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ARTICLE INFO ABSTRACT

Keywords: The nanomaterials with enzyme-like catalytic activity, named as nanozymes, have aroused wide research in-
Metal-organic frameworks (MOFs) terest owing to their striking merits. Metal-organic frameworks (MOFs) have showed great prospect in the
Nanozyme construction of novel nanozymes. In this review, firstly, we summarize the most recent contributions in the

Sensing method
Cancer-starvation therapy
Enhancing photodynamic therapy
Synergistic therapy

design construction of the MOFs-based nanozymes. Then, we concentrate our attention on their applications in
the fields of sensing and cancer therapies. According to the design strategies, we categorized MOFs-based na-
nozymes into four classes for review (i.e. pristine MOFs, MOFs with modification, MOFs-based nanocomposites,
and MOF derivatives). Meanwhile, the emerging and fascinating 2D MOFs-based nanozymes were also reviewed.
A variety of novel applications are also discussed, including nanozymes catalytic mediated signal amplification
in sensing applications (e.g. colorimetric sensing, fluorescent sensing, chemiluminescent sensing, electro-
chemical sensing, and surface-enhanced Raman scattering (SERS)), and nanozymes catalytic mediated cancer
therapy (i.e. cancer-starvation therapy, enhancing photodynamic therapy, and cancer-starvation and PDT sy-
nergistic therapy). At the end of the article, future opportunities and challenges in this promising research area
are tentatively proposed.

1. Introduction 2018d; Wei and Wang, 2013; Wu et al., 2019), such as environmental

protection (He et al., 2018a; Ma et al., 2019), disease diagnosis and

Natural enzymes are very vital biological macromolecules for life,
which can efficiently and selectively catalyze a variety of biochemical
reactions. They play an important role in many fields, including bio-
sensing(Chen et al., 2018h; Pham et al., 2018), chemical sensing (Ma
et al., 2016), biofuels(Tan and Sato, 2017), food industry(Homaei et al.,
2013), disease diagnosis and treatment(Chen et al., 2017c; Dinda et al.,
2018), etc(Wu et al., 2017a). However, their high manufacturing costs,
production complexity, instability, and harsh catalytic conditions limit
their wide applications(Gao and Yan, 2016). With the rapid progress
and development of nanotechnology, nanomaterials with enzyme-like
catalytic activity have attracted the attention of researchers due to their
good stability and simple production, which also have been applied for
multiple fields(Huang et al., 2019b; Huo et al.,, 2019; Wang et al.,

treatment(Wang et al., 2018d; Yin et al., 2019), and sensing (Farka
et al., 2018; Li et al., 2018a).

In the past twenty years, MOFs as a class of porous crystalline ma-
terials have attracted widespread interests and achieved a rapid and
remarkable development. MOFs possess the periodic network structures
made by self-assembly of organic linkers (e.g. carboxylate ligands and
other negatively charged ligands) and inorganic metal-containing nodes
(e.g. metal ions and clusters). MOFs possess many attractive properties
such as high surface area and highly tunable pore sizes (generally
0-3 nm, up to 9.8 nm)(Jiao et al., 2018; Yang et al., 2017b), which have
been widely applied in multiple fields and still have great potential for
further development (Xu et al., 2018; Zhao et al. 2018¢c, 2018d). MOFs
possess active sites with high density and uniform dispersion, and their
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Abbreviations

ALP alkaline phosphatase

AFP alpha-fetoprotein

AA ascorbic acid

AUR Amplex UltraRed

AZBTS 2, 2’-azinobis (3-ethylbenzothizoline-6-sulfonic- acid)
BHb bovine hemoglobin

BTC 1, 3, 5-benzenetricarboxylic acid
BPY 4, 4-Bipyridine

CL chemiluminescence

Cu-MOF copper (II)-based MOFs

Cys cysteine

DTDBA 2, 2’-Dithiosalicylic acid

DA dopamine

GCE glassy carbon electrode

GOx/GOD glucose oxidase

HRTEM high resolution transmission electron microscopy

H,DMTDC  3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic
acid

H,0, hydrogen peroxide

INAzymesintegrated nanozymes

MG malachite green

MOF metal organic framework
MNPs metal nanoparticles
NPs nanoparticles

NH, -BDC2-amino-terephthalc acid

OPD o-phenyl-enediamine

O oxygen

PtNCs  platinum nanoclusters

PPi pyrophosphate

Pi phosphate

PDT photodynamic therapy

PB prussian blue

PTT photothermal therapy

SERS surface-enhanced Raman scattering
SDT sonodynamic therapy

ssDNA  single-stranded DNA

TH thiamine

TPZ tirapazamine

TMB 3, 3/, 5, 5’-tetramethylbenzidine
UA uric acid

3D/2D  Three/two-dimensional

0, singlet oxygen

1, 4-BDC 1,4-benzene-dicarboxylic acid

porous structure and multiple channels can facilitate small molecule
substrates to enter and fully contact with the active sites, which are also
beneficial to transport and diffusion of products. In addition, high
uniform sizes and pore shapes of MOFs are important to size-selective
catalytic reaction, which can effectively control the size of the partici-
pating molecules. Therefore, larger molecules can't enter the micro
pores to participate in the catalytic reactions (Yang et al., 2017b). By
right of the excellent catalytic characteristics, MOFs have been re-
cognized as the promising nanomaterials for the preparation of novel
nanozymes and gradually attracted the wide attentions. MOFs have
been widely applied in multiple fields, such as biocatalysis(Fu et al.,
2018; Jiao et al., 2018), chemicalsensing(Kukkar et al., 2018), bio-
sensing(Li et al., 2019a; Zhou et al., 2018b), and electrochemistry(Liu
et al., 2016; Liu and Yin, 2016). However, unsaturated metal centers
and unstable activity of MOFs limit their range of applications
(Vermoortele et al., 2013; Wang et al., 2011). Recently, MOFs-based
nanocomposites can endow the nanozymes with a higher activity and a
stronger stability, and make up for the disadvantage of MOFs in some
extent, allowing a rapid development stage of MOFs-based nanozymes.
Although 3D MOFs based nanozymes have many remarkable ad-
vantages, their poor dispersion in aqueous solution often limits the
accessibility of the target molecules to active sites (Chen et al., 2018a).
Recently, two-dimensional (2D) MOFs (He et al., 2018b; Ko et al.,
2018; Tan et al., 2017b; Zhao et al., 2018c; Zhao et al., 2018¢) have
joined the family of 2D nanomaterials and gradually entered the visual
field of researchers. And 2D MOFs with large lateral size are me-
chanically flexible, optically transparent, and ultrathin. Furthermore,
2D MOFs possess some unique properties, which originate from their
larger surface area, ultrathin thickness, and high surface-to-volume
atom ratios (Zhao et al., 2018b). In addition, 2D MOFs have higher
catalytic activities due to their ultra-large specific surface area and
larger active sites for substrates contact (Song and Hu, 2014; Zhang,
2015). On this basis, 2D MOFs have been also widely applied in cata-
lysis, sensing, gas separation, energy, and so on (Feng et al., 2018; Ye
et al., 2018; Zhang et al., 2019; Zhang et al., 2018i; Zhao et al., 2018c).
Based on the merits of 2D MOFs, 2D MOFs-based nanozyms have also
been successfully developed (Chen et al., 2018a; Zhao et al., 2018b).
In this review, we not only comprehensively summarize the recent
research progress on the design construction of 3D MOFs-based nano-
zymes (Table 1), and their sensing applications and therapeutic

applications, but also first summarize the design fabrication of 2D
MOFs-based nanozymes (Table 1) and their applications. Moreover, we
summarized the sensing methods constructed via MOFs-based nano-
zymes catalytic mediated diversified signal amplification and signal
output, involving the sensing modes of colorimetric sensing, fluorescent
sensing, chemiluminescent sensing, electrochemical sensing, and SERS
sensing. Impressively, we also summarize cancer therapy based on the
MOFs-based nanozymes catalytic triggered cancer cell apoptosis, in-
cluding cancer-starvation therapy, enhancing photodynamic therapy
(PDT), and cancer-starvation and PDT synergistic therapy. In the end,
the challenges and opportunities about the further design and appli-
cations of MOFs-based nanozymes are put forward.

2. Synthetic strategies of MOFs-based nanozymes
2.1. 3D MOFs-based nanozymes

2.1.1. Pristine 3D MOFs

Three-dimensional (3D) MOFs have been intensively studied as
functional materials for multiple fields, which are coordination poly-
mers composed of metallic nodes and organic linkers (Chen and Wu,
2018; Kreno et al., 2012; Liang et al., 2018c¢). The large specific surface
area and high porosity, together with abundant active sites and tran-
sition metals (e.g. Fe, Cu, Co and Zn) endow MOFs with excellent cat-
alytic ability (Chen and Wu, 2018; Kreno et al., 2012; Liang et al.,
2018c). Up to now, a lot of 3D MOFs with enzyme-like catalytic activity
have been discovered. MIL-type MOFs have been reported with intrinsic
peroxidase-like catalytic activity, including MIL-53, MIL-88, MIL-100,
MIL-101 and so on. The peroxidase substrates TMB, AZBTS and OPD
can be catalyzed by these MIL-type MOFs and lead to a color reaction
with the presence of hydrogen peroxide (H>O,) (Chen et al., 2017a;
Dong et al., 2018; Yi et al., 2016b). For example, Jiang et al. success-
fully prepared two water-stable Fe (III)-based MOFs with intrinsic
peroxidase-like properties by a solvothermal reaction. The as-synthe-
sized MIL-68 and MIL-100 both exhibited peroxidase-like activities and
could catalyze the peroxidase substrate TMB to produce a remarkable
blue color reaction in the presence of H;O,(Zhang et al., 2014). Lu et al.
successfully synthesized a new porous MOF MIL-53(Fe) through using a
simple solvothermal way via using FeCl36H,O and 1, 4-benzenedi-
carboxylic acid as the precursor. The as-obtained product showed an
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Table 1
Summary of 3D/2D MOF-based nanozymes.
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The reported 3D MOF-based nanozymes

Ligand structure Ligand abbreviation Metal Nanozymes name Ref.
o) o) 1,4-benzene-dicarboxylic acid (1,4-BDC) Fe3+  MIL-53(Fe) Ai et al. (2013)
MIL-53(Fe) Qin et al. (2013)
MIL-53(Fe) Yi et al. (2016b)
OH OH MIL-53(Fe) Dong et al. (2017a)
MIL-68 Zhang et al. (2014)
Fe-MIL-88 Zhao et al. (2016)
PB/MIL-101(Fe) glycine-MIL- Cui et al. (2015b)
53(Fe) Dong et al. (2017a)
MOF-235/3-cyclodextrin Mao et al. (2018)
AgNPs/MIL-101 (Fe) Jiang et al. (2015)
Fe304/MIL-101(Fe) Jiang et al. (2016)
Fe304/MIL-101(Fe) Qian Tang et al. (2018)
PB/MIL-101(Fe) Cui et al. (2015a)
O 2-amino-terephthalc acid (NH,-BDC) Fe3+ Fe-MIL-88NH, (Liu et al., 2013)
Zr**  NH , -MIL-88(Fe) Dong et al. (2018)
OH Cu®*  PANPs@Fe-MOFs Li et al. (2018e)
Ce®*  Ui0-66(NH,) (Hu et al., 2016)
OH Co®"  Cu@UiO Zhao et al. (2018a)
NH, AP*  CuMOF Wang et al. (2017)
fe) AuNPs/Ce-MOFs Shen et al. (2016)
PtNPs@Co(I)MOFs@ PtNPs Yang et al. (2017d)
Hemin@MOF (Qin et al., 2013)
COOH 1,3,5-benzenetricarboxylic acid (BTC) Fe** MIL-100 (Zhang et al., 2014)
Zr*t HAP@MIL-100(Fe) Chen et al. (2017a)
Cu®>*  Fe 304/MIL-100(Fe) Wu et al. (2017b)
Fe;0,@Au@MIL-100 Ma et al. (2018)
TMBDA-MIL-100(Fe) Valekar et al. (2018)
HOOC COOH MOF-808 Vo et al. (2018)
MOF-808F Zheng et al. (2018)
Hemin@HKUST-1 Luo et al. (2015)
HKUST-1 Tan et al. (2015)
0 Fumaric acid Fe**  Fe-MIL-88A (Wang et al., 2016¢)
OH MIL-88 Gao et al. (2017a)
(6]
o) o) 1,4-benzene-dicarboxylic acid (1,4-BDC) cret MIL-101(Cr)@PB Su et al. (2016)
Zr**  AuNPs@MIL-101 Hu et al. (2017a)
Cellulase@MOFs (Ahmed et al., 2018)
OH OH Ui0-66(NHs) Liu et al. (2018¢)
AgNPs@ ZnMOF Bagheri et al. (2018)
o nucleotide cu*t  Gu/GMP (Liang et al., 2017)
o {ax
OH—%—O ° T N7 ONH
OH T
OH HO
— / \ 4,4’-Bipyridine (BPY) cu?* Cu-MOF (Wang et al., 2018a)
N N RIgG@Cu-MOF Wang et al. (2018b)
Ial
z - - z 2,2"-bipyridine-5,5 Zr**  Cu®*-NMOF (Chen et al., 2018f)
}_</:>_C>_< -dicarboxylic acid
o = = o]
fo) OH 2,2’-Dithiosalicylic acid (DTDBA) cu®*  Cu-MOF (Menon et al., 2018)
S o
OH
(o) [e) 1,4-BDC Co?* (Co(pbda)(4,4-bpy).2H,0), (Yang et al., 2015)
>\_®4 BPY
OH OH
/N
N N
\ / \_
2-methylimidazole Co?*  ZIF-67 (Qin et al., 2017)
Co-ZIF-67 Nguyen et al. (2018)
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(continued on next page)
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Table 1 (continued)
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The reported 3D MOF-based nanozymes

Ligand structure Ligand abbreviation Metal Nanozymes name Ref.
3,4-dimethylthieno[2,3-b] thiophene-2,5-dicarboxylc acid (H » Ce®* Ce-MOF (Dalapati et al., 2017)
DMTDC)
TCPP Zr**  PCN-222 (Zhang et al., 2016)
PCN-224 Li et al. (2017a)
PCN-224-Pt (Zhang et al., 2018j)
TCPP Zr **  Ui0-66-TPP-SH (Kan et al., 2018)
1,4-BDC
OH : OH
1,4-BDC Zr*t HP-PCN-224(Fe) (Liu et al., 2018d)
TCPP(Fe)
2-methylimidazole Zn?* ZIF-8@BHb Yin et al. (2016)
ZIF-8/Zn-Al Hu et al. (2018a)
GOx/hemin@ZIF-8 hemin/ZIF-8 Cheng et al. (2016)
Au@ZIF-8 Li et al. (2016a)
Wang et al. (2016a)
TCPP(Fe) Co®* Co-TCPP(Fe) MOF (Wang et al., 2016b)
Zn** AG73@2DM-TCPP(Fe) Cheng et al. (2017)
Co®>* (M = Zn, Co, Cu)
Cu*
NH,-BDC Cu®*  NH, -Cu-MOF (Hu et al., 2018b)
OH
OH
NH;
O
COOH BTC Ccu?* Cu(HBTC)-1/Fe304-AuNs (Tan et al., 2017a)
HOOC COOH
TCPP(M) cu?t Au NPs/Cu-TCPP(M) (Huang et al., 2017b)

(M = Fe, Co)

(continued on next page)
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Table 1 (continued)
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The reported 3D MOF-based nanozymes

Ligand structure Ligand abbreviation

Metal Nanozymes name Ref.

1,4-BDC

TCPP(Fe)

Ni2* 2D Ni-MOF nanosheet (Chen et al., 2018c)
Ni-MOF/Ni/NiO Chen et al. (2018d)

Zn?* 2D M-TCPP(Fe) Qin et al. (2018)

Co®* (M = Zn, Co, Cu) (Chen et al., 2018a)

cu?* PtNPs/Cu-TCPP(Fe) Liang et al. (2018a)

Cu**  GOD@Co-FeMOