o ROYAL SOCIETY
OF CHEMISTRY
ChemComm -

View Article Online
View Journal | View Issue

FEATURE ARTICLE

Metal—-organic framework based nanozymes:

".) Check for updates‘
promising materials for biochemical analysis

Cite this: Chem. Commun., 2020,

56, 11338 3 Xin Li,®® Zhaoyuan Lyu,? Jianming Pan,” Shichao Ding,’

*3 and Yuehe Lin (2 *2

Xiangheng Niu,
Xiaofan Ruan,® Wenlei Zhu,® Dan Du

In recent years, there has been rapid growth of enzyme-mimicking catalytic nanomaterials (nanozymes).
Compared with biological enzymes, nanozymes exhibit several superiorities, including robust activity,
easy production, and low cost, which endow them with promising applications in biochemical analysis.
As an emerging member of nanozymes, metal-organic framework (MOF) nanozymes are attracting
growing attention because of their composition and structural characteristics. Rationally designing MOFs
with enzyme-like catalytic ability is opening up a new avenue for biochemical detection. In this Feature
Article, we summarize the latest developments of MOF nanozymes and their applications in biochemical
sensing. First, the types of nanozymes derived from MOFs are categorized, and effective strategies to
improve the weak activity inherent in MOF nanozymes are introduced. Then, the multi-functionalization
of MOFs with enzyme mimic activity and other attractive properties is emphasized. After that, the typical
applications of MOF nanozymes in the detection of various analytes are rigorously reviewed. Finally, the
current challenges and some development directions in this field are discussed. It is believed that the
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1. Introduction

Enzymes are biocatalysts having the power of accelerating one
or a class of reactions without consuming themselves. Currently,
most enzymes commercially available are separated and purified
from organisms. Thanks to the merits of excellent substrate
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versatile nature of MOFs will bring a bright future for MOF nanozymes in biochemical analysis.

selectivity and activity, these biological enzymes have been
extensively applied in various fields, including biomedicine,
biochemical detection, agricultural science, food processing,
and environmental remediation. Nonetheless, they usually suffer
from poor stability in harsh environments, difficulty in recycling,
and complicated and high-cost production. Instead, in the past
decades scientists have been exploring appropriate artificial
enzymes as potential alternatives to natural enzymes, such as
porphyrins, cyclodextrins, and supramolecules.

Since Yan’s group pioneeringly found in 2007 that some
peroxidase-like catalytic features were hidden in common
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magnetic nanoparticles,” the past several years have witnessed
the rapid rise and prosperity of enzyme-like catalytic nanoma-
terials (defined as ‘nanozymes’).>* Up to today, hundreds of
nanosized materials mimicking several types of enzyme activ-
ities have been reported and widely applied to medicine,
sensing, catalysis, and environmental engineering.””” In com-
parison with natural enzymes, nanozymes show a few attractive
merits, including low cost, ease of preparation, good stability,
and tailored design. Especially in the analytical field, the
flexible adjustment of nanozyme activity offers rich principles
and methods for analyte detection, and nanozyme catalysis
provides amplified signals for high-sensitivity quantitative
determination, both of which make nanozymes emerging and
promising materials for biochemical sensing.

Metal-organic frameworks (MOFs) are a class of materials
composed of organic ligands and metal nodes. The strong
coordination interaction between metal ions and the corres-
ponding organic ligands enables the formation of unique
framework structures with versatile properties: (1) the porous
structure of MOFs offers rich surfaces and channels for fast
mass transfer; (2) the specific pore size in MOFs benefits the
adsorption, loading, and separation of targets; (3) the organic
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ligands in MOFs provide attractive optical, electrical, and
thermal characteristics as well as abundant functional groups
for chemical modification; and (4) the presence of metal nodes
contributes possible active sites for catalysis. As a consequence,
MOFs are regarded as star materials and extensively used in a
variety of fields, including gas separation, adsorption removal,
chemical catalysis, drug delivery, and biochemical analysis.
Especially in the sensing field, MOFs with attractive porosity,
luminescence or/and electrical conductivity have found inten-
sive use in detecting various analytes ranging from gases, ions
and small molecules to aromatic compounds and bioactive
species based on optical, electrochemical, mechanical or other
sensing modes.*° In the past few years, a few MOF materials
have been found exhibiting catalytic activities similar to biolo-
gical enzymes in function. For instance, some Zr-containing
MOFs are able to act as organophosphorus hydrolase mimics to
degrade organophosphate warfare agents."'™** In comparison
with nanozymes based on carbon materials, noble metals or
transition metal compounds, aside from the common merits of
relatively low cost, easy preparation and tailored design, MOF
nanozymes show some special characteristics thanks to their
versatile structures and functions. For example, MOF materials
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can be employed as both peroxidase mimics and natural
enzyme carriers,* enabling cascade reactions with high cata-
lytic efficiency; some MOFs exhibit enzyme-mimicking catalytic
capacity as well as optical responses,'® thus providing inte-
grated sensing platforms. The attractive enzyme-mimetic fea-
ture of these MOFs, together with their versatile nature, has
rapidly endowed them with growing applications, especially in
the biochemical detection field.

In this Feature Article, we aim at presenting a critical review
of MOF nanozymes and their emerging applications in bio-
chemical sensing. First, typical types of enzymes mimicked by
MOF materials are discussed, followed by the introduction of
strategies currently explored to enhance the intrinsic poor
activity of MOF nanozymes. After that, the integration of
enzyme-mimicking activity with other attractive functions to
design and develop multifunctional MOF materials is specially
highlighted. Also, applications of MOF nanozymes in detecting
various analytes are summarized according to the different
analytical principles. Finally, the challenges and perspectives
in this field are given for future investigation.

2. Types of MOF nanozymes

In a typical MOF, metal nodes and organic ligands exist simul-
taneously. Therefore, the enzyme-like catalytic capacity of
MOFs can originate from the following two aspects: on the
one hand, MOFs containing Fe, Cu, Co, Ni or Ce nodes can
provide enzyme-mimicking catalytic activity due to the existence
of these metal redox couples, and, on the other hand, some
special organic ligands in MOFs act as electron mediators to
accept electrons from a substrate and then donate the electrons to
another substrate,'® thus catalyzing reactions similarly to natural
enzymes. In the past few years, a number of MOFs have been
explored as promising nanozymes with different types of enzyme
activities, including peroxidase, oxidase, superoxide dismutase,
and hydrolase (Scheme 1). Also, some MOFs are found to exhibit
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...... Multi-enzyme assembly

Scheme 1 Typical MOFs explored as different types of nanozymes.

two or more kinds of enzyme activities under the same conditions
or in different environments.

