 20D). This innovative approach provides a novel method of 
monitoring fruit ripeness, further advancing the fields of agriculture and 
food safety.

7. Commercialization challenges and recommendations

7.1. Commercialization challenges

Despite significant progress in the preparation and biosensing ap
plications of MOF-based nanozymes, overall research is still in the early 
prototype stage, requiring further efforts to realize commercial pro
duction. Several challenges must be addressed in this field: 
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Fig. 19. (A) The schematic diagram of humidity testing process. (B) The stable current value of the flexible 2D Co-MOF@PA sensor at different bending angles (a), 
the response of the 2D Co-MOF@PA sensor to the moisture on (b) the bare finger with different distances, (c) the surface of the skin coated with different brands of 
cosmetics and (d) the surface of waxed and unwaxed apples and oranges. Reprinted with permission from Ref. [345]. (C) The principle of detecting glucose in saliva 
by G&L@ZIF paper. Reprinted with permission from Ref. [346].
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(i) While various methods of preparing MOF nanoshells are re
ported, significant challenges remain in precisely controlling 
their morphologies, sizes, shell thicknesses, compositions, spatial 
distributions, and sizes of the internal cores. Therefore, devel
oping a viable universal strategy for use in the controlled syn
thesis and assembly of MOF nanoshell structures according to the 
application requirements is urgent and crucial.

(ii) Standardized large-scale production remains impossible. 
Currently, most MOF nanomaterials are still in the laboratory 
research stage. Due to the lack of uniform standards and speci
fications, the comparability between different research results is 
poor, thus limiting market acceptance. Furthermore, controlling 
the morphologies and structures of MOFs is often challenging 
when scaling up production. Therefore, developing novel tech
nologies with simplified preparation processes and low costs to 
realize the large-scale production of MOF-based nanozymes re
mains a pressing challenge.

(iii) The relationships between the composition of a MOF and its 
biomedical properties remain unclear, particularly in terms of 
synergistic effects between different components or structures. 
Numerous studies attribute the diagnostic and therapeutic effects 
against certain diseases to synergy, yet the specific mechanisms 
are not fully elucidated. Furthermore, animal model studies 
currently lack clear indicators to support the application of 
existing MOF-based sensors in disease monitoring in the human 
body.

(iv) The category of MOFs suitable for use in diagnosing internal 
diseases is very limited. Several MOF-based nanozymes contain
ing heavy metals lack biocompatibility, rendering them ineffec
tive for metabolism in the human body. This leads to their long- 
term accumulation and potential toxicity, rendering them un
suitable for use in monitoring internal diseases. Consequently, 
the variety of MOFs that can be used in diagnosis is restricted.

(v) Inadequate targeting specificities are challenges in the applica
tion of MOFs. The high surface areas and porosities of MOFs 
render them prone to nonspecific adsorption. While surface 
modifications can enhance the targeting specificities of MOFs, 
current functionalization methods require further optimization to 
increase the affinities towards target molecules. Moreover, 
various interfering substances in the monitoring environment 
limit the capacities of MOFs to effectively recognize and bind to 
target molecules in complex biological media.

(vi) Limited clinical research regarding MOF-based nanozymes has 
been reported. Currently, most studies regarding the application 
of MOF-based nanozymes in disease diagnosis predominantly 
focus on basic experiments, without sufficient preclinical and 
clinical trial data to support practical implementation. The 
challenge of translating fundamental research findings into clin
ical applications remains significant.

(vii) Low market acceptance poses a barrier. Currently, conventional 
methods of disease diagnosis and monitoring in clinical settings 
are relatively well-established. Consequently, the integration of 
MOF-based nanozymes into current technologies is met with low 
acceptance levels from clinical practitioners and healthcare in
stitutions, serving as a significant obstacle to their widespread 
adoption.

7.2. Recommendations

(i) Establish a standardized process for use in preparing MOF-based 
nanozymes to simplify the production steps, reduce costs, and 
increase their yields. Additionally, develop innovative synthetic 
strategies to precisely control key parameters, such as the mor
phologies, sizes, wall thicknesses, porosities, and compositions of 
MOF-based nanozymes based on the application requirements.

(ii) Utilize advanced characterization techniques to systematically 
evaluate the structures, compositions, and other key parameters 
of MOF nanomaterials. In addition to conventional character
ization methods, employ cutting-edge in situ techniques to 
monitor key indicators in real time during processing. This shall 
aid in a deeper understanding of the relationships between their 
structures, compositions, and performances, elucidating the 
mechanisms of action and reliabilities of MOF-based nanozymes 
in disease diagnosis.

(iii) Fabricate novel sensors for use in biomedical applications. 
Develop sensors with superior performances for use in the 
underexplored areas of disease diagnosis, such as hematological 
disorders, by leveraging MOF-based nanozymes with diverse 
structures and compositions. Furthermore, integrate chemo
therapy drugs, immunotherapies, gene therapies, and biologics 
with MOF-based nanozymes to realize synergistic effects between 
diagnosis and treatment, enhancing the overall therapeutic 
outcomes.

(iv) Address the biocompatibilities of MOF-based nanozymes. 
Develop MOF materials with enhanced biocompatibilities by 
prioritizing naturally occurring or biodegradable metals and 
organic ligands. Additionally, employ surface modification 
techniques to reduce material toxicity and improve its compati
bilities with biological environments, ensuring safety in 
biomedical applications.

(v) Select more stable combinations of metals and organic ligands in 
preparing MOFs or enhance their structural stabilities via cross
linking, encapsulation, and other methods to ensure their pro
longed use within biological systems.

(vi) Conduct thorough validation in animal models and clinical trials 
to confirm the safeties and efficacies of MOF-based nanozymes. 
Establish standardized operational procedures and data analysis 
methods, systematically comparing the experimental results with 
those of established clinical techniques to facilitate the trans
lation of MOF-based nanozymes into clinical practice.

8. Conclusion

The present review article explores the emerging field of MOF-based 
nanozymes in analytical and sensing applications, particularly placed on 
its utilization in the domain of clinical medical detection. MOF-based 
nanozymes exhibit catalytic properties that offer synthetic utility and 
potential as prebiotic catalysts, driving chemical transformations. These 
properties also enhance sensing platforms by serving as versatile 
amplifying transducing labels for detecting various target analytes. The 
diverse compositions, porosity, size and shape-dependent functionality, 
chemical stability, and selectivity of nanozymes make them appealing 
components for analytical tools. Our recent research efforts have 
focused on utilizing MOF-based nanozymes as amplifying labels in 
sensing platforms, with applications in clinical diagnostics. Some 

Fig. 20. (A) Antimicrobial activities (a); photographs of the E. coli and S. aureus inhibition rate (b). (B) Smart labels made of SP/Cu-MOF composite films were 
utilized to track the freshness of shrimp stored at two different temperatures, 28 ◦C and 4 ◦C. (a) real-time picture at 28 ◦C, (b) real-time picture at 4 ◦C. Reprinted 
with permission from Ref. [349]. (C) Photograph of 10 dye/MOF/PAN and Pd2+/dye/MOF/PAN NFM (a); Preparation of the colorimetric elements using laser 
etching technology (b); Photograph of the sensor based on dye/MOF/PAN and Pd2+/dye/MOF/PAN NFM (c). (D) Sensor arrays for detecting fruit ripening; (a) 
Schematic illustration of a wearable colorimetric sensor array device and the data acquisition methods; (b) RGB difference values of the sensor for detecting VOCs 
emitted by bananas during storage. Reprinted with permission from Ref. [351].
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nanozyme materials, such as Prussian Blue and superparamagnetic iron 
oxide nanoparticles have already obtained approval from the US Food 
and Drug Administration (FDA) for therapeutic purposes, indicating the 
potential for these MOF-based nanozymes to be used for in vivo sensing 
applications. However, how to mitigate toxicity of MOF-based nano
zyme for future biomedical applications are still a vast challenge. Before 
their clinical implementation, it is imperative to thoroughly assess the 
biocompatibility and toxicity of MOF-based nanozyme. Such as estab
lishing the standardized toxicity testing protocols, determining suitable 
animal models for preclinical investigations, developing cost-effective 
and scalable techniques for MOF-based green synthesis and functional
ization, and evaluating their long-term biocompatibility and stability in 
vivo.
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