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a b s t r a c t

Nanozymes are the paradigm for bridging inorganic nanomaterials with biology and environment for tak-

ing the spontaneous responsibilities to outplay natural enzymes. Metal-organic frameworks (MOFs) are

mesoporous materials of inorganic-organic coordination, bearing ampoules of active/target sites and hav-

ing the tendency to mimic natural enzymes. Thus MOF-based nanozymes (NZs) could be recognized for

their tremendous potential for bio-catalysis. However, MOFs are of four types namely: modified MOFs,

pristine MOFs, MOF-derived materials and MOFs comprised of natural enzymes. The MOFs-based NZ

modulated via ultrasound, light, and heat revealed diversified applications. This article is concentrated on

different methods for the preparation of MOF-based NZ for mimicking the responses of catalases, multi-

functional enzymes, oxidases, superoxide dismutase, hydrolases, and peroxidases, progress and challenges

of MOFs/MOF-based materials for exploiting their recent and futuristic approaches in biomedical sector.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Despite of the potential impacts (brilliant biocatalysts), natu-

ral enzymes (NEs) are facing difficulty with their production and

scale-up (because of poor stability, expensiveness and complex

synthetic procedures) resulting in the search for substitutions [1].

The stability and the catalytic responsiveness of NEs considerably

declined at the extreme temperature and pH conditions [2]. Due to

stringency in purification and preparation of NEs, they seem to be

very much costly. Conversely, nanozymes (NZs) are found to be the

specific alternatives with tremendous intrinsic catalytic responses

revealing with a considerable prolonged stability, and composi-

tion/size dependent affinity [2]. The larger surface areas provided

with NZs further facilitates some essential modifications followed

by bio conjugation and nano incorporation [3]. The concept of NZ

got popularized in 2007 with the advent of Fe2O3 nanoparticles

(NPs) resembling peroxidase-like activity [4,5] and further explored

with nanomaterials as potential enzymes in different research out-

comes [6]. NZ are defined as metal oxides [7–10], carbon-metal

nanomaterials [11,12], NPs [7], along with their composites reveal-

ing enzyme-like responses [13]. Within a span of 16 years, over
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320 types of NZ have been reported by 300 laboratories globally,

which seems to be a paramount achievement in the segment of

bio-catalysis and turned out to be a crucial alternative to the nat-

ural ancestors with eco-friendly, and diversified applications [14–

25]. The approach of nanozyme leads to the development of more

stable and recyclable biocatalysts in accelerated pressure and tem-

perature condition [26–30]. With some crucial surface modifica-

tions, such elements are actively imparting antibacterial activity,

potentially explored as biosensors and useful in cancer theranostics

[31,32]. Regardless of the superiority of NZ over natural ones, the

NZ are greatly constrained with their intrinsic catalytic activities

because of the reduced number of active sites, aggregation ten-

dency and lack of multilevel structure. In order to overcome such

discrepancies, metal-organic frameworks (MOFs) as well as their

respective derivatives were envisioned for exploring the research

arena [32].

MOFs are the class of mesoporous crystalline materials, struc-

turally oriented via self-assembled organic ligands and ions of

transitional metal. The MOFs are usually enabled by biocatalysis

of drugs and their release. However, the physiological degradation

of MOF as well as MOF-mediated composites (like MOF/enzyme,

MOF/SiO2, and MOF/Ag composites) may lead to inhibiting the

dissolution rate of some drugs/elements. Therefore, MOF-based

derivatives (like metal oxides/carbon NPs, oxides/carbon NPs, nano-

https://doi.org/10.1016/j.cclet.2023.109381

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



M.K. Sarangi, L. Patel, G. Rath et al. Chinese Chemical Letters 35 (2024) 109381

materials from metal/carbon and carbon-based nanomaterials)

could be developed to overcome such issues [33–40]. The MOFs

could be further of several types such as: (1) Isoreticular MOFs:

These are microporous octahedral crystalline materials usually syn-

thesized by a series of aromatic carboxylates as well as [Zn4O]
6+

SBU. It was reported that, the synthetic nanosheets of IRMOF-3

is highly efficient with utmost selectivity/sensitivity for recogniz-

ing 2,4,6-trinitrophenol for wastewater management [41,42]. (2)

Zeolitic imidazolate frameworks (ZIFs): Zeolitic imidazolate frame-

works comprised of ZIF-90, ZIF-8, ZIF-71, ZIF-L, ZIF-7, and ZIF-67

[43]. They contains imidazole derivatives showing valence elec-

trons. They revealed maximum acid sensitivity, lower cytotoxic-

ity, showing greater surface area, and massive pore size [44]. The

MOF- ZIF-8 designed by Pan and co-workers are highly involved

in detection of the DNA of HIV-1 [45]. A substantial pore size

along with the marvellous chemo-thermal stability of ZIFs are re-

flecting a benchmark for development of networks for generat-

ing novel MOF composites [46,47]. (3) Porous coordination net-

works (PCNs): PCNs like PCN-224, PCN-222, PCN-333, and PCN-57

are the 3D stereo-octahedron materials, with a surface topology

of hole−cage−hole pattern [43]. Among the above types, PCN-222

MOF has been extensively exploited in designing of electrochemi-

cal sensor for DNA detection [48]. (4) Materials institute lavoisier

(MIL) MOFs: MIL-MOFs comprised of MIL-100, MIL-101, MIL-88,

MIL-53, and MIL-125 under elemental synthesis revealed valence

electrons along with two carboxylic functional groups [43,49]. (5)

Porous coordination polymers (PCPs): They are the synthesized ei-

ther by pyridine or by carboxylic acid [43]. The first 3D network

assembly of Prussian blue was synthesized by Ludi et al. [50]. Sim-

ilarly, PCP Zn(NO2-ip)(bpy) was immobilized on QCM surface for

sensing the organic vapours [51] and bio-macromolecular separa-

tion [52,53]. (6) University of Oslo (UiO) MOFs: The dicarboxylic

acid based UiO-MOF such as Zr6 (μ3-O)4(μ3-OH) as SBU and PBU

was synthesized for the first time by Lillerud et al. [54]. UiO-

66(Zr) was developed from BDC and ZrCl4 via solvothermal tech-

nique through tetrahedral and octahedral pore cages [54]. UiO-66

revealed a superb thermodynamic stability at an extreme pH con-

dition (at pH 14) and can successfully be implemented as a su-

per capacitor electrode material [44]. Meanwhile, numerous MOFs,

such as, Pohang University of Science and Technology (POST-n)

[55], Northwestern University (NU) [56], University of Nottingham

(NOTT-n) [57], Dresden University of Technology (DUT-n family)

[58], Christian-Albrechts-University (CAU-n family) [59], and Hong

Kong University of Science and Technology (HKUST-n) [60], have

recently emerged [61] with specifically deployed in several bio as-

sisted approaches [62]. It has been reported that MOFs like MIL-

88, MIL-53, MIL-101 and MIL-100 have revealed superior catalytic

efficacy [40,63]. MOFs are further modified with metal NPs for ex-

ploiting their distinct structure [22,64] and metal oxide [65] leads

to an enhanced catalytic response. Natural enzymes entrapped into

the networking of MOF-based materials play a pivotal catalytic re-

sponse at diverse microenvironments with utmost stability [66,67]

compared to their pristine MOFs. The derivatives of MOF (based

on metal oxides and porous carbon materials) can also be devel-

oped/synthesized via etching [40] and pyrolysis [68–74] for mim-

icking miscellaneous responses [75–77]. Despite the synthetic inor-

ganic versions, MOFs could also be existing as MOF nanosheets and

polyhedral MOFs with altered shapes and sizes [78]. The MOFs are

also explored for the detection of several bio elements such as glu-

tathione (GSH) [79] and glucose [80]. However, microenvironments

such as temperature, pH and the concentration of H2O2 along with

several stimuli for example ultrasound, magnetic fields, light and,

heat leads to impact the catalytic efficacy of MOF-modulated NZ

[81–89].

The current review is summarized with the development of nu-

merous MOF-modulated NZ and their resemblance towards the re-

sponses of superoxide dismutases (SODs), peroxidases, catalases,

oxidases, and multi-functional enzymes. We also have discussed

various biomedical approaches of MOF-based nanomaterials such

as anti-bacterial, sensing, anti-inflammatory and wound healing re-

sponses, Imaging, gene therapy, diabetes and chemotherapy.

2. Preparation of MOF-modulated nanozymes

The MOFs repeatedly endowed with metal nodes and/or or-

ganic ligands turns their catalytic response abundantly towards

manageable enzymatic activities. The multilevel porosity enables

tremendous connection within the substrates vs. active sites, re-

vealing an unstoppable diffusion as well as the product transmis-

sion [90]. Moreover, the uniformity in size followed by the chan-

nel shaping of MOFs make them specific to be involved for size-

oriented catalytic responses. Hence, MOFs and MOF derived en-

zyme responses make a unique portfolio with respect to their ap-

proaches [90]. Numerous methodologies were being reported ear-

lier for development of MOF-modulated NZ. The unmodified pris-

tine MOFs denoted limited catalytic activity up to a certain extent

with a single application and followed a simplified synthetic pro-

cedure. For example, the solution of FeCl3·6H2O (in DMF) on ad-

dition with TA developed MIL-53 with continuous mixing for half

an hour [91]. Similarly, the combination of HEPES buffer (at pH 8.0

and 10mmol/L, in 700mL), H3BTC (25mmol/L, 200mL), and CuCl2
(50mmol/L, 100mL) at room temperature resulted in the devel-

opment of Cu/H3BTC MOF [92]. Such limitations can be overcome

by mounting NZ derived from MOFs, modified MOF materials, and

MOF@natural enzymes.

2.1. Oxidases

Oxidase (OXD) a big bow in the enzyme category that used

to catalyse a redox reaction where molecular O2 is acting as

electron acceptor towards substrates oxidation. Among various

OXD, cytochrome c OXD, nicotinamide adenine dinucleotide phos-

phate OXD, glucose OXD, cytochrome P450, monoamine OXD, and

sulfhydryl OXD are name a few those leads to oxidation of thiol

groups. Rossi et al. revealed that AuNPs showed the property of

glucose OXD in presence of O2 [93] Similarly, Chen et al. reported

the development of UMOF@Au through the integration of ultra-

small Au NZs+NPs coated with Zr/Fe-MOF [94]. Further it was

denoted that, the developed UMOF@Au NZ has potentiated the

impact of nanoreactor towards an effective cascade of biocataly-

sis for the generation of singlet oxygen (1O2) under the near in-

frared (NIR) irradiation. Wu et al. has fabricated MIL53(Fe)-X series

(X=CH3, NH2, H, F, OH, Br, NO2 and Cl) MOF-based NZs via the

substitution of H atom in 1,4-benzenedicarboxylic acid ligand [95].

Among the developed NZs, MIL-53(Fe)-NO2 was found to be ex-

hibited with a 10-fold better OXD-mimicking response than those

of the unsubstituted MIL-53(Fe) because of a strong electronega-

tive impact of –NO2 [90]. The materials growth (in-situ) on MOFs

is considered to be one of the interesting preparation methods for

modified MOF, where the MOF structural framework affects the

propagation of stable NPs by reducing their aggregation rate [96].

The camptothecin-loaded Au nanocomposites were developed by

exploring Fe-modulated MOF (in-situ) surface towards chemother-

apy [96]. MOF modified with PEG-SH (methoxy–polyethene glycol

thiol) and 1-dodecanethiol (C12SH) signified better stability [97].

Au NPs deposited over Cu-MOF-modulated electrode of glassy car-

bon via potentiostatic method dignified its miraculous catalytic ac-

tivity towards nitrite along with potential electrical conductivity

[98]. The development of polyoxometalate NPs and zeolitic imida-

zolate frameworks (ZIF) via the co-precipitation method showed a

brilliant electrocatalytic ability along with marvellous oxygen evo-

lution reaction accorded with long-term stability [99]. Pyrolysis is
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also considered one of the popular techniques for developing MOF-

based NZ to impart better catalytic response. Ce-MOFs under py-

rolysis generated CeO2 NPs, which leads to developing oxidase-like

activity [85]. In another study, one-pot pyrolysis has opted to de-

sign Co and N-doped NZ by using ZIF-67 (precursor) [100–102].

Enzyme immobilization in MOFs (MOF-based encapsulation) de-

noted induced reactivity compared with the free enzymes, thus

gaining greater popularity [103]. Zhao et al. suggested boric-acid-

functionalized MOFs (hierarchical porous MOF (MIL-88B) as a car-

rier towards glucose oxidase [104]. Similarly, Fe-MIL-88B-NH2 en-

capsulate glucose oxidase to reveal peroxidase-like activity, by of-

fering better stability compared to the free enzyme [105,106].

2.2. Peroxidases

Peroxidase (POD) are the group of enzymes leads to catalyze

substrates oxidation in presence of organic peroxides (R–OOH) or

H2O2. Yan et al. revealed the POD-mimicking activity of Fe3O4,

where the natural POD sites are widely occupied by multivalent

metal ions (Fe2+/Fe3+, Mn2+/Mn3+, or Cu+/Cu2+) to facilitate re-

action [107,108]. Hence, MOF-based NZs are of a great choice for

mimicing the POD (H2O2 on surface adsorption over MOFs leads

to catalysis of peroxy bond for generating hydroxyl radicals (OH)).

In another instance, Zhao et al. revealed the fluorescence detec-

tion of dopamine (via POD mimicking and catalysis of H2O2 modu-

lated OH to accelerate Fenton reaction for a better fluorescence ef-

fect) by using Fe-MIL-88 as a novel sensor [109]. Ranji-Burachaloo

et al. carried out a MIL-88B (Fe)–NH2 mediated partial reduc-

tion of Fe3+ into Fe2+ via hydrothermal method and further cat-

alyze the generation of OH via heterogeneous/homogeneous catal-

ysis [110]. Further, Wei et al. reported a brilliant performance of

ultrathin MOF nanosheets over a bulk MOF analog [111]. Lin et al.

has proposed the formation of Fe–N–C SAEs through pyrolysis of

Fe–Zn-MOF at a very high-temperature [112]. POD usually catalyses

H2O2 reactions over varied substrates. Numerous MOF-based NZ

(with suitable modifications) being developed for mimicking the

peroxidase-like NZ. Fu et al. developed the nanocube (Zr-Mn MOF)

via hydrothermal process (one-pot) revealing an excellent perox-

idase activity thereby promoting the conversion of H2O2 to –OH

[113]. Zhang et al. synthesized PtAu/ZIF-8-rGO (abridged graphene

oxide) NZ, which was proven to be an excellent H2O2 detector

in human serum [114]. Similarly, Fe3O4/MIL-101(Fe) and Fe-based

MOF (NH2-MIL-88B(Fe)) developed by Jiang et al. and He et al.,

via ultrasonic-assisted electrostatic self-assembly technology and

microwave heating respectively, catalyses the dimerization of o-

phenyl enediamine and H2O2; highly susceptible towards magnetic

fields [115,116]. Fe-modulated MOFs derived from hydroxyapatite

nanowires (ultra-long) were utilized for developing a nucleate MOF

nanofibers-based hydroxy–phosphorous limestone [83,117]. Phenyl

selenyl bromide grafted on UIO-66-NH2 (a Zr-modulated MOF) was

applicable as energy donors and showed better catalytic response

[80]. MOF NZ based on particles of Prussian blue, imparted a cat-

alytic response with a magnitude of four times higher than the

natural peroxidase [118,119]. Different techniques for preparation

for numerous MOF-modulated nanozymes were stated in Table 1

[4].

2.3. Catalases

Catalase (CAT) was responsible for the decomposition of H2O2

into H2O and O2 thus protecting the cells from oxidative damage.

Tsung et al. revealed the synthesis of CAT@MOF via de novo ap-

proach [120] with the help of ZIF-90 ([Zn(ica)2], ica=2-imidazole-

carboxaldehyde) MOF maintaining a smaller size than that of

the enzymes [121]. The developed CAT@MOF denoted an ele-

vated chemo-thermal stability along with protection against pro-

teinase K. NZs with CAT-mimicking response gets encapsulated

easily [122,123] Wang et al. reported a MOF-modulated NZs via

pyrolysis of analog Mn3[Co(CN)6]2 and Prussian blue under aero-

bic conditions [124]. The mesoporous NZs of CAT were predomi-

nantly associated with NIR irradiation, and enhanced PDT efficacy

in both in vivo and in vitro conditions [90]. The decomposition of

H2O2 via MOF-based materials simulates catalases, thereby result-

ing in the formation of O2, which could be applicable for photo-

dynamic therapy (PDT). Liu et al. developed a MOF encapsulated

with black phosphorus quantum dots and catalase on both exte-

rior as well as interior surfaces and was responsible for converting

H2O2 to O2 thereby accelerating the production of 1O2 [125]. Sim-

ilarly, Yang et al. developed the formation of Pt NPs of the reduced

size range in MOF-derived carbon NZ, thereby modulating the en-

dogenous catalysis of H2O2 for generating O2 [126,127].

2.4. Superoxide dismutases

Superoxide dismutase (SOD) is a brilliant antioxidant usually

found in several plants, animals, and microbiotas which pro-

tects the internal cells/tissues from the oxidative stress mediated

damage. Usually multivalent metal ions such as Cu2+, Fe3+/2+,
Ni3+/2+ and Mn3+/2+ are having the tendency to showcase SOD-

mimicking activity. Qu et al. developed ultrasmall Cu-TCPP MOF-

based nanodots (TCPP= tetrakis(4-carboxyphenyl) porphyrin) with

SOD-mimicking activity [128,129]. The prepared nanodots exhib-

ited equivalent size to that of the natural enzymes, along with re-

vealing more accessible catalytic sites towards the substrates fol-

lowed by a faster diffusion tendency with a smart renal clear-

ance to manage toxicity. Thus, the outcome of the research was

further denoting an admiring response (in vitro/in vivo) by the

NZs that leads to alleviate an acute renal injury with a safe

and efficient way [90]. Numerous inflammatory processes asso-

ciated with the human body lead to the overproduction of su-

peroxide dismutase, resulting in the instigation of several res-

ident immune cells thereby perpetrating the damage of organ

and secondary tissues. SOD is a particular enzyme system re-

sponsible for regulating the equilibrium condition by preventing

the catalysis of free radicals of superoxide to form H2O2 and O2

[130]. Zhang et al. developed MOF dots of Cu-5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrin (TCPP) via a liquid exfoliation approach

that leads to mimics the effect of SOD for controlling reactive oxy-

gen species (ROS) level and preventing inflammations [130]. NPs of

Prussian blue (PBNPs) mimicking SOD activity slaked free radicals

of superoxide (O2
−) at a varied pH level [130].

2.5. Hydrolases

Hydrolases are the class of transferases enzymes used for

catalysing hydrolysis. Soybean epoxy hydrolase (SEH) via cross-

linking and precipitation was mounted over the surface of UIO-66-

NH2 MOF. The resulting nanozyme (SEH@UiO-66-NH2) was config-

ured with SEH loading of 87.3mg/g and showed responsiveness of

88% higher than that of free SEH along with thermos-stability, sta-

bility in diversified pH, and a better chemical tolerance towards

several organic solvents [131].

2.6. Glutathione peroxidase

Glutathione peroxidase (GPx) is considered as another versa-

tile oxidation–reduction enzyme that usually protects the organ-

ism from oxidative stress/damage [132]. Despite of the tremen-

dous prosperity of GPx towards the management of intracellular

redox homeostatis, it usually faces some common issues like poor

bioavailability and low stability. However, NZs offer extraordinary

responses for boosting up the impact of GPx. The GPx-mimicking

3
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Table 1

Preparation techniques for various MOF-based nanozymes.

Enzymes Materials Classifications Preparations

Peroxidase Mn–Zr MOF Modified MOF One-pot hydrothermal

process

AuPt/ZIF-8-rGO Modified MOF Simple wet chemical

process and in situ-

reduction

Fe3O4/MIL-101(Fe) Modified MOF Ultrasonic-assisted

electrostatic self-

assembly technology

NH2-MIL-88B(Fe) Modified MOF Microwave heating

HAP@MIL-100(Fe) Modified MOF Template method

Prussian blue particles Unmodified MOF H2O2 catalytic

activation

PB/MIL-101(Fe) Modified MOF In-situ growth

Co3O4@Co-Fe oxide

DSNCs

MOF derivatives In-situ growth

Oxidase Au/FeMOF@CPT Modified MOF Simple wet method

Au@Cu-MOF Modified MOF Co-precipitation

ZIF-8@ZIF-67@POM Modified MOF One-pot pyrolysis

CeO2 MOF derivatives One-pot pyrolysis

Co,N-HPC MOF derivatives Simple pyrolysis

Fe–N/C MOF derivatives Solvothermal method

and pyrolysis

C-CoM-HNC MOF derivatives –

GOx@HP-MIL-88B-BA MOF@natural enzymes Amidation coupling

reaction

GOx@Fe-MOF MOF@natural enzymes –

GOx@MOF-545(Fe) MOF@natural enzymes –

LDH@NU-100x MOF@natural enzymes –

SOD Cu-TCPP MOF dots Modified MOF Liquid exfoliation

Catalase BQ-MIL@cat-MIL Modified MOF In-situ growth

Pt-C MOF derivatives In-situ reduction

Oxidase and

peroxidase

Au/Cu-TCPP(M) Modified MOF In-situ growth

MOF(Co/2Fe) Modified MOF Hydrothermal method

Ce-BPyDC Modified MOF Hydrothermal method

Soybean epoxy

hydrolase

SEH@UiO-66-NH Modified MOF Precipitation and

cross-linking

Reductase Fe–N–C MOF derivatives Thermal conversion

Co–Fe alloy@N-doped

carbon hollow spheres

MOF derivatives Pyrolysis

Carbon nanotubes MOF derivatives Pyrolysis

Note: GOx: glucose oxidase; LDH: lactate dehydrogenase; HAP: hydroxyapatite.

NZs responses are governed via generation of MnO2 nanoparti-

cles, that leads to catalyses the oxidation of GSH to GSSG followed

by conversion of Mn4+ into Mn2+ [133]. Numerous metal oxides

those are associated with the mimicking responses for GPx in-

clude V2O5, Mn3O4, and CeO2. Very recently, By applying the en-

gineered ligand strategy Wei et al. revealed a tailored response to-

wards GPx-mimicking over MIL-47(V)-X MOF-based NZs via sub-

stitution of H atom by Br, F, CH3, OH, and NH2 groups in 1,4-

benzenedicarboxylicacid ligand [134] to develop MIL-47(V)-Br, MIL-

47(V)-F, MIL-47(V)-CH3 and MIL-47(V)-NH2. Among the developed

NZs, the isostructural MIL-47(V)-NH2 and MIL-47(V)-X MOFs, ex-

hibited optimum GPx-mimicking responses followed by excellent

(in vitro and in vivo) anti-inflammatory responses [90].

2.7. Multi-modal enzymes

Such types of NZ is considered the hybrid enzyme system

which is usually developed by combining multiple enzymes in lieu

of their catalytic activity. The glucose oxidase enabled ZIF-8 MOF

added to Fe-PDA (iron–polydopamine shell) resulted with an in-

dulged impact of a dual enzyme system (glucose oxidase and per-

oxidase) for a better chemical stability [135]. Similarly, the de-

velopment of a hybrid nanosheet (comprising of ultrafine-Au NPs

frilled over a nanosheet of 2D metal-porphyrin MOF (in situ)), Ce-

MOF, and a bimetallic (Fe and Co) doped MOFs revealed both oxi-

dase and peroxidase-like activity [136–138].

3. Advances in different MOF-based nanozymes

3.1. MOF-derived M–N–C nanozymes

Numerous MOF-derived carbon nanostructures (mesoporous)

were developed by using MOF derivatives as precursors [139]. Be-

cause of MOFs diversifications, carbonization was usually carried

out in varied gaseous environments like argon, hydrogen, and ni-

trogen with specific control over temperature to obtain carbon-

based formulations like pure carbon, alloy/carbon, and heteroge-

neous atoms doped with carbon (NZ like carbon dots, fullerene,

graphene oxide, carbon nanotubes, and carbon nitride) to de-

note better catalytic response [140,141]. The F127, containing phe-

nol/formalin/melamine as a reach source for N and C on pyrolysis

resulted in the formation of N-doped carbon nanospheres (N-PCNs)

revealed enzyme mimicking (POD, OD, SOD, and catalase activity

(CAT)) activities up to four times/folds with intracellular ROS gen-

eration towards cancer therapy [142]. The MOF-based metalloen-

zymes, showed great catalytic potential along with doped carbon

materials when combined with the moiety of M–N–C [143]. The

Ca/Mg/Al modulated, nitrogen-doped graphene components devel-

oped via MOFs carbonization demonstrated a potent oxygen re-

duction tendency, better catalytic response in alkaline media, and

a half-wave potential of 910mV [144–146]. By using the precur-

sor ZIF-8 MOF, Liu et al. developed a single-atom NZ of Zn−N4

via single-step carbonization (at 800 °C under N2 atmosphere)

4
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[147] and exhibited the role of photosensitizer along with the

response of POD-mimicking. Similarly, Fe–N4 NZ was developed

via carbonation (single-step) of ZIF-8 MOF at 900 °C (in the pres-

ence of iron phthalocyanine under nitrogen atmosphere) [148] and

showed a brilliant SOD and CAT-mimicking responses for elimi-

nating intracellular O2 and H2O2 to preserve the cells from oxida-

tive stress conditions. The development of Fe nanocatalyst (single

atom) via carbonization of MOFs through PEGlyation exhibited ex-

ceptional Fenton reaction towards the elimination of overexpress-

ing tumor cells [149].

3.2. MOF-derived carbon/metal oxide nanozymes

Apart from the developed NZ from M–N–C moiety, the NPs of

metal oxide are having vast applications because of their low-cost

synthetic procedures, flexible oxidation state, and greater ambi-

ent stability. Three different sizes of Fe3O4 NPs catalyze the oxi-

dation of 3,3′,5,5′-tetramethylbenzidine (TMB) under the presence

of H2O2 was reported by Yan et al. [150–152]. Nanourchins of

MoO3−x with an elevated surface area, denoted potential thera-

peutic responses (PDT) through multiple enzyme cascades [153–

157] Numerous mesoporous MOF-based derivatives were designed

(e.g., MOF modulated fluorescent carbon dots exhibiting excep-

tional fluorescent properties towards biosensing and bioimaging,

silica-coated MOFs of Mn3[Co-(CN)6]2 resulting an intrinsic CAT-

mimicking catalytic response towards H2O2 (intracellular) followed

by generation of O2 endogenously) [158,159]. The thermally trans-

formed crystalline cerium MOFs (CeO2NPs) into fine form was en-

capsulated in meso–porous frameworks of n-CeO2 NSs through

one-pot facile calcination under N2 atmosphere [160] revealed ex-

cellent oxidative damage followed by an induced energy deple-

tion chemotherapy via adenosine triphosphate deprivation with

minimum side effects. Huang et al. via low-temperature pyrolysis

assisted solvothermal reaction (at Ar atmosphere) fabricated Co-

mediated porous nanocages of C–CoM-HNC, where M stands for

Mn, Ni, Zn and Cu [161] and revealed the tailoring of a better sur-

face adsorption of energy (due to incorporation of Cu) followed by

a d-band density in C–CoCu-HNC nanostructure resulting in mim-

icking of nanozyme and activates peroxymonosulfate towards elim-

ination of organic pollutants [162].

3.3. Ferrum-based nanozymes

In today’s era, the ferrum (Fe)-based NPs are widely recognized

for numerous biomedical applications such as in CAT mimetic

properties, POD mimetic activity, and magnetic resonance imaging

(MRI) [163,164]. Mesoporous silica NPs encapsulated with Fe3O4

NPs and glucose oxidase (GOD) were found to be effective to-

wards tumor catalytic response via the production of –OH [165–

167]. As per the investigation of Gao et al. an increased proportion

of Fe2+/Fe3+ from Fe3O4 would be achieved while treated with

NaBH4, which helps in mimicking peroxidase-like activity whereas

a reduced proportion of Fe2+/Fe3+ (via NaIO4 treatment) leads to

reduction in POD-like response of Fe3O4 [168]. However, it has also

been reported that the enzyme-like activity of the Fe3O4 could

also be influenced via alteration in temperature, pH, and dimen-

sion of NPs. Wang et al. revealed that, in the physiological envi-

ronment, the reducing agent (l-cysteine/NADPH) could be able to

restore Fe2+ as well as Fe3+ on Fe2O3 surface potentiating the ·
generation –OH [169]. Chen et al. envied that, γ -Fe2O3 and Fe3O4

NPs at pH 4.8, exhibited better POD-like responses, whereas at pH

7.4, they exhibited CAT-like responses [170]. In tumor tissues, the

overexpression of GSH leads to the reduction of Fe3+ to Fe2 and

subsequent rise of the ROS level resulting destruction of tumor

cells/tissues. With CAT-like response, Fe-based NZ (e.g., develop-

ment of Fe3O4 (Fenozyme) modulated recombinant human ferritin

(HFn) with the capacity of crossing blood-brain barrier) are associ-

ated with ROS-based therapy of cerebral malaria in mice [171].

3.4. Molybdenum-based nanozymes

Molybdenum (Mo) NPs has also fascinated substantial courtesy

as NZ [172–174] imparting catalytic mimicking activity as of CAT,

OXD, SOD, and sulfite oxidase [175,176]. However, because of their

constraints (carrying both oxidative and antioxidative activities)

they are limited with their biomedical applications. MoO3-x nan-

odots were synthesized by Han et al., with SOD and CAT mimick-

ing activities against Alzheimer’s disease [177]. The pH-modulated

multi-enzymatic activity-based MoO3-x nanourchins (MoO3-x NUs)

were synthesized by Hu et al. for tumor therapy [178] revealed

maximum biocompatibility (at physiological pH) because of the

maximum stimuli-responsive biotransformation. Under acidic and

high H2O2 conditions, MoO3-x exhibited the best catalase activ-

ity to reduce the high concentration of Mo5+ atoms. MoO3-x also

demonstrated OXD-like response by converting H2O2 to O2 en-

dogenously, thereby resulting a better tumor-specificity by control-

ling the toxicity (acidic approach) of NZ.

3.5. Iridium-based nanozymes

Iridium (Ir) based NPs (NZ) showing CAT-like responses (via ox-

idation of metals) are widely applicable for their biomedical solic-

itations [179,180]. Su et al. revealed the formation of PVP-Ir NPs

(upon the exposure of IrO2 to H2O2) enabling CAT-like activity

[181]. The electron transfer mediators demonstrated the genera-

tion of PVP-Ir NPs reporting POD like activities by preventing reac-

tive nitrogen species (RNS) and ROS-mediated alleviation of acute

kidney injury (AKI) [182]. Ir-oxide (IrOx) was also reported to pos-

sess pH-dependent CAT-like and acid-activated OXD like activities

towards tumor targeting [183].

3.6. MOF-derived metal NPs/Carbon nanozymes

Because of the convenient synthetic procedure and facile post-

synthetic surface alteration, metal NPs are excellent towards their

role as sensors, detection, catalysis, and imaging. Rossi et al. un-

veiled the GOx-mimicking catalytic responses for the unaltered

gold NPs [184]. Lin et al. reported that the catalytic efficacy of un-

modified gold NPs was found to be maximum compared with the

citrate-capped and amino-modified AuNPs towards oxidation of

2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and

TMB [185]. In a different study, it has been observed that cysteine-

adapted AuNPs unveiled POD-mimicking, whereas the citrate-

modified AuNPs denoted GOx mimicking responses [186]. The

growth of metal-conjugated M–N–C NZ, from a single-atom to a

NPs scale, revealed the formation of another category of MOF,

known as metallic composite/carbon or the metal/carbon hybrid

with a more advanced catalytic efficacy [187]. MOFs via calcination

get transformed into mesoporous carbon, forming metal nanocom-

posites with better catalytic and enzymatic activity. The CUNPs en-

capsulated within mesoporous carbon resulted in the formation

of Cu-based MOFs. The resultant composites of Cu/C exhibited a

higher H2O2 affinity with enhanced POD-mimicking responsive-

ness compared to the commercial horseradish peroxidase (HRP). A

mesoporous carbon hybrid (N and Co co-doped) was synthesized

by Huang et al., with improved OD mimicking response towards

the detection of glutathione (GSH) [188]. The ZIF-67 MOF via py-

rolysis (one-pot) resulted in the formation of carbon nanomaterials

and revealed an OD-impersonating response towards TMB, ABTS,

and O-phenylenediamine (OPD) in the H2O2 absence [188,189].

Yoon et al. developed Cu@C-500 nanozyme (HKUST-1) from a Cu-

modulated MOF. The GOx, in combination with Cu@C-500 explored

5



M.K. Sarangi, L. Patel, G. Rath et al. Chinese Chemical Letters 35 (2024) 109381

POD-mimicking catalytic response towards bio sensing of glucose

[189].

3.7. MOF-based linker exchange strategy

Unlike several NZ (pristine derived MOFs), most of the MOFs

showed enzyme-mimicking (intrinsic) responses based on their

Lewis base and acid existing active sites. Numerous MOFs such

as Zr-modulated UiO-MOFs (where UiO=University of Olso), Ni-

modulated MOFs, Fe-based MIL-MOFs (MIL=Material Institute of

Lavoisier), Prussian blue-based MOFs and Cu-modulated HKUST-

MOFs (HKUST stands for Hong Kong University of Science and

Technology) having POD-mimicking catalytic response were being

fabricated [190]. MOFs like UiO-66 developed several novel deriva-

tives with prismatic catalytic responses. UiO-66-NH2 revealed a

20-fold increment in hydrolysis of phosphate-ester than that of

UiO-66 MOF after organic linker exchange by amino groups [191].

The substitution of 2-methyl imidazolate (2-mim) via imidazo-

late in nBuOH of ZIF-8 system, exhibited a tremendous increment

in Brønsted base catalytic response compared to the parent ZIF-

8 MOF [192]. Similarly, Qu et al. generated PZIF67-AT NPs show-

ing SOD-mimicking response to develop H2O2. The over-expressed

H2O2 is further catalysed to form OH free radicals thus, stimulating

Fenton reaction-modulated chemo dynamic therapy (e.g., tumor

suppression by PZIF67-AT nanozyme in the mice bearing Murine

hepatoma tumor cells) [193].

3.8. MOF-based metal doping strategy

In contrast to the post-synthetic linker exchange, MOF deriva-

tives resulted in the engineering of metal nodes exhibiting with

enhanced enzyme-mimicking responses [194]. The development

of metal nodes along with the organic linkers enhances the en-

zyme linked catalytic responses of the pristine MOFs towards a

targeted approach for regulating the MOF-based derivatives [195].

The 2,2′-bipyridine-5,5′-dicarboxylic acid ligand bridged with Zr4+

and further altered with Cu2+ and bipyridine species resulted in

the formation of UiO-based MOF NPs [196] and possess an en-

hanced catalytic response for oxidation of dopamine compared to

Cu2+ alone as well as in combination with bipyridine. Similarly,

Fe metal nodes binding with aliphatic diamines resulted in MIL-

100(Fe), which could provogue the POD-linked catalytic function-

alization of MOFs [197]. Besides transitional metal nodes, the no-

ble metals could be associated with the development of MOF with

better catalytic and/or enzyme-mimicking efficacy [198]. For regu-

lating as well as anchoring electronic potentialities of single metal

atoms, Wang et al. developed a series of synchronized single-atom

metal sites (Cu, Co, and Au) by using Zr-modulated porphyrin MOF

resonating nanotubes [199].

4. MOF-based nanozymes with their theranostic approaches

4.1. Biosensing

MOF-based NZ have been designed to develop sensors for

the detection of several ions (H2O2) and biomolecules (macro

and micro molecules) by implementing fluorescence, colorimetric,

and electrochemical methods. Based on two constraints (detection

ranges and limits) MOF-based NZ can be applicable as biosensors

in an extreme concentration environment (for a wide detection

range), and detection at specific regions with more accuracy (sub-

jecting to a narrow detection range). The sensitivity of the biosen-

sor was signified by its limit of detection [200].

4.1.1. Detection of biomolecules having the smaller size

MOF-based nanozymes are usually implemented for the detec-

tion of glucose thereby treating diabetes via monitoring the level

of elevated blood sugar level via colorimetric detection technique.

Zhao et al. reported that, the Fe(III)-BTC MOF resonated with glu-

cose oxidase could also be useful in detecting the glucose within a

5–100 μmol/L level [201]. NiPd NPs and glucose oxidase immobi-

lized on ZIF-8 showed a peroxidase-like activity and were useful in

the rapid detection of glucose [202]. GOx@MOF-545(Fe) developed

by Zhong et al. enabled glucose detection at 0.28 μmol/L, with

maximum specificity and effectiveness (92%) [107]. Table 2 show-

ing the summary of applications for several MOF-based nanozymes

in detection of several components [200,203].

ZIF-67/TiO2 doped with Cox Oy Hz nanotubes at a detection

limit (0.03 μmol/L) and range (0.1 μmol/L to 1mmol/L) was highly

applicable for sensing a high concentration of glucose via fluo-

rescence and colourimetric detection principles [204,205]. MOF-

based nanozyme MIL-53(Fe) was useful in catalyzing glucose ox-

idation and H2O2 with terephthalic acid (TA) and was found to

be sensitive for the detection of glucose [206]. The chemilumi-

nescence efficiency (up to 35%) was achieved by a Cu2+ altered

nano MOF (nMOF) in the presence of H2O2 and luminol [207]. A

thorium-based MOF (Th-MOF) nanozyme detected the uric acid

via the generation of H2O2 [208]. Via colorimetric analysis, Cu

(PDA)-(DMF) MOF was able to detect salicylic acid [209], ascorbic

acid [210], dopamine content [211] and thiamine [212]. NH2−MIL-

125(Ti) MOF added with Au is quite useful in the detection of pho-

tosensitive substances (hemicystine at the range of 1–10 μmol/L

and value of 0.15 μmol/L) [213]. Valekar et al. applied MOF grafted

with amine (TMBDA-MIL-100(Fe)) for fluorescence detection of

acetylcholine and choline at a minimum detection value of 0.036

and 0.027 μmol/L, respectively [214,215]. A hybrid (cholesterol ox-

idase+MOF) reported a high catalytic activity and determined

cholesterol (within a range of 0.06–15 μmol/L) at a detection limit

of 0.03mmol/L [216]. The Cu-MOF NPs developed by Wang et al.

not only catalyze H2O2 but also helps in the detection of Staphy-

lococcus aureus (at 50–10,000 CFU/mL) and within a limit of 20

CFU/mL [217]. Similarly, Fe-MOF NPs were used for the detection

of Salmonella enteritidis at a detection value of 34 CFU/mL, and a

recovery rate of 94.68%–124% (in milk) [218].

4.1.2. Ionic detection

MOF-modulated NZ are actively involved with ion detection in

biological and environmental segments. PtNPs doped UiO-66-NH2

NZ (mimicking peroxidase-like activity) were used for the adsorp-

tion of mercury ions and leads to remove Hg+ ions from water

(up to 99%) [219]. Ce-based MOFs (mixed valance) with oxidase-

like activity made a complex when added to single-stranded DNA

resulted in a high specificity towards the detection of Hg+ (within

a concentration of 0.05–6 μmol/L, along with the detection limit

of 10.5 nmol/L). Moreover, the sensor revealed a better specificity

towards the detection of Hg+ [220]. ZIF/GO hybrid NZ are highly

sensitive for the detection of Ag+ in water and human serum (at a

detection value of 1.43nmol/L) [221,222].

4.1.3. Detection of biomacromolecules

The biological macromolecules such as proteins and nucleic

acids were detected via MOF-based NZ. Wang et al. reported that

the phosphorylated proteins were detected by a Zr based MOF

(nanozyme) [223]. A Fe-MOF-GO-based nanozyme (with a detec-

tion limit of 0.268ng/mL) was involved in biomarkers detection

in human blood via exposure of wood smoke (benzo(a)pyrene

diol epoxide (BPDE)-DNA) [224]. For thrombin detection in human

serum, a colorimetric method was suggested by Wang et al. us-

ing an iron-mediated MOF (Fe-MIL-88A) aptamer with a very high

specificity [225]. Li et al. carried out the detection of acid phos-

phatase (at a detection value of 0.005U/L with a concentrations

range within 0.01U/L and 30U/L) by using a MOF based catalyst

(NH2−MIL-101) by adapting the fluorescence detection technology
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Table 2

Application summary of numerous MOF-based nanozymes in detection of components.

Materials ranges Methods Target detection Limits (μmol/L) Range (μmol/L)

Fe-MOF-GOx Colorimetric Glucose 0.487 1–500

Fe(III)-BTC Colorimetric Glucose 2.4 5–100

GOx@ZIF-8(NiPd) Colorimetric Glucose 9.2 10–300

GOx@MOF-545 (Fe) Colorimetric Glucose 0.28 0.5–100

Fe3O4/MIL-101(Fe) Colorimetric Glucose 0.0049 0.005–0.1

CoxOyHz@ZIF-67/TiO2 Colorimetric Glucose 0.03 0.1–1000

MIL-53(Fe) Fluorescence Glucose 0.00844 0.5–27

Cu2+-NMOFs Fluorescence Glucose – –

Th-MOF Colorimetric Uric acid 1.15 4.0–70

Cu (PDA)- (DMF) Colorimetric Dopamine – –

MIL-68 or MIL-100 Colorimetric Ascorbic acid 6 30–485

HKUST-1 Fluorescence Thiamine 1 4–700

Au@NH2-MIL-125(Ti) Fluorescence Hemicystine 0.15 1–10

TMBDA-MIL-100(Fe) Fluorescence Choline 0.027 0.5–10

TMBDA-MIL-100(Fe) Fluorescence Acetylcholine 0.036 0.1–10

MIL-101(Fe) Fluorescence Choline 0.02 0.1–10

MIL-101(Fe) Fluorescence Acetylcholine 0.008 0.01–100

ChOx-MOF Fluorescence Cholesterol 0.03 0.06–15

Pt NP@UiO-66-NH2 Colorimetric Hg+ 0.00035 0–0.01

Ce-MOF Colorimetric Hg+ 0.0105 0.05–6

ZIF/ GO Colorimetric Ag+ 0.00143 0.002–0.005

Zr-MOF Colorimetric Phosphorylated proteins – –

MOF@Pt@MOF Electrochemical Exosomal miRNAs 2.9× 10−10 10−9–10−3

[226]. MOF-based bimetallic hollow nanocages (revealed oxidase-

like activity) with their metal doping and hierarchical structure

provides adequate numbers of active sites for the detection of

acetylcholinesterase within a range of 0.0001 mU/mL to 1 mU/mL

and under a detection limit of 0.1 mU/mL [103]. MOF-based NZ

are also engaged with the bio-sensing of several enzymes like de-

oxyribonuclease and phosphatase [227–229]. MIL-88@Pt@MIL-88, a

multiple-layered nanozyme material via electrical signal transduc-

tion used for detection of exosomal micro RNA (miRNA), as a tu-

mor biomarker [230]. Sun et al. developed a Fe3O4 (Fe3O4@UIO-

66/Cu@Au and Cu@Au modified magnetic nanozyme combined

with DNA nanotetrahedron towards the detection of cardiac tro-

ponin I (a biomarker of myocardial infarction) via electrical signal

transduction, maintaining a detection range of 0.05–100ng/mL and

detection limit of 16 pg/mL [231]. Ling et al. developed a NZ al-

tered with platinum NPs (Pt@P-MOF(Fe), used as a carrier towards

an assistant DNA strand (aDNA1) for the bio sensing of telomerase

along with the measurement of the concentration of HeLa cells

[232–237].

4.2. Cancer therapy

In today’s ear, cancer is considered a prime health issue around

the globe, caused by a malignancy associated with solid tumors.

Despite the availability of multiple traditional therapeutic ap-

proaches, the major concern includes low selectivity and substan-

tial side effects. To overcome/minimize the complicacy of tradi-

tional therapeutic approaches, several novel slants such as starva-

tion therapy, photodynamic therapy (PDT), chemo dynamic ther-

apy (CDT), photothermal therapy (PTT), immunotherapy as well

their combination has been implemented [238]. MOF-based NZ are

one of the exciting approaches towards tumor therapy signified

by adaptable chemical composition, varied catalytic structures and

virtuous biocompatibility [239]. The anti-tumor potential of MOF-

modified NZ is governed by the development/generation of 1O2,

HClO, –OH, ROS, H2O2 and O2. The surface of the nanomaterials

modulated via appropriate ligands or antibodies can leads to en-

riching them into the specific organs/cells within the body, e.g.,

targeting of triple-negative breast tumors via Zr-UiO-66 functional-

ized pyrene-derived polyethylene glycol (Py−PGA-PEG) conjugated

with (F3)-nucleolin ligand [240]. Zr-UiO-66 revealed a strong ma-

terial as well as radiochemical stability throughout several biologi-

cal media. Based on PET and cellular targeting analysis, it was ob-

served that Zr-UiO-66/Py−PGA-PEG-F3 could be an image-guided,

nano platform towards the delivery of tumor-selective cargo [241–

243].

Many anticancer drug moieties were targeted into the tumor

sites based on their passive enhanced permeation and retention

(EPR) effect. Passive targeting of PCN-224 was varied with respect

to the particle size of the nanoconjugates [244]. The TCPP@PCN-

24 revealed a best photodynamic therapy response at a parti-

cle size of 90nm and worst response at 190nm. The MOF of

AZIF-8 exhibited better anti-tumor response at 60nm because of

strongest retention at tumor site [245]. MOFs associated with spe-

cific ligands like RGD peptide, folate, and aptamers via mono-

clonal antibodies converted into immune microspheres and inhib-

ited by the macrophage uptake, thus targeted into the carcinoma

cells for exploring theranostic potentials [244]. Li et al. developed

FA/DOX@UiO-68 [246] and IRMOF-3@CCM@FA (for curcumin de-

livery into triple negative breast cancer cells) and confirmed the

tumor targeting of the nanosystem via the responses of an inter-

nal/external stimuli [247–250].

4.2.1. Chemo dynamic therapy

CDT is a smart approach towards cancer therapy in which the

elevated concentration of ROS was garnered for apoptosis of tu-

mor cells (via Fenton reaction/generation of –OH ions from catal-

ysis of H2O2) with reduced side effects and apparent selectivity.

However, there is an issue of insufficiency of cellular H2O2. In or-

der to correct the deficiency of H2O2 (regulation of Fenton reac-

tion), Fang et al. developed glucose oxidase-loaded Co-ferrocene

MOF to increase the concentration of -OH radicals for maximiz-

ing CDT effect [251]. Tian et al. have developed the MOF of Ce-

benzenetricarboxylic acid encapsulated with lactate oxidase for en-

hancing the cellular level of H2O2 via increment in ROS production

for apoptosis onco cells [252]. Later on Li et al. designed a cascade

of Fe- ZIF-8 magnetic MOF NPs encapsulated with glucose oxidase

towards cancer CDT [87]. Ding et al. prepared gold NPs loaded MOF

for an effective CDT of cancer with an extended time of retention

[97]. Aluminum-carbide modulated MOFs lead to derive graphite

NZ by Jun et al. was successfully targeted for tumor CDT at a re-

duced pH condition [253]. Burachaloo et al. designed Iron-based
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Fig. 1. (a) Preparation and the catalytic mechanism for CDT enhancement of CoO@AuPt NPs via Fenton reactions and regulating the response environment. (b) Preparation,

degradation process and the therapy principle of IL@MIL-101(Fe)@BSA-AuNCs NPs for MEDT. GSSH Glutathione disulfide, EPR enhanced permeation and retention, MW

microwave, MRI magnetic resonance imaging, MTT microwave thermal therapy, FI fluorescence imaging. Reproduced with permission [222]. Copyright 2021, Springer.

MOF to enhance the concentration of free radicals of –OH, thereby

applied for CDT-oriented cancer cell apoptosis assorting minimum

harm towards the healthy cells/tissues [254]. Zhang et al. proposed

imidazole-based MOF (ZIF-8) NZ embedded with glucose oxidase

and chlorperoxidase. The outcome of the study revealed that the

developed nanozyme exhibited a seven fold increase in the clear-

ance of tumor cells compared to the normal neutrophils [255]. Fig.

1 shows the synthesis and catalytic impact for CDT augmentation

of CoO@AuPt NPs through Fenton reactions, regulation of synthesis,

biotransformation and applicability of IL@MIL-101(Fe)@BSA-AuNCs

NPs towards EPR modulated permeation enhancement, magnetic

resonance imaging (MRI) and microwave thermal therapy (MTT)

and fluorescence imaging (FI) [222].

4.2.2. Metal doped MOFs modulated photodynamic and photothermal

therapy

PDT is usually showing its anticancer potentiality via photosen-

sitization (PS) of drugs followed by laser activation. The building of

drug concentration in tumor tissues, leads to elicit photochemical

reaction (development of cytotoxicity via activation of singlet oxy-

gen (1O2) thereby damaging the tumor tissues [256–258]. The flu-

orescence tendency of the photosensitizers (ROS activation leads to

DNA damage and causes tumorigenesis) help in generating an up-

graded temporal, spatial and safe imaging towards tumor therapy

[259–265]. Zr-based MOF (UIO-PDT) is considered to be a superb

PDT reagent and imparted its anti-cancer response via solvent-

assisted ligand exchange process (by stimulating photo generated

ROS production) [266]. PDT is an exciting approach for cancer ther-

apy, which regulates the formation of reactive 1O2 via ROS produc-

tion by using the principle of photosensitizer (PS) [239]. However,

the occurrence of unusual hypoxia not only affects the metastasis

and growth of cancer cells [267] but also causes serious hindrances

towards the efficacy of PDT. To overwhelming such issues, different

MOF-based NZ were reported for the smooth functioning of PDT.

The 5,10,15,20-tetra(pbenzoato) porphyrin (TBP)-modulated MOFs

(TBP-MOFs) and the platinum NPs based MOFs, denoted apopto-

sis of cancer cells by formation of 1O2 and resulting catalase-like

response along with better stability and effective in PDT [268,269].

Lan et al. designed mesoporous MOF NPs, that induce TBP-MOFs

for PDT with a curing rate of around 60% along with 98% of tu-

mor reduction capability [270]. Wang et al. developed Ru-modified

Mn3[Co(CN)6]2 MOF containing chlorin e6 (Ce6) in order to nullify
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the issue of hypoxia in tumor microenvironment. The developed

MOF denoted an effective biocompatibility with an efficient load-

ing capacity for Ce6 [271,272]. Researchers developed Au mediated

Fe-based MOFs NPs [273], Au-doped MOF NPs (Au@ZIF-8) [274],

ZIF-8 based MOF incorporated with Al(III) phthalocyanine chlorote-

trasulfonic acid [275], Cu-MOF {CuL-[AlOH]2}n, porphyrinyl-MOF

and MnFe2O4@MOF modulated NZ (by reducing/adsorbing concen-

tration of GSH) [276–279], resulting a cascade of anti-tumor re-

sponses by overwhelming the PDT oriented issues [274].

In PTT, the materials injected have higher photo thermal con-

version tendency (irradiation) near the tumor tissues via targeted

recognition principle at interior parts of human body [280]. The

PTT of several types include organic/inorganic photo thermal con-

verters (e.g., gold nano plates and poly dopamine particles) [281–

284]. The immunological mechanism associated with PTT revealed

the photo thermal immunotherapy governed by organic semicon-

ducting polymer nano adjuvant (SPNIIR) associated with laser ir-

radiation in presence of second infrared window (NIR-II) causing

tumor cells death via ablation of hyperthermia (release of R848

in tumor cells) and elevated consumption of glutathione [285,286].

The antitumor response via immunotherapy can be modulated via

stimulating the immunity of the human body, inhibiting the im-

mune checkpoints, deployment of cancer vaccines and therapeutic

antibodies [287,288]. However, the approaches like programmed

cell death ligand 1 (PD-L1) and cytotoxic T cell-associated antigen-

4, programmed cell death receptor 1 (PD-1) were recognised and

approved by US Food and Drug Administration (FDA) as the poten-

tial approaches (immune checkpoint inhibitors) against breast can-

cer. The development of MOFs like Fe-CPND and Zr-Fc MOF showed

a higher PTT. However, the PTT response of Fe-CPND was because

of the LMCT effect, which is due to the existence of Fe–phenol

structure [266,289–291]. The MOF modified with AS1411 aptamer,

and polyethene glycol denoted better stability, and target orienta-

tion towards tumor cells without affecting the viability for healthy

cells [127,292,293].

Metal-doped MOF loaded with Photo thermal agents (PTAs)

(e.g., AuNPs) endowing with multivalent approaches like chemo-

photo thermal therapy, fluorescence imaging, and controlled drug

delivery [294,295]. Zr@PDI and Zr-PDI were successfully used in

boosting up of NIR towards the photo thermal conversion of

perylenediimides against cancer therapy and photocatalytic reac-

tions. [296–316]. However, polymer-coated MOF denoted high spe-

cific surface area with more footholds, could be highly effective

towards PTT based cancer therapy. The MOFs of polymeric el-

ements such as polypyrrole (PPy), polydopamine (PDA) are be-

ing recognised as excellent photo thermal transducer along with

good biocompatibility, stability, and degradation tendency. Thus,

such elements with utmost photo thermal efficiency are being

explored for cancer irradiation via chemo-photo thermal therapy.

Polypyrrole-coated MOF linked with azo benzene tetra carboxylic

acid (H4-ABTC) is a potential asset for PTT mediated tumor ther-

apy [317,318]. PPy-coated Fe-soc-MOF (Fe-soc-MOF@PPy) is an-

other multifunctional theranostic element showing elevated photo

thermal conversion efficiency with a better NIR 808nm adsorption

tendency [319,320]. Polydopamine-coated MOFs like UIO-66, DOX@

ZIF-8, ZIF-8, PDA@ZIF-8 and MIL-101 are widely engaged in PTT

and PDA [321–323].

4.2.3. Targeted starvation

This therapeutic approach is associated with inhibiting access

of glucose to the tumor cells (starvation therapy) thereby induc-

ing scarcity for supply of energy, leading to cell lysis [40]. The

erythrocyte-membrane wrapped MOFs encapsulated with glucose

oxidase and tirapazamine (TGZ@eM) acted as a nanoreactor, (by

reducing the glucose level and inducing O2 demand), leading to

restricting the energy supply and causing hypoxia and death in tu-

mor cell. The approach was showing a positive response toward

colon cancer [324]. Li et al. designed glucose oxidase and catalase-

embedded MOF for a combined PDT and starvation therapy (via

the formation of 1O2 and reduction of glucose supply) [325]. Simi-

larly, by adapting the above principle, Liu et al. developed catalase-

like Pt NPs loaded over porphyrin-based MOF for tumor target-

ing [326]. Fig. 2 presented the schematic illustration for the syn-

thetic route of PCP-Mn-DTA@GOx@1-MT nanozyme towards their

combined applications in oxidation, starvation, and immunother-

apy [327].

4.2.4. Immunotherapy

The induction of immune system in human body causes lysis of

several carcinoma cells via immunotherapy. The approach leads to

minimizing tumor metastasis and recurrence. Despite of poor re-

sponse of immune-based cancer therapy, MOF-based NZ are highly

adaptable to immunotherapy for turning out the trend [328]. Lan

et al. developed MOF (Fe-TBP) based nanozyme ‘‘tumor vaccine”

for PDT-induced generation of 1O2 in a hypoxic environment to

develop an anti-tumor effect [329]. Such material was found to

be effective against colon cancer (with a tumor curing rate of

90%) in mice models [330]. Immunotherapy via checkpoint block-

ade (by blocking the pathway for T-cells targeting) is a very pop-

ular concept in cancer therapy. Ni et al. designed a MOF-derived

combination therapy (immune checkpoint blocking+ radiotherapy).

The outcome of the study revealed a 50% curing rate after 10

sequential therapy with exposure of X-rays and the HF12-DBA

MOF in the mouse model [331]. By combining checkpoint-blocking

immunotherapy, CDT, and PDT, Ni et al. developed Cu-porphyrin

nMOF. By following the cascade of ROS/1O2 induction principle, the

method has obtained a positive response of around 33.3% towards

curing of cancer in a mouse model [332].

4.2.5. Other cancer therapies

MOF-based NZ are also associated with several miscellaneous

treatment options such as, microwave thermotherapy, microwave

dynamic therapy, and sono-dynamic therapy. Fu et al. reported the

use of Mn-ZrMOF nanocubes in combination of microwave ther-

motherapy and microwave dynamic therapy for the treatment of

cancer [114]. The iron-based MOF nanozyme (MIL-101(Fe)) induced

death of cancer cells (up to 96%) by catalyzing the formation of -

OH in large amounts under microwave irradiation (microwave dy-

namic therapy) [333]. MOF-derived carbon nanostructure on expo-

sure to ultrasound generates huge concentrations of ROS, which

results in inhibition of tumors via sono-dynamic therapy (success

rate up to 85%) [86].

4.2.6. Combination therapy

The combination of PDT and starvation therapy [325,326] as

well as the combination of PDT and CDT with immunotherapy

[330,332] showed better efficacy in tumor targeting. The ultrathin

Zr-FC MOF nanosheets were showing synergistic impact with PTT

and CDT; resulting a higher photothermal conversion rate (up to

53%) in both in vivo as well as in vitro studies [334]. Fig. 3 un-

veiled the working principle of TiO1+ x NRs and PtCu3-PEG nano

cages towards combined SDT/CDT-tumor therapy [222].

4.3. Theranostic impact on diabetes

In 21st century Diabetes, could be considered as the disease

of the millennium causing a major conspiracy towards the human

body [335,336]. MOFs are quite a few attracted towards the detec-

tion of acetone in the breath of diabetic patients (usually found

to be more than 1.8 ppm in diabetic compared to 0.3–0.9 ppm

in normal human beings) based on their greater porosities and

surface area [337,338]. Chang et al. developed a ZnO@MoS2 MOF
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Fig. 2. Synthetic route and schematic illustration of PCP-Mn-DTA@GOx@1-MT nanosystem for combined starvation, oxidation and immunotherapy. Reproduced with permis-

sion [327]. Copyright 2022, Nature.

nanosheets for the detection of acetone. The outcome of the report

revealed an ultra-fast detection of acetone (60 s/40 s @5 ppb and

9 s/17 s@ 500 ppb) because of the faster diffusion of acetone via

the mesoporous MoS2 nanosheets [336]. Similarly, Gutiérrez et al.

transformed MOFs of non-luminescent type (OX-1 (Zn-BDC)) into

the faster luminescent MOFs (OX-2 (Ag-BDC)) for the development

of fluorometric sensors for a faster theranostics of diabetes analyz-

ing the acetone concentration [339]. Such techniques are governed

by better stability, lesser detection limits, and a lesser environmen-

tal reliance [340]. Wang et al. explored their research for develop-

ing a nickel/cobalt-based nanohybrid MOF (NiCo-MOF) for systemic

detection of glucose within a detection limit of 0.05 μmol/L to

4.38mmol/L, under an optimized voltage (0.50V) [335]. In another

study, Wei et al. developed a modified, portable MOF nanozyme of

cobalt/carbon cloth/paper (Co-MOF/CC/Paper) for glucose detection

of in saliva, serum, and urine samples and revealed better stability,

durability, selectivity, along with exceptional robustness [341].

Since for a long time, the world has already been engaged in

the mission of developing non-invasive oral insulin therapy, but

unfortunately not that much lucky to get a solution yet, despite of

few revolutionary trials by the pharma giants. One of the biggest

hurdles for such a delivery system is the stability issue of insulin

in the gastric pH condition (pH 1.5–3.5). However, MOFs with ad-

equate modifications are being tried for a nasty challenge to de-

liver encapsulated insulin in oral route [342]. Chen et al. encap-

sulated insulin in zirconium-based MOF, (NU-1000) and unveiled

the stability of insulin in gastric pH and enzyme system followed

by a sustained release action [342]. Zhou et al. designed micro-

spheres (Ins@MIL100/SDS@MS) loaded with NPs of sodium dode-

cyl sulphate modulated iron-based MOF (MIL-100) for delivery of

insulin via oral route [343]. Microspheres (under acidic pH), re-

vealed a sustainable degradation with a better bioavailability com-

pared to the raw insulin. A glucose-responsive nano-carrier system

(ZIF@Ins&GOx) loaded with glucose oxidase and insulin was de-

veloped by Zhang et al. using ZIF-8 nanocrystals. The developed

MOF-encapsulated insulin was protected from its degradation and

maintained the systemic glucose level over a prolonged period (i.e.,

72 h) [344].

4.4. Wound healing

Chronic wounds, specifically diabetic foot ulcers (DFUs) are con-

ceded to be the emerging challenges in the forefront of the physi-

cians, making the healthcare expenses very high [345–347]. The

Cu++ based MOF NPs (HKUST-1 NPs) incorporated into poly-(poly

ethylene glycol citrate-co-N-isopropyl acrylamide (PPCN) hydrogel

exhibited wound healing (followed by deposition of collagen, an-

giogenesis, and re-epithelialization) with a sustained release for

Cu2+ along with reduced apoptosis and cytotoxicity [345]. In a

similar way, Xiao et al. designed folic-acid-altered HKUST-1 (F-

HKUST-1) MOF for diabetic wound healing [346]. Zhang et al. syn-

thesized nitric oxide (NO) loaded HKUST-1 copper MOF for dia-

betic wound healing via electrospinning method [347]. The release

of Cu and NO leads to the complete healing of diabetic wounds

within four weeks [347]. Recently, Li et al. developed (dimethyloxa-

lylglycine (DMOG)) loaded cobalt-based MOF (ZIF-67) for accelerat-

ing diabetic wound healing. The DMOG loaded ZIF-67 nano-fibrous

scaffold (PLLA/gelatin) showed a prolonged drug release pattern

(up to 15 days) followed by angiogenesis, sustainable collagen de-

position, and inflammatory diminution at the target site [348].

MOFs based single-atom catalysts (SACs), are nowadays strongly

engaged with wound healing. Zinc-carbon derived MOF (ZIF-8)

containing zinc atoms demonstrated wound healing activity with-

out causing considerable toxicity towards multiple organs/tissues

system [349].

4.5. Neurological diseases

Neurological diseases specifically associated with the brain and

spinal cord are most often associated with the disorientation of in-

flammatory network and oxidative stress and mostly originated ei-

ther from hereditary genetic deviations or ageing or impaired glu-

tathione (GSH) level (deviated from 0.5mmol/L to 10mmol/L) or

issues with the immune system [350] Causing neurological dis-

orders like Alzheimer’s disease, autism, and schizophrenia [351].

Zhu et al. discovered MOF-based (Eu3+/Cu2+@ UiO-67-bpydc) fluo-

rescence probe, for GSH detection in human serum. An increased
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Fig. 3. (a) Schematic illustration of the working mechanism of TiO1+ x NRs with HRP-like activity for SDT/CDT-combined tumor therapy. (b) Preparation procedure and

working mechanism of PtCu3-PEG nanocages with HRP- and GPx-type property for PA/CT dual-modal imaging-guided CDT-enhanced SDT. Reproduced with permission [222].

Copyright 2021, Springer.

fluorescence intensity of the probe leads to the detection of GSH

[352]. Chen et al. [351] developed P-DNA@MOF, [a 3D MOF for

{[Cu(Cdcbp)(bipy)]4H2O}n loaded by means of FAM-labeled T-rich

PDNA] for dual-sensing of for detection of Hg2+ and GSH useful

in the diagnosis of neurodegenerative disorders. Alzheimer’s dis-

ease (AD) is a crucial neurodegenerative disorder usually affecting

the elderly population (above 65 yrs); manifested by memory loss,

gradual declinement of cognitive capacity followed by functional

impairment and causes global dementia [353,354]. The presence of

metal ions (Fe3+, Cu2+, Zn2+, and Al3+) in brain (more than 3–7

times of a normal human being) is found be a crucial cause for

the development of AD 3–7 times [354]. MOFs based derivatives

(biosensors) are not only associated with the diagnosis but also

treatment of Alzheimer’s disease (AD) [353,354]. Fe-MIL88B-NH2-

NOTA-DMK6240 MOF loaded with Methylene blue (inhibits tau ag-

gregation followed by decomposition of tau fibril) was synthesized

towards the theranostic purpose of AD [355]. Wang et al. recom-

mended synthesis of Porphyrinic Zr MOF (PCN-224) NPs for sup-

pression of Aβ aggregation (via NIR-light-tempted inhibition of Aβ
towards the formation of β-sheet) for treatment of AD. The results

denoted that, PCN-224 NPs reduced the Aβ aggregation along with

the cytotoxicity towards PC12 cells [356].

4.6. Ocular diseases

The drug delivery for treating the diseases like macular degen-

eration, glaucoma, and blepharitis are one of the most challenging

task, because the majority of the administered drugs are unavail-

able into the target sites (only 5% of the administered drugs find

their way to intraocular tissues) [357]. MOFs are being appraised to

be the most exciting nanocarriers for ocular drug delivery of drugs

[357,358].

4.7. Lung diseases

The lung disease like COPD (chronic obstructive pulmonary dis-

ease), asthma, ALI (acute lung injury), and fibrosis are some of the

very common as well as life-threatening diseases which found to

be more eye-catching during these days [359]. Hydrogen sulphide

(H2S) is considered to be one of the finest biomarker for the de-

tection of asthma. MOFs seem to be providing a sensational plat-

form for H2S detection (fluorescent composite (Eu3+/Ag+@UiO-66-

(COOH)2) MOF detected H2S in blood serum to confirm asthma) in

the biological samples with a detection limit of 23.53μmol/L [360].

Zhu et al. developed bimetallic MOFs (FexAl1-x-MIL) for detection
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of H2S and eosinophilia with a detection limit of 0–38.46μmol/L

[361]. Wang et al. established an MOF (fluorescent Zn(II)-based) for

the treatment of asthma in childhood. The diminution in inflam-

matory retort recognised the MOF as a promising moiety towards

the treatment of asthma in childhood [359]. By augmenting the

principle of dry powder inhalers (DPI) Li et al. developed MOF par-

ticles of cyclodextrin (CD-MOFs) loaded with Paeonol for treatment

of acute lung infections. The evaluation results of the drug-loaded

DPI denoted promising responses (in vivo/in vitro) compared to the

original drug candidate [362]. Similarly, theophylline-loaded Fe-

MIL-100 was developed by Strzempek et al. against asthma and

COPD [363]. The results confirmed the supremacy of MOF to be

implemented for inhalational therapy [363].

4.8. Viral infections

With the advent of novel sensing technology, MOF-derived

biosensors are widely applied for the detection of several

viruses such as COVID-19, Zika, Ebola, influenza, acquired im-

munodeficiency syndrome (AIDS), and rabies [364,365]. Qiu

et al. [366] investigated on 3D Cu(II)-modulated MOF of

{[Cu(Cmdcp)(phen)(H2O)]2-9H2O}n loaded with P-DNA to design

a fluorescent sensor for a simultaneous detection of Ebolavirus-

encrypted micro RNA-like fragment (miRNA-like) and Ebolavirus.

The sensitivity recorded towards the detection of RNAs was

mind-blowing with a peculiar limit of detection (60pmol/L for

miRNA-like Ebola virus and 206pmol/L for Ebola virus). Sim-

ilarly, Qin et al. explored a 3D dysprosium (Dy) MOF {[Dy

(Cmdcp)(H2O)3](NO3)_2H2O}n for revealing Ebolavirus RNA. The

outcome showed a high sensitivity as well as selectivity towards

the Ebolavirus RNA with a limit of detection at 160pmol/L [367].

By implementing an electrochemiluminescence (ECL) RNA sensing

platform (ultrasensitive switchable type), Zhang et al. developed

Fe-MIL-88 MOFs based MOG (metal-organic gel) for the detection

of Zika virus. The sensor unveiled great stability, specificity, and

best sample detection capacity [368]. Xie et al. reported a 3D Cu-

modified MOF [Cu(Dcbcp)(bpe)]n for concurrent detection of RNA

sequences in Zika and Dengue virus. The efficiency of detection

was found to be very sound and could be enhanced with the

addition of SFA (synchronous fluorescence analysis) by improving

the limits of detection [369]. The molecular imprinted polymers

(MIPs) impregnated with magnetically fluorescent (MIL-101-NH2)

MOF were developed for the detection of hepatitis A virus. The

MOF exhibited excellent sensitivity and selectivity for MIP sensors

[370]. Yang et al. investigated on MIL-101@SiO2 NPs, for the de-

tection of JEV (Japanese encephalitis virus) in serum samples. The

sensor exhibited a satisfactory response towards the detection of

the virus [371]. Marcos-Almaraz et al. developed an iron(III) trime-

sate MIL-100(Fe) nano MOF encapsulated with lamivudine triphos-

phate (3TC-Tp) and azidothymidine triphosphate (AZT-Tp) for ad-

vancing anti-HIV therapies [372].

4.9. Anti-bacterial activity and ROS scavenging

H2O2 is considered to be a very good weapon against numerous

pathogenic microbiota. Nevertheless, the concentration of excess

H2O2 leads to impart damage to the fresh tissues, but still is not

considered as a part of wound healing. In order to overcome such

issues, peroxidase-mimicking NZ have been introduced to such ar-

eas of research [77]. The ultra-small Au/MOFs were developed by

combining ultrathin 2D MOFs to gold NPs, which revealed an an-

tibacterial effect by removing Staphylococcus aureus (81.98%) and

Escherichia coli, and resulting in wound healing [373]. The Fe mod-

ulated MOF NPs (MIL-100(Fe)) embedded with fluorescent 3-azido-

d-alanine, catalyses the generation of O2 from H2O2 enabling the

development of ROS (1O2) resulting in the anti-bacterial responses

(up to 75%) [374]. Zhang et al. developed a photosensitive MOF

containing Ag+ ion externally coated with hyaluronic acid (HA).

The release of Ag+, was governed by degradation of HA via bac-

terial hyaluronidase, leads to catalyse the formation of ROS and

thereby shows anti-bacterial/wound healing responses [375–377].

To increase the anti-bacterial/antibiotic potential of the NZ, an in-

jection was proposed (MOF-based NZ containing a small amount

of Ag+ solution) to develop NH2−MIL-88B(Fe)-Ag, which revealed

a very good antibacterial response against E. coli along with a re-

duced dependency on the concentration of H2O2 [378]. Zhuang

et al. designed Co-MOF NZ, which denoted anti-bacterial response

(via rupture of the bacterial cell membrane) through catalysis of

the lipid oxidation with 100% recyclability and a durability of 4

weeks at an optimized pH range between 3 and 4 [379]. The above

pH-related issue was overcome by using ultrathin 2D MOF (2D Cu-

TCPP(Fe)), which maintains the pH between 3 and 4 (by reducing it

from the neutral region) through catalysis of gluconic acid via glu-

cose oxidase, thus resulting an establishment of pH-independent

antibacterial responses [380]. The MOF based nanozymes and their

biomedical applications were specified in Table 3 [381,382].

The antibacterial responses are often governed through the gen-

eration of ROS (H2O2, dO2, and OH) [383–385]. CAT, SOD, and GPx

are utilized for maintenance of the oxidative stress in cells. SOD

leads to the conversion of dO2 into H2O2 and O2. Similarly, CAT

and GPx catalyzed the developed H2O2 into O2 and H2O. The pro-

duction ROS in excess damage the proteins, DNA, and lipids frag-

ments of the biomolecules, associated with different disease con-

ditions such as diabetes, cancer, cardiovascular disease, aging and

neurodegeneration [386,387]. Mn3O4 nanozyme (nano flower) de-

veloped by Mugesh et al., exhibited GPx, CAT, and SOD like activ-

ities much better than conventional ones [388]. Ma et al. synthe-

sized a Nitrogen-doped mesoporous carbon (FeSAs/NC) via pyroly-

sis of Fe-Pc@ZIF-8 precursor in N2 atmosphere which exerted SOD-

like activity and helps in catalysis of dO2 to H2O2 and O2. Further,

the elimination of H2O2 and dO2 from the intracellular level leads

to protect HeLa cells from oxidative stress. By using pyrolysis at

high temperatures, Cao et al. synthesized Co-doped ZIF-8. The de-

veloped MOF eliminated dO2 and H2O2 through a cascade of CAT-

mimicking, SOD-mimicking, and GPx-mimicking reactions [389].

4.10. Anti-inflammatory activity

ROS are considered to be the intermediate products ob-

tained through cellular metabolism, which are going to be pre-

vented/neutralized via the implementation of numerous antioxi-

dants. However, on exceeding the production of ROS beyond the

capacity of cellular antioxidant scavenging, it leads to accumula-

tion and generates inflammatory retorts [390]. Prussian blue NPs

provogues their anti-inflammatory responses by removing ROS via

simulation of the activities of superoxide dismutase, peroxidases,

catalases, and certain other enzymes [130]. Similarly, polypyrroli-

done modified Prussian blue NPs are useful in reducing colitis in

mice [391]. A Mn-TCPP-doped MOF scavenges ROS via simulating

catalase and superoxide dismutase, thereby applied for treatment

of ulcerative colitis and Crohn’s disease [392,393].

4.11. Gene therapy

With a proper regulation/expression of genes, personalized

therapy towards numerous diseases, is nowadays gaining prior at-

tention. MOFs are not only being considered as a sound carrier for

Cas9/sgRNA compounds, small interfering RNA (siRNA), and plas-

mids but also targeting ZIF-8 coated platelet cell membrane (as

a platform for siRNA delivery) for effective gene silencing, and

tumor targeting [394]. Similarly, pooled siRNAs (VEGF siRNA+ P-

gp siRNA) loaded over the surface of modified MIL-101(Fe) (sele-

12



M.K. Sarangi, L. Patel, G. Rath et al. Chinese Chemical Letters 35 (2024) 109381

Table 3

MOF based nanozymes and their biomedical applications.

MOF Carrying drugs/Enzymes Applications

Fe-MIL-101-NH2 Isoniazid Used as a theranostic towards Tuberculosis. The drug loaded

MOF revealed a continuous drug release.

MOF-53 (Fe) NPs Vancomycin (Van) Improved drug loading capacity (20 wt%), antibacterial

response of 99.3%, better biocompatibility and stability in

acidic environment.

MIL-100 (Fe) NPs 3-Azido-d-alanine (D-AzAla) Revealed a Faster accumulation and degradation after

intravenous injection. Also denoted with integration

specificity of d-AzAla with bacterial cell wall.

Fe3O4@PAA@ZIF-8 Ciprofloxacin (CIP) Showing an upended drug loading (93%) and drug release

(73%) capacity followed by an enhanced bacterial growth

inhibition.

ZIFs Cytochrome c, horseradish

peroxidase, lipase, etc.

Bio-sensing

ZIFs Catalase Bio-sensing

ZIF-8 Lipase, β-galactosidase,

glucose oxidase, etc.

Bio-sensing

ZIF-8 Glucose oxidase, horseradish

peroxidase

Proof of concept, bio-catalysis

La/Fe/Zr-MOF Acetylcholinesterase Bio-sensing

UiO-66, MIL-53 Lipas Synthesis of Warfarin

Cu-MOF, ZIFs Trypsin, tyrosinase Bio-sensing

IRMOF-3 Protein, lipase Transesterification

PCN-888 Horseradish peroxidase,

Glucose oxidase

Proof of concept

Tb-TATB Cytochrome c Mechanism comprehension

UiO-66-NH2 Hydrolase Asymmetric hydrolysis

Cu-MOF Microperoxidase-11 Bio-catalysis

CYCU-4, UiO-66 Trypsin BSA digestion

NU-1003, PCN-128y Anhydrolase Detoxifying DFP and Soman

MIL-101-NH2 Hemin Bio-sensing

HKUST-1 Lipase Esterification

nium/ruthenium NPs) denoted a better ablation of cancer [395].

Apart from ZIF-90 and ZIF-8 the delivery of MOF modulated

CRISPR/Cas9 genome system, has a special impact towards the

treatment of the diseases [396–398].

4.12. Imaging

This is the phenomenon associated with a prior diagnosis and

observation of several ailments leading to impart on time precau-

tion as well as treatment. Numerous imaging technologies like CT,

MRI, PAI (Photoacoustic imaging), PET (positron emission tomogra-

phy) and optical imaging associated with MOFs as the carrier for

contrasting or imaging agents were being widely explored for sev-

eral theranostics [398].

5. Challenges, solutions and future directions

Despite of the exceptional properties of MOFs towards disease

theranostics, still they face several challenges in their applications.

Very few clinical studies have been reported on their biological

approaches, stability, degradability, half-life, blood circulation, and

it should be more emphasized on their characteristics such as

imaging/controlled release/sensing efficiency. The lack of system-

atic assessment for MOFs efficiency, limits their level of under-

standing for biological solicitations [399]. However, synthesizing

MOFs derived monodisperse formulations with utmost stability re-

mains a critical delinquent. A strict evaluation for surface modi-

fication is highly desirable for predicting a better stealth of the

surface-engineered NPs [400]. More emphasis could be concerted

towards a better biocompatibility, pharmacokinetics, bio distribu-

tion and toxicological (in vivo/in vitro) analysis of MOFs, from the

preclinical and clinical perspectives [401]. The extensive research

is needed for establishing a solid mechanism based performance

of MOFs prior to its clinical enactment [399]. Hopefully, MOFs are

going to be considered as the most promising elements in future

nano biomedicine, and will pave maximum attention towards the

advanced materials research on the field of nano-biotechnology

[402].

Despite of a large number of prospective of the MOFs and MOF-

modulated composites towards the biomedical field, specifically to-

wards biomedicine (such as high atomic utilization, better spe-

cific surface area, PDA, PTA, regulating the release of antibacterial

agents by modulating their morphology and size), their status is

still in a preliminary stage of research, with ampoules of challenges

and issues need to be rectified. MOFs developed from metal ions

associated with organic ligands, are degradable up to certain ex-

tent. However, the impact of the developed by-products from their

biotransformation is yet another mystery and till date has not been

clarified properly [403]. Nevertheless, the researchers have studied

the antibacterial activities of single-atom enzymes with multiple

number of active sites after synthesizing them. Thus, the explo-

ration of the antibacterial mechanisms targeted via altered active

sites might be providing better futuristic aspects for enriching the

knowledge of safety and effectiveness on numerous active sites of

MOF [403]. The biosafety of such MOF based composites are an-

other concern for successful allotment of these weapons in numer-

ous biomedical and clinical approaches [404]. The mechanisms of

NZs at multiple enzyme responses are to be explored along with

the optimization of their specificity and selectivity [405–408].

6. Conclusions and perspectives

This review is highlighted with the applications of MOF-derived

NZ as antibacterial, ROS scavenging, bio sensing, bio imaging, pol-

lutant treatment and cancer therapy. NZ are advantageous with

high stability, low-cost synthesis, better reusability, and having

better performance under several critical conditions compared to

their natural ancestors. Different aspects of MOF-modulated NZ

mimicking responses (peroxidases, SOD, oxidases, hydrolases and

catalases), along with solvothermal treatment, in situ growth, and
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pyrolysis have been discussed. Several factors such as dimension,

pore size, pH, temperature, constitution and modification of MOF-

based NZ towards their catalytic activity were narrated. The review

reported the diversified applications of MOF-based NZ in different

biomedical and environmental control segments. They have been

deployed as sensors for detection of several ions or biomolecules

in different theranostic approaches. Being an emerging field, the

MOF-based NZ tailored with several metal NPs and metal oxides

are highly potential towards different catalytic responses. In con-

trast, MOF-based NZ are found to be functionally stable at ex-

treme/diversified temperatures and pH conditions. MOFs based

surface modification leads to develop a better adsorption and in-

trinsic catalytic efficacy in cascade of catalytic reactions. Till date,

the synthetic strategy of MOF-modulated hetero atom-doped NZ

(i.e., single-atom/single-site NZ), is restricted with ZIF series (as

starting material), but however, the discovery of some different

strategies towards MOFs doping leads to control over the mi-

crostructure, distribution, and contents of the hetero atoms. Apart

from the synchrotron radiation X-ray absorption spectroscopy (only

providing information regarding the coordination numbers) several

advanced characterization technologies (in situ) like femtosecond-

laser spectroscopy as well as scanning tunneling microscopy (in

situ) could be applied for spatial and temporal prediction of in-

teractions processed between substrates and catalytic active sites.

Moreover, the rational integration of DFT simulations could pro-

vide an in-depth indulgent of the mechanisms, thereby guiding

the synthesis of super active NZ. Though NZ towards detection of

biomolecules have been applied to a certain extent, but still to

be explored in various domains like environmental protection (e.g.,

elimination of pollutants and water treatments) and public health

(e.g., antiviral, anti-cancer and antibacterial therapy) with a desired

skill. Lastly, in order to avail success in biological applications, the

NZ need to be focused on achieving utmost biocompatibility prior

to their preclinical/clinical translation as a replacement of natural

enzymes for a global industrial exploration. For a successful practi-

cal approach, it is highly recommended to consider a rapid kinetic

analysis, excellent selection criteria, better adsorption capacity, ex-

traordinary rejuvenation and reusability, and production scale-up

for environmental supremacy.
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