2.1. Peroxidases

Peroxidases are a type of natural enzymes having the ability of
catalyzing the H,0, substrate to H,O with the participation of
another reducing substrate, where the reducing substrate is
oxidized to its corresponding oxide. As a typical peroxidase,
horseradish peroxidase (HRP) is widely applied to catalyze H,O,
for various applications. In HRP, the active hemin as a redox
cofactor is bound by a large helical protein. Similar to HRP,
several MOFs containing Fe redox nodes have been verified to
show peroxidase-mimetic catalytic ability.'>"” " Aside from Fe-
based MOFs, some other transition metal-containing MOFs,
including Cu-based,**"**> Ru-based®® and Ni-based,?” have also
been explored as peroxidase mimics.

For biochemical analytical applications, a suitable substrate
often cooperates with nanozyme catalysis to establish sensing
systems. At present, several substrates are generally applied to
provide colorimetric, fluorescent, Raman, chemiluminescent or/
and electrochemical responses for biochemical detection (Table 1).
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Table 1 Peroxidase substrates used for analytical applications
Peroxidase substrate Product Remark Application
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TMBox shows a blue color, quenches
the fluorescence of foreign labels, and
has characteristic Raman signals

ABTSox has a green color and can be
electrochemically reduced to ABTS

OPDox shows a yellow color and
exhibits fluorescence around 550 nm

DABox is a dark-brown insoluble
species in aqueous solution

Resorufin has fluorescence around
585 nm

Thiochrome has fluorescence around
435 nm

Aminochrome has fluorescence around
525 nm

Luminol oxidation to 3-aminophthalate
offers a chemiluminescence signal

TAOH shows fluorescence around
440 nm

Colorimetric assays,
fluorescence sensing,
and SERS detection

Colorimetric assays
and electrochemical
sensors

Colorimetric assays
and fluorescence
sensing

Colorimetric
immunoassays

Fluorescence
detection

Fluorescence
detection

Fluorescence
detection

Chemiluminescence
detection

Fluorescence
detection
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Table 1 (continued)
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Peroxidase substrate Product

Remark Application

HsC O O CH;
CH;

(Leucomalachite green) (Malachite green)

For instance, colorless 3,3',5,5"-tetramethylbenzidine (TMB) can be
oxidized to its corresponding oxide TMBox during the peroxidase
mimic catalyzed H,0O, reaction, where the product TMBox shows a
blue color and finally turns yellow after acid treatment, providing
the base for colorimetric measurement.*® Besides, the TMBox
species with a biphenyl structure easily quenches other fluorescent
labels, making it possible to use in fluorescence sensing.* Also,
compared to the original TMB, the TMBox product can provide
characteristic Raman signals for surface enhanced Raman scatter-
ing (SERS) detection.”® These changes afford versatile detection
modes for biochemical analysis.

Although lots of peroxidase mimics, including peroxidase-
like MOFs, have been developed for various applications, a
majority of them exhibit catalytic activity only in a narrow pH
range. Common peroxidase mimics provide the maximum
activity in a moderately acidic medium (pH ~ 4), while they
have very weak or even no catalytic effect under neutral condi-
tions. This defect limits their potential use in biochemical
analysis, because many biochemical reactions should occur in
physiological environments. Taking glucose detection as a
typical example, it first requires a neutral medium for the
oxidation of glucose to produce H,0, under the catalysis of
glucose oxidase (GOx), and then the amount of H,0, produced
is quantified by peroxidase mimic catalysis in a moderately
acidic environment. The mismatch of the working conditions
of the two enzymes/mimics not only complicates the detection
operation but may also impact the analytical performance.
Thus, exploring nanozymes with favorable activity in a wide
pH range is always desired.”"** Very recently, He and co-
workers proposed Ru(m)-based metal-organic gels (Ru-MOGs)
with favorable peroxidase-like activity in both acidic and alka-
line solutions.*® They found that in the presence of H,0, the
Ru-MOGs not only exhibited good ability of catalyzing dopa-
mine to aminochrome in a pH 5.5 buffer (Fig. 1A and B) but
also showed the peroxidase-mimetic catalytic capacity to trigger
the luminol chemiluminescence response in a pH 9.0 medium
(Fig. 1C and D). This wide pH applicability would bring great
convenience to biochemical detection.

2.2. Oxidases

In addition to peroxidases, another main type of MOF nano-
zymes is oxidases. Typically, some Ce-based,”**® Co-based*” and
Cu-based®®*® MOFs are found to exhibit oxidase-like catalytic
activity. They can directly catalyze the oxidization of substrates

1342 | Chem. Commun., 2020, 56, 11338-11353

O \
H;C X+ ~CHs

CH; CH; CHj

Malachite green has a green color, and

. . L Colorimetric assays
it also provides characteristic Raman y

and SERS detection

signals
A B *
pH 5.5 HO. NH, Dopamine+H,0,
04 ——Ru"+Dopamine+H,0,
H,0, - S = Ru-MOGs+Dopamine+H,0,
Dopamine S 03
©
o
£ 02
o £
H,0 o N 2
Aminochrome < oo
400 500 600 700 800
Wavelength (nm)
L NH; O D
100000 a: Luminol+H:0:
N b: Ru**+Luminol+H:0;
H,0,, NH S 80000 c: Ru-MOGs+Luminol+H:O:
s
4 O Luminol 2 900
}/ll' gtuow
" 9 E 20000
H,( o T
o
2 4 6 10
o Time (s)

Fig. 1 (A) and (B) Verify the peroxidase-like activity of Ru-MOGs towards
the oxidation of dopamine to aminochrome in an acidic solution, and (C)
and (D) demonstrate that Ru-MOGs also have peroxidase-mimicking
ability to catalyze the chemiluminescence of luminol in an alkaline med-
ium (reused with permission from ref. 36).

without the participation of H,0,. Instead, dissolved oxygen
is often involved in these oxidase mimic catalyzed reactions.
To some extent, oxidase mimics are preferable compared to the
peroxidase ones for biochemical detection thanks to their simpler
reaction conditions.>

It is known that the catalytic activity of a nanozyme highly
depends on its shape, size, crystal face, and surface chemistry. Apart
from these physicochemical factors, the enzyme-like capacity of
nanozymes can also be regulated by external stimuli like light.
In 2019, Wei's group reported a photosensitized MOF (PSMOF)
whose oxidase-mimetic activity could be stimulated by light
irradiation.> The PSMOF was obtained by introducing a Ru(bpy);>*
derivative as photoactive ligands within a Zn-based MOF (Fig. 2A).
With no light irradiation, the mixing of the PSMOF with the TMB
substrate induced neither a solution color change nor characteristic
absorption (Fig. 2B). When the mixture was irradiated with light, the
PSMOF rapidly catalyzed the oxidation of TMB and gave a blue color.
With the external light irradiation control, one could start and stop
the nanozyme catalytic reaction easily (Fig. 2C), which would find
promising applications in developing controllable sensors and bio-
sensors. For more information about light-responsive nanozymes,
one can refer to the recent review from Wei’s group.>

Aside from light stimulation, some MOF-based oxidase
mimics can be triggered by certain chemicals. Very recently,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Shows the structure of the PSMOF, and (B) and (C) verify the
light-stimulated oxidase-mimetic activity of the PSMOF (reused with
permission from ref. 51). (D) presents the Cr(vi)-boosted oxidase-mimetic
ability of the CeO,NR-MOF (reused with permission from ref. 43). (E)
depicts the laccase-like capacity of the Cu/GMP MOF (reused with
permission from ref. 48).

Cr(vi) was reported to accelerate the oxidase-mimicking activity
of a ceria nanorod-templated metal-organic framework
(CeO,NR-MOF) significantly in a pH 4 buffer.*> Wang et al.
found that the TMB oxidation reaction was rapidly catalyzed in
a short time (less than 30 s) by the CeO,NR-MOF with the
presence of Cr(vi), while the chromogenic reaction occurred
very slowly (more than 10 min) with only the CeO,NR-MOF
(Fig. 2D). Similar phenomena are also observed in Au@Hg and
polyethylenimine-stabilized silver nanoclusters (PEI-AgNCs),>*>*
which can further be applied to photometrically detect toxic Cr(vi).
However, the real functions of these materials are controversial.
Wang’s study®® reported that the CeO,NR-MOF acted as an
oxidase mimic, while other work®>* proposed Au@Hg and
PEI-AgNCs as oxidoreductase mimics. Besides, the reason why
the enzyme-mimicking activities of these materials can be
promoted by Cr(vi) selectively over other ions is still unknown,
and the underlying mechanism of the Cr(vi)-boosted nanozyme
catalysis is also unclear.

As a special oxidase, laccase is capable of catalyzing the
oxidation of phenols to benzoquinone compounds. With this
property, laccase is often used to detect and degrade phenolic
pollutants. Inspired by the composition and structure of
natural laccase, Liang and co-workers developed a laccase
mimic composed of guanosine monophosphate (GMP) coordi-
nated Cu.*® The formed Cu/GMP MOF with a Cu-to-GMP ratio
of 3:4 exhibited superior activity over natural laccase to cata-
lyze the conversion of phenol-containing substrates (Fig. 2E).
They further employed the Cu/GMP MOF laccase mimic to
establish a colorimetric assay of epinephrine. By using a
cysteine-histidine dipeptide to replace the GMP ligands, Wang
et al. fabricated another Cu-based laccase mimic for the degra-
dation of phenolic pollutants.*®

2.3. Superoxide dismutase

Superoxide dismutase (SOD) is a type of enzyme capable of
catalyzing the dismutation of unstable superoxide radicals to O,
and H,0,. Inspired by the active composition of natural CuZn-SOD,
Qu’s group designed a Cu-TCPP MOF with SOD-like activity.>®

This journal is © The Royal Society of Chemistry 2020

View Article Online

ChemComm

To further improve its catalytic activity, they sonicated the
Cu-TCPP nanosheets into ultra-small nanodots. Compared to
the nanosheets, these dots, featuring a size similar to that of
natural enzymes, not only offered more accessible catalytic sites
for substrates with smaller diffusion barriers but also enabled
themselves to be cleared out via renal clearance, which greatly
reduced the nanozyme’s toxicity. As validated by in vitro and
in vivo experiments, the Cu-TCPP MOF nanodots acting as an
artificial SOD exhibited high efficiency in alleviating endo-
toxemia while retaining very low cytotoxicity themselves.

2.4. Hydrolases

Hydrolases are an assembly of enzymes that are able to catalyze
a variety of hydrolysis reactions. Up to today, according to the
different kinds of target substrates, there are three main types
of hydrolases that some MOF materials can mimic, namely
organophosphorus hydrolase, protease, and esterase. A number
of studies have demonstrated that Zr-containing MOFs can
effectively break the phosphonate ester bond.''™°°% It is
generally thought that the hydrolase-mimetic activity of these
Zr-based MOFs should be attributed to the strong and specific
interaction between Zr-O clusters and the phosphate group in
substrates. Typically, Farha’s group reported the efficient
hydrolysis of chemical warfare agents containing phosphonate
ester bonds catalyzed by a Zre-based MOF named NU-1000.""
NU-1000 was composed of eight connected Zrg(p3-0)4(p3-OH),-
(H,0)4(OH), nodes and tetratopic 1,3,6,8(p-benzoate)pyrene
linkers. The proposed NU-1000 had ultra-wide pores and channels,
allowing bulky phosphate ester molecules to permeate the
whole framework for the reaction. With dimethyl 4-nitro-
phenyl phosphate (DMNP) as a substrate, it was hydrolyzed
into p-nitrophenoxide anions and phosphate at pH 10 under
the catalysis of the NU-1000 nanozyme, giving a turnover
frequency (TOF) as high as 0.06 s~ .

Aside from organophosphorus hydrolase, some MOFs are
found to show the capacity of catalyzing the hydrolysis of
proteins. Li’s group developed two Cu-based MOFs and
found that they had intrinsic protease-like catalytic activity
for protein hydrolysis.’>®® It was reported that the HKUST-1
MOF exhibited much stronger affinity towards bovine serum
albumin (BSA) with a Michaelis constant (K,) 26 000-fold
smaller than that of trypsin.”® Besides, the insoluble MOF
nanozyme was easy to recycle via simple centrifugation and
reused with no obvious activity loss.

Recently, inspired by the composition and structure of
human carbonic anhydrase II (hCAII), Chen et al. designed
and developed a series of zeolitic imidazolate frameworks
(Z1Fs) that were able to efficiently catalyze the hydrolysis of
esters.’” In hCAII, the active centre consisted of a tetrahedrally
coordinated Zn>" ion with three symmetric histidine imidazoles
and a H,0 molecule (Fig. 3A). Like hCAII, the ZIF-8 material
consisted of a central Zn”* ion and four 2-methylimidazolate (2-
mIM) ligands. The tetrahedrally coordinated Zn>* ion was
interconnected via 2-mIM to form a microporous framework.
With the similarities in composition and geometric structure,

Chem. Commun., 2020, 56, 11338-11353 | 11343
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Fig. 3 (A) Shows the bio-inspired design of ZIF-8 as a hydrolase mimic,
and (B) verifies that the designed ZIF-8 can hydrolyze the pNPA substrate
to produce yellow pNP (reused with permission from ref. 61).

the MOF material exhibited comparable esterase-like ability to
catalyze the hydrolysis of p-nitrophenyl acetate ()NPA) (Fig. 3B).

2.5. Multi-enzyme assembly

Apart from the above mentioned MOFs exhibiting single-enzyme
activity, some MOF materials are able to show multi-enzyme
activities under different conditions or even in the same
2-64 This character, with two or more enzyme-like
activities in one MOF, makes the material a multi-enzyme assembly,
which provides one with an integrated tool for cascade catalysis and
biomedical therapy. Typically, our group designed a CuBDC MOF
with both cysteine oxidase- and peroxidase-mimetic activities.” In
the MOF, the Cu-O clusters not only exhibited the ability to catalyze
the oxidation of cysteine to produce cystine and H,O, with the
participation of dissolved oxygen but also showed the peroxidase-
mimicking power to catalyze the produced H,0O, to generate hydro-
xide radicals in the same buffer, which further oxidized the BDC
ligands in the material to give a fluorescence signal (Fig. 4). Such a
cascade reaction catalyzed by the CuBDC MOF, together with its
stimulus-responsive fluorescence, enabled us to detect the cysteine
species with simple operation and high performance.

environment.

3. Strategies for improving the MOF
nanozyme activity

Although a growing number of MOF materials are reported to
act as some natural enzymes, the catalytic activity of the
currently developed MOFs is still much less than the latter.

Three Functions in One MOF
(@ Cysteine oxidase-mimicking activity
@ Peroxidase-mimicking activity
Cysteine ® Stimulus-responsive fluorescence

AQ A snm
Cystine ‘ ®

0 0 m—) : °
H202 ® -OH

02

&40 nm

Fig. 4 Diagram of the cascade cysteine oxidase- and peroxidase-mimetic
activities and stimulus-responsive fluorescence of CuBDC for cysteine
sensing (reused with permission from ref. 63).

1344 | Chem. Commun., 2020, 56, 11338-11353

View Article Online

Feature Article

The intrinsic poor enzyme-like activity of a MOF should be
attributed to several factors: (1) The size of the prepared MOFs
is often hundreds of nanometers or even on the micrometer
scale. Such a large size greatly decreases the active surfaces
exposed for substrate adsorption and reaction. (2) In a MOF,
the majority of active sites are buried inside the material, and
only a very small proportion of surface sites are available for
substrate catalysis. (3) Although MOFs feature rich pores, only
pores large enough are accessible for substrate molecules.
Therefore, the mass transfer resistance is supposed to be large,
greatly affecting the free diffusion of substrates, intermediates,
and products. Therefore, low activity is one of the most signi-
ficant deficiencies in MOF nanozymes. To address this
issue, researchers have explored several strategies to enhance
the enzyme-like catalytic activity of MOFs, such as 2D MOF
nanosheets, bimetal MOFs, valence state regulation, and single-
atom nanozymes.

3.1. 2D MOF nanosheets

Traditional MOFs have interconnected 3D structures with large
sizes, which not only decrease the exposed surface sites but also
increase the diffusion barriers. Compared to 3D MOFs, 2D nano-
sheets or nanoflakes are supposed to provide larger surfaces, more
exposed active sites, and lower diffusion barriers. Based on this,
researchers have developed several 2D MOF nanosheets and
obtained enhanced enzyme-mimetic activity.>***>37:%*"%” For
instance, Cheng et al. employed binuclear paddle-wheel metal
clusters and metalated tetrakis(4-carboxyphenyl)porphyrin
(TCPP) ligands as precursors to prepare MOFs with PVP
confining the growth of the MOF crystal into 2D nanosheets
(Fig. 5A).>° The synthesized 2D MOF exhibited a well-defined
ultrathin sheet-like structure (Fig. 5B). This structure would
expose large surfaces with more accessible active sites for
catalysis. As verified, compared to bulky Zn-TCPP(Fe), the
proposed 2D Zn-TCPP(Fe) exhibited faster peroxidase-like
catalytic kinetics towards the oxidation of TMB with the exis-
tence of H,0, (Fig. 5C). The 2D strategy is a relatively simple

M,(COO), Cluster

(M = Zn?*, Co?*, Cu?*) TCPP(Fe) 2D MOF Nanosheet

1.0 =—2D Zn-TCPP(Fe)
— -Bulk Zn-TCPP (Fe)

o
&

Absorption at 652 nm (a.u.)

=
o
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Fig. 5 (A) Shows the synthetic process of 2D MOF nanosheets, (B) is

the TEM image of 2D Zn-TCPP(Fe), and (C) compares the peroxidase-

mimicking catalytic activity of 2D Zn-TCPP(Fe) and bulky Zn-TCPP(Fe)

towards the TMB color reaction (reused with permission from ref. 20).
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but efficient route to obtain high-activity MOF nanozymes. It is
expected to develop more 2D MOF nanozymes with favorable
activity for applications in the near future. Besides, converting
2D MOFs into lower dimensional structures (e.g., nanodots)
may be feasible for further improving their enzyme-mimicking
activity.>

3.2. Bimetal MOFs

In comparison with single-metal MOFs, bimetal coordination
with organic ligands is supposed to have better catalytic effects:
on the one hand, the different potentials of the two metals lead
to a difference in potential, which plays a vital role in promo-
ting electron transport;®® on the other hand, the introduction of
bimetal nodes into one MOF can generate defects, which may
also increase the active sites and further improve the catalytic
performance. With this consideration, several bimetal MOFs
have been explored as nanozymes.®*°®®® Some of them are
reported to exhibit better enzyme-mimicking catalytic activities
than the corresponding single-metal MOFs. Despite this, the
enhancement should be treated with caution: (1) in some of
these studies, no strict comparisons between bimetal MOFs
and corresponding single-metal MOFs are made to demon-
strate the enhanced activity of the former; and (2) although an
enhancement in catalytic activity is observed in several studies,
the mechanism for this enhancement is still unclear. Commonly,
one tries to use the synergistic effect to explain the activity enhance-
ment in bimetal MOFs. However, how the two metal nodes
synergistically interact to improve the nanozyme activity is still
vague. Once the underlying mechanism is uncovered, it is believed
that more bimetal or multi-metal MOFs with desired activity will be
rationally designed and developed.

3.3. Valence state regulation

In most currently developed MOF nanozymes, the activity
origin comes from the metal nodes in the MOFs. More speci-
fically, the metal redox couple in a MOF plays the enzyme-like
catalytic role. The chemical valence states of the metal redox
couple and their ratio determine the catalytic activity of the
MOF nanozyme. Thus, engineering the valence state regulation
of MOF nanozymes is supposed to be a feasible strategy to
regulate their catalytic activity.**”®> With this strategy,
Ye’s group developed a mixed valence Ce-MOF (MVCM) as an
oxidase mimic.** They obtained the MVCM through a simple
and fast partial oxidation treatment of a common Ce-MOF in a
mixture of NaOH and H,0, (Fig. 6A). The treatment increased
the ratio of Ce*" to Ce*. The MVCM was demonstrated to
exhibit remarkable oxidase-like catalytic ability to trigger the
TMB color reaction, while the original Ce-MOF showed very
weak activity (Fig. 6B). Inversely, our group found that when the
MVCM was incubated with ascorbic acid (AA), a reducing
substance, the high Ce*"/Ce®" ratio in the MVCM could be
down-regulated (Fig. 6C).*® The resulting MVCM with a low
Ce'/Ce®" ratio showed much less oxidase-mimetic activity.
With this finding, an alkaline phosphatase (ALP) activity colori-
metric assay was fabricated based on the analyte-induced
valence state regulation of the oxidase-like MVCM.

This journal is © The Royal Society of Chemistry 2020

View Article Online

ChemComm

NaOH/H,0, &~
e—————

2 min

High oxidase-like
, catalytic activity

e

Fig. 6 (A) Shows the transformation process of the Ce-MOF to the
MVCM, and (B) compares the oxidase-mimicking activity of the Ce-MOF
and MVCM (reused with permission from ref. 44). (C) presents the ALP
activity colorimetric assay based on the analyte-triggered valence state
regulation of the oxidase-mimicking MVCM (reused with permission from
ref. 46).
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3.4. MOF-based single-atom nanozymes

In addition to the above strategies, single atomization of
catalytically active sites is another efficient route to obtain
high-activity nanozymes.”® It is generally thought that reducing
the size of nanostructured catalysts is able to improve their
catalytic activity, because the proportion of surface atoms
exposed is significantly increased with the decreased catalyst
size. Besides, the size change may alter the catalyst’s surface
atomic and electronic structures and surface defects.”* Thus, it
is expected that further adjusting the catalyst’s structure at the
atomic level and decreasing its size down to a single-atom scale
will maximize the atomic utilization and boost the catalytic
activity. As catalysts with single-atom dispersion have been
demonstrated to have high activity in electrocatalysis,”>”°
according to the ‘single-atom catalyst (SAC)' concept®® and
inspired by SACs, natural enzymes and nanozymes (Fig. 7), in
the last three years scientists have paid much attention to
designing and developing high-activity single-atom nanozymes
(SANS),***° most of which are derived from MOF materials.
In general, SANs can be obtained by pyrolyzing a MOF material
at high temperature, followed by achieving single-atom entities
via appropriate acid pickling.

Typically, our group obtained a SAN with atomically dis-
persed Fe-N, units supported by a MOF-derived porous
carbon.®® The SAN was prepared with a relatively simple and
low-cost procedure (Fig. 8A): first, ZIF-8 doped with a small
amount of Fe was synthesized in a one-pot way; then, the
obtained Fe-doped ZIF-8 was calcinated in an inert atmosphere
(N,); and, after that, the material was pyrolyzed in NH; to get
the SAN. Thanks to both the maximized active Fe dispersion
and the large surface area of the porous carbon support,
the SAN exhibited a specific activity as high as 57.76 U mg ™"
measured according to the standardized protocol (Fig. 8B and C),*
almost at the same level as natural HRP. Other studies also
demonstrate that the single atomization of active sites derived
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Fig. 7 Design and development of high-activity single-atom nanozymes
inspired by natural enzymes, nanozymes and single-atom catalysts (reused
with permission from ref. 91).
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Fig. 8 (A) Shows the preparation process of the Fe—N—-C SAN, (B) pre-
sents the absorbance-time curves of the TMB chromogenic reaction
catalyzed by the Fe—N-C SAN, and (C) exhibits the relationship between
the enzyme-like activity of the Fe—N—-C SAN and its amount (reused with
permission from ref. 85).

from MOFs can prominently increase the enzyme-like catalytic
activity.** For more information about SANs, one can refer to
our recent review.”"

It should be pointed out that, although converting MOFs
into other materials via calcination and further achieving
single-atom entities can efficiently improve the enzyme-
mimicking catalytic activity, the featured framework structure
of MOFs could be irretrievably destroyed and some of their
intrinsic properties may be lost. Realizing the single atomiza-
tion of active sites in MOF nanozymes while retaining their
attractive framework structures and versatile properties is still
challenging.
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4. Multi-functionalization of MOF
nanozymes

Undoubtedly, recent years have seen the rapid rise of MOF
materials in various fields ranging from gas separation and
catalysis to drug delivery and biomedicine. One of the main
driving forces is their flexible design and versatile functions.
For a MOF, it not only acts as a nanozyme but also plays some
other roles. Typically, MOFs with rich channels, pores and
functional groups can be employed as carriers for natural
enzyme loading and encapsulation. Also, the flexible design
of organic ligands and metal nodes makes MOF materials
signal sources for biochemical detection.

4.1. MOF nanozymes act as natural enzyme carriers

In many biological systems, cascade catalytic reactions occur in
a confined space. This requires multiple enzymes confined in
sub-cellular compartments as an enzyme assembly. Some
MOFs can act as not only enzyme mimics but also as supports
for natural enzyme loading due to their unique porous
structures.'*®%%37% [n general, there are two strategies to
obtain a MOF nanozyme with natural enzyme loading: one is
to encapsulate biological enzymes within MOFs during their
synthesis, and the other is to post-modify enzymes onto MOF
materials via chemical bonding. Wei’s group proposed an
in situ method to fabricate an integrated nanozyme by simulta-
neously embedding two cascade catalysts (a molecular catalyst
hemin and a biological enzyme GOx) inside the ZIF-8 nano-
structure® (Fig. 9A). Such a design endowed the integrated
MOF with merits in improving the overall catalytic efficiency,
where the first enzymatic reaction occurred in proximity to the
second enzyme mimic. The products generated from the first
reaction could be utilized immediately as substrates for the
second reaction, which overcame the diffusion-limited kinetics
and product instability problems.

Different from Wei’s method, our group loaded GOx
onto the surface of a MOF via a post-modification strategy'*
(Fig. 9B). In our work, an Fe-MOF (Fe-MIL-88B-NH,) with

Glucose 0, Gluconic acid

ABTS H,0, ABTS™

@;n«;;@,sc, o, S@;}"“’E@”

Fig. 9 (A) Presents the one-step synthetic approach to GOx/hemin@
ZIF-8 for the one-pot detection of glucose (reused with permission from
ref. 93). (B) illustrates the post-modification of GOx onto the Fe-MOF via
chemical bonding towards the cascade catalytic determination of glucose
(reused with permission from ref. 14).
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intrinsic peroxidase-mimicking activity and good biocompati-
bility was employed as a GOx carrier. With rich amino groups
in the Fe-MOF, GOx could be immobilized onto the Fe-MOF
surface with the help of cross-linking agents to initiate the
cascade reaction for glucose determination. Thanks to the
‘nanoscale proximity’ effect, H,O, produced from the GOx
catalyzed oxidation of glucose with dissolved O, would be
in situ oxidized by the peroxidase-like Fe-MOF, such that the
effect of diffusion resistance was diminished and the sponta-
neous decomposition of H,O, was minimized. As a consequence,
in comparison with the free system (Fe-MOF/GOx), the integrated
system (Fe-MOF-GOx) for glucose analysis showed not only strong
acid-base tolerance and temperature adaptation but also good
reusability. Very recently, Ye’s group employed the boronate
affinity of a boronic acid-functionalized MOF peroxidase mimic
towards GOx to anchor the latter.’® In their strategy, Fe-MIL-88B-
NH, was first post-modified with 4-formylphenylboronic acid to
introduce interaction sites, and then the strong boronate affinity
between the 4-formylphenylboronic acid modifier and the cis-diol
group on the GOx surface enabled the encapsulation of GOx
inside the MOF pores and channels.

No matter which strategy (the in situ immobilization method
or the post-modification one) is used to load enzymes, two
important challenges need to be overcome: (1) how to keep the
activity of the immobilized natural enzyme as high as possible;
and (2) how to make the loaded natural enzyme close enough to
the nanozyme active sites for efficient cascade reactions and
lower diffusion resistance. For the two purposes, more efficient
and convenient methods of loading natural enzymes within
MOF nanozymes are still desired.

4.2. MOF nanozymes act as analytical signal sources

In a typical nanozyme detection process, signaling substrates
are often added to produce a response, which not only compli-
cates the detection operation but also weakens the catalytic
reaction. Instead, these signaling substrates can also be skill-
fully integrated into MOF nanozymes.'>?*3>%7%% [n these
MOFs, they not only play an enzyme-like catalytic role but also
act as analytical signal sources for detection. As a typical
example, Lin et al. designed a bifunctional MOF (MIL-53(Fe))
with both peroxidase-mimicking activity and oxidation-responsive
fluorescence' (Fig. 10A). In MIL-53(Fe), the Fe nodes had the
peroxidase-mimetic catalytic function, and the terephthalic acid
(TA) ligands acted as a potential fluorescent source. When the
MOF was incorporated with GOx, glucose was first oxidized under
the catalysis of GOx to produce H,0,, and the generated H,0, was
then catalyzed by the peroxidase-like MOF to generate rich
hydroxyl radicals, which further oxidized the TA ligands in the
MOF to form a blue-fluorescent product, thus giving the signal for
glucose detection. The use of such a bifunctional MOF nanozyme
avoids the addition of foreign substrates and labels, simplifying
the detection operation to some extent.

In addition to fluorescence signals, some MOF nanozymes
themselves can also provide other signals. For instance,
Wang et al. developed an N-(4-aminobutyl)-N-(ethylisoluminol)
modified metal-organic framework (ABEI/MIL-101(Fe)) with
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Fig. 10 (A) Presents the label-free glucose sensing strategy using
MIL-53(Fe) with peroxidase-mimicking activity and oxidation-stimulated
self-fluorescence (reused with permission from ref. 15). (B) Shows
the peroxidase-mimetic ABEI/MIL-101(Fe) with a stimulus-triggered electro-
chemical chemiluminescence response for the fabrication of a MUC1
immunosensor (reused with permission from ref. 97).

peroxidase-mimicking catalytic capacity and used it as an
efficient electrochemiluminescent (ECL) indicator for immuno-
assays”’ (Fig. 10B). The Fe-O clusters catalyzed the decomposi-
tion of H,0, to form hydroxyl radicals, and the isoluminol
molecule linked onto the ligands of the MOF could be stimu-
lated to produce the ECL signal.

5. Biochemical sensing applications

With the attractive features of MOF nanozymes, they have
found wide applications especially in the biochemical sensing
field. Generally, these analytical applications can be classified
into the following four categories (Scheme 2): (1) enzymatic
substrates (H,0,, phenols, etc.) and substrate-related molecules
(e.g., glucose) can be detected using MOFs as nanozymes;
(2) the nanozyme activity of MOFs is easily impacted by foreign
molecules such as inorganic ions and DNA, such that the
sensing of these substances can be realized via the modulation
of the nanozyme activity; (3) some reducing species, including
biothiols, AA and dopamine (DA), can have effects on nanozyme
catalyzed systems, and thus these species can be sensed
employing MOF nanozymes; and (4) as potential alternatives
to natural enzymes, MOF nanozymes can also produce ampli-
fied signals in immunoassays and aptamer sensors. With
the above principles, a number of analytes can be efficiently
detected with the participation of MOFs as nanozymes.
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Scheme 2 Various analytical applications of MOF nanozymes.

5.1. Detection of substrates and substrate-related molecules

In a common peroxidase catalyzed system, H,O, is often used
as an enzymatic substrate, where the H,0,-involved oxidation
of a substrate is catalyzed by a peroxidase mimic. By measuring
the production of oxidized substrate, H,O, can be determined.
With the system, several MOFs have been used as peroxidase
mimics to sense the H,0, analyte."*?”**%° As H,0, is an
important intermediate in many cascade biochemical reactions,
MOF nanozymes can also be integrated with natural enzymes for
the sensing of H,0,-related molecules. A typical example is the
detection of glucose.'®!?326:66:93795,99100 (3in and co-workers
utilized a hemin-containing MOF as an efficient peroxidase mimic
to establish a colorimetric assay of glucose by incorporating
the mimic with GOx.'® As shown in Fig. 11A, glucose was first
specifically catalyzed by GOx to generate the H,0, intermediate,
and then the intermediate was catalyzed by the MOF peroxidase
mimic, inducing the TMB chromogenic reaction for quantitative
determination. Besides glucose, MOF nanozymes can also be
combined with cholesterol oxidase, lactate oxidase or urate oxi-
dase to detect cholesterol,'*" lactate'® or uric acid,”” respectively.

In addition to H,0, as an enzymatic substrate, other organic
species can also be used as nanozyme substrates for their

A Glucose
Gluconic
I TMB H,0, acid

B HKUST-1

S - ] CHs
Y I, —~—

Z

C N 'ﬂ"EJ s OH 202 H,0
Thiamine Thiochrome

(Non-fluorescence) (High-fluorescence)

Fig. 11 (A) Displays the colorimetric sensing of glucose by integrating
GOx with hemin@MOF as a mimetic peroxidase (reused with permission
from ref. 100). (B) Illustrates the oxidation of thiamine to thiochrome under
the peroxidase-mimicking catalysis of HKUST-1 for the fluorescence
sensing of thiamine (reused with permission from ref. 32).
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detection.?>*®*>%® Tan’s group reported a high-performance
fluorescent assay of thiamine using a MOF nanozyme (HKUST-1)
catalyzed system.*> In their design, the analyte thiamine
was directly employed as a peroxidase substrate. Under the
peroxidase-like catalysis of HKUST-1, the thiamine molecule was
oxidized to produce a thiochrome (Fig. 11B), giving high fluores-
cence around 435 nm with an excitation wavelength of 370 nm.
With this strategy, wide-range and high-sensitivity fluorescence
detection of thiamine was realized.

5.2. Sensing based on nanozyme activity modulation

In nature, nanozyme catalysis is a heterogeneous surface reac-
tion process, and factors affecting the surface properties of
nanozymes can impact the activity of nanozymes. Currently,
many species, including ions, small molecules, DNA, and
proteins, have been found to exhibit various effects on the
nanozyme activity. This provides one with new principles and
strategies to establish effective methods for the sensing of these
species based on nanozyme activity modulation.

Currently, detection of phosphates,>>®® Cr®*** and ALP
activity®® has been realized based on MOF nanozyme activity
modulation. Typically, Wei’s group fabricated 2D MOF nano-
zyme sensor arrays by adjusting their peroxidase-like activity
with several phosphates, namely phosphate, pyrophosphate,
ATP, ADP and AMP®® (Fig. 12A). The fabricated sensor arrays
were successfully employed to differentiate the five phosphates.
The practical application of the sensor arrays was demonstrated
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X Incubation %‘) ?
4 e,
& ‘39_3%‘&

Zn-TCPP(Fe) %
Co-TCPP(Fe) \@&
Cu-TCPP(Fe) \@2&

& :oPD

~FO:ATP ©:Zn O:Fe

ssDNA

Au@Fe-MIL-88

VY

N, 1

Fig. 12 (A) Illustrates the 2D MOF nanozyme sensor arrays for analyzing
phosphates and their hydrolytic processes based on peroxidase-like
activity modulation (reused with permission from ref. 65). (B) presents
the principle of Au@Fe-MIL-88 as a peroxidase mimic for the colorimetric
detection of DNA (reused with permission from ref. 103).
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Fig. 13 (A) Presents the strategy for DA detection based on the target
impacting the peroxidase-like Cu-MOF catalyzed TMB color reaction
(reused with permission from ref. 34). (B) shows the sensing principle for
L-Cys based on oxidase-mimicking ZIF-67 catalyzed AR oxidation (reused
with permission from ref. 47).

oxTMB

with double blind experiments, where unknown samples containing
phosphates were identified with good accuracy. Furthermore, the
sensor arrays were utilized to probe the hydrolytic processes of
PPi and ATP.

Aside from ions, DNA chains can also impact the catalytic
properties of nanozymes,'®* providing the foundation for DNA
and DNA-related analyses. Li’s group constructed a DNA sensor
based on the activity modulation of a Au-decorated Fe-MOF
(Au@Fe-MIL-88)"'*® (Fig. 12B). In their sensor, Fe-MIL-88 exhi-
bited peroxidase-mimetic activity, and the AuNPs had different
adsorption properties towards double-stranded DNA (dsDNA)
and single-stranded DNA (ssDNA). In detail, ssSDNA was easily
adsorbed onto the Au@Fe-MIL-88 surface, leading to the
decrease of the hybrid peroxidase-like activity. However, it
was recovered by adding target DNA. Moreover, the recovery
degree highly depended on the concentration of target DNA
added. In contrast, base mismatched DNA could not trigger the
recovery of the peroxidase-mimicking activity. Based on this,
they developed a colorimetric method for DNA hybridization
detection. Besides, appropriate sensing methods can also be
designed and performed for the detection of heparin®® and ALP
activity’® based on the MOF nanozyme activity modulation
principle.

5.3. Detection of species impacting nanozyme catalyzed
systems

Apart from the sensing principle depending on the direct effect
of foreign species on the nanozyme activity, many foreign
species can make some impacts on nanozyme catalyzed reac-
tion systems. Typically, some reducing species, including
biothiols,?>4:45:47:51,69,105 AA17,22,24,62 a1q DA 34 can inhibit or
hinder the nanozyme catalyzed TMB chromogenic reaction.
On the one hand, these species with certain reducibility are
able to be competitively oxidized with the TMB substrate.
On the other hand, they can reduce the TMBox product to
TMB again. As a result, the presence of these reducing species
suppresses the TMB color reaction. With this principle, nano-
zyme catalyzed systems can be extensively used to detect these
reducing species. For instance, Wang et al. synthesized a MOF
composed of Cu** and 1,10-phenanthroline-2,9-dicarboxylic
acid (H,PDA).*>* The [Cu(PDA)(DMF)] MOF exhibited high
peroxidase-mimetic activity and could catalytically oxidize the
colorless substrate TMB to a blue product with the participation of
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H,0,. Nonetheless, the peroxidase mimic catalyzed reaction was
dramatically suppressed in the presence of DA. According to this
finding, the colorimetric detection of DA was realized (Fig. 13A).
Another typical sample ZIF-67 as an oxidase mimic can catalyze
Amplex red (AR) oxidation (Fig. 13B)."” During the process, two
consecutive redox reactions of AR are observed, which can be
applied for the fluorescence detection of biothiols like r-cysteine
(-Cys).

What should be stated is that, theoretically, any species with
stronger reducibility than the substrate used (e.g., TMB) can
affect the nanozyme catalyzed system. Therefore, this sensing
principle highly relies on the reducibility of the analyte and that
of the substrate used. As a result, the strategy lacks enough
specificity for quantitative detection. To overcome this pro-
blem, very recently the fabrication of nanozyme sensor arrays
combining principal component analysis (PCA) has been
proposed for differentiating and quantitating these reducing
species.'%®71%°

5.4. Replacing natural enzymes to generate amplified signals

Initially, nanozymes are designed and developed as alternatives
to natural enzymes. Naturally, they can be used to replace
natural enzyme to generate amplified signals, while retaining
good stability and low cost. Typically, nanozymes can be applied
as natural enzyme alternatives in enzyme-linked immunosorbent
assays (ELISA).>'?%7'1° Currently, there are a growing number of
studies on nanozyme-linked immunoassays. As mentioned above,
although nanozymes perform better in terms of stability in harsh
environments and production cost, most of them exhibit lower
catalytic activity, which has negative effects on the immuno-
sensing of trace targets. To improve the sensitivity of nanozyme-
linked immunoassays, recently we proposed a ‘nanozyme nest’
that was integrated with immunosensing for the detection of
a woodsmoke exposure biomarker.>® As compared in Fig. 14A,
the first-generation labels employed for ELISA are natural
enzymes like HRP. Their deficiencies, including low stability
and environment-dependent performance, greatly restrict their
applications in real conditions. Nanozymes as second-generation
labels afford options to develop assays with good stability and low
cost, while their catalytic capacity is inferior in comparison with
that of natural enzymes, resulting in challenges for ultrasensitive
detection. Besides, the poor solubility of nanomaterial-based
artificial enzymes is another considerable issue. In our ‘nanozyme
nest’, a number of peroxidase-like active Fe-MOF particles were
loaded on a GO support. This construction not only provided
dual-amplified catalytic ability but also overcame the poor water
solubility of the active Fe-MOF. Thus, it could be regarded as a
third-generation label offering amplified catalytic ability and
improved water solubility. After bioconjugation with antibodies,
the ‘nanozyme nest’ could provide ultrasensitive detection perfor-
mance for the biomarker. For more information about nanozyme-
based immunoassays and immunosensors, one can refer to our
recent review.''°

Besides immunoassays, nanozymes are also combined with
aptamers to realize the selective and high-sensitivity sensing
of analytes. In a nanozyme-based aptamer sensor, the aptamer
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Fig. 14 (A) Compares the GO/Fe-MOF nanozyme nest with the conven-
tional HRP and Fe-MOF as a nanozyme for immunoassays (reused with
permission from ref. 21). (B) illustrates the detection procedure of bacteria
using aptamer recognition, magnetic separation and nanozyme catalysis
(reused with permission from ref. 33).

component plays the specific recognition role towards targets,
and the nanozyme one gives amplified optical or electrochemical
readouts.**'™ As a typical example, Wang and co-authors
proposed a colorimetric protocol for Staphylococcus aureus sensing
by using aptamer-modified Cu-MOF nanoparticles as a peroxidase
mimic (Fig. 14B).** In the protocol, both aptamer-decorated
Cu-MOF nanoparticles and aptamer-decorated magnetic nano-
particles (MNPs) simultaneously recognized target bacteria in a
test tube. After magnetic separation, the Cu-MOF nanoparticles
bound to bacteria were removed from the supernatant, and the
number of Cu-MOF nanoparticles in the supernatant decreased.
With the existence of non-target bacteria, the Cu-MOF nano-
particles could not be removed from the supernatant due to the
lack of specific recognition. With this protocol, target bacteria
could be selectively detected by measuring the residual Cu-MOF
nanoparticles in the supernatant with the Cu-MOF catalyzed color
reaction.

6. Conclusions and perspectives

Unquestionably, the past few years have witnessed the rapid
rise of nanozymes in terms of both the exploration of various
materials and the extensive applications of these nanozymes.
Among these nanozymes, MOF nanozymes are arousing
increasing interest because of their unique features. They
integrate the versatile properties of MOF materials with attrac-
tive enzyme-like ability together and have found growing use
ranging from sensing and biomedicine to environmental engi-
neering and catalytic synthesis. Especially in the biochemical
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analytical community, MOF nanozymes are applied to establish
several principles and strategies for the determination of a
variety of analytes. Although in recent years many breakthroughs
have been made in design, synthesis, and performance study,
MOF nanozymes and their applications in biochemical detection
are still in their infancy. Some issues should be taken into
consideration for their future development in this attractive field.

(1) Design and development of MOF nanozymes with
desired activity. As mentioned above, the currently developed
MOF nanozymes still exhibit very low catalytic activity due to
their relatively large size and limited accessible active sites.
Although some strategies have been proposed and demon-
strated to effectively enhance the intrinsic poor activity of
MOF nanozymes, the enhancement is still far from satisfactory.
As a result, their catalytic capacity is still much lower than that
of natural enzymes. In this respect, more efficient means of
dramatically improving the poor activity of MOF nanozymes
are required. Recently, single-atom nanozymes derived from
MOF materials have been reported to exhibit impressive
activity.*"®>°! Single atomization may be a feasible route to
efficiently enhance the nanozyme activity. However, how to
realize the single atomization of active sites in MOF nanozymes
while retaining their attractive structures and properties is a
great challenge.

(2) Stability of MOFs in aqueous solution. Another challenge
for MOFs used as nanozymes is their stability in aqueous
solution. Currently, the majority of MOFs are synthesized in
organic solvents. When they are employed as nanozymes to
catalyze reactions, their stability in aqueous solution should be
taken into consideration. Nanozymes are expected to be recycl-
able and reusable. However, in most current analytical studies
neither the reusable performance of MOF nanozymes nor their
structural stability after the reaction is investigated. Especially,
the framework structures of these MOFs are prone to be damaged
during nanozyme catalysis. Therefore, developing MOF nano-
zymes highly stable in aqueous solution will benefit both their
reuse and applications in biochemical sensing.

(3) Exploration of multifunctional MOF nanozymes. With
diverse metal nodes and organic ligands, MOF materials can
exhibit versatile properties, including an enzyme-like feature.
Integrating the enzyme-mimicking catalytic ability and other
attractive functions into one MOF material is a direction for
future development, because such a multifunctional MOF will
find more interesting applications in various fields. Up to
today, MOFs with enzyme-like catalytic activity as well as optical
properties (fluorescence, electrochemiluminescence, etc.) have
been designed.’>* Despite these advances, there are still some
challenges that need to be overcome, including how to ensure
that the multiple roles of a MOF nanozyme work efficiently
without mutual interferences, and how to enable all the
functions to synergistically serve a specific purpose. Aside from
luminescent MOF nanozymes, it is also highly expected
to design novel MOF nanozymes with interesting thermal,
electrochemical, and magnetic properties.'"

(4) Exploring new sensing principles and strategies using
MOF nanozymes. Although a number of nanozyme-based detection
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systems have been constructed for the sensing of certain analytes,
the type and number of targets that can be analyzed by
nanozymes are still very limited.'® Currently, nanozymes are
mainly employed to detect ions and small molecules using
optical means. Their applications in protein detection, nucleic
acid analysis, aptamer sensors, and immunoassays are still in
the early stage. Given the catalytic nature of nanozymes to offer
amplified signals, they are expected to find extensive use in
ELISA, paper-based sensors, and electrochemical sensors for
environmental monitoring, food safety control, biomarker
detection and disease diagnosis, including the possible appli-
cation in rapidly testing the COVID-19 spreading around the
whole world. Further exploring novel principles and strategies
and combining nanozymes with other advanced biochemical
detection technologies for wider detection applications will be
a hot topic in the near future.

(5) Selective detection. Lack of substrate specificity is one of
the greatest barriers impeding the applications of nanozymes
in the biochemical analytical field.'** Currently, achieving the
selective detection of analytes using nanozyme catalysis relies
on the specific interactions between nanozymes and analytes or
the employment of biological recognition elements (antibodies,
aptamers, etc.). Discovering more specific interactions of
targets with nanozymes is a research trend. Besides, improving
the catalytic specificity of nanozymes via appropriate means
(e.g., artificial molecular imprinting) is also a general route to
realize selective detection.'™ It is known that the high catalytic
selectivity of natural enzymes mainly depends on their specific
spatial structures. Therefore, more attention should be paid to
designing nanozymes mimicking biological enzymes not only
in catalytic function but also in spatial structure. Only in this
way can the catalytic selectivity problem of nanozymes be
completely solved.

Taken together, the enzyme-like catalytic feature of MOFs
together with their versatile nature is attracting more and more
attention in the scientific community. It is expected that an
increasing number of new MOFs mimicking natural enzymes
not only in function but also in spatial structure will be
designed and developed. Also, the poor activity problem of MOF
nanozymes will be addressed with advanced nanotechnology and
molecular engineering. More amazing designs of multifunctional
MOF nanozymes will appear in the near future. These advances
will greatly expand their application promise in various fields,
including the biochemical detection field.
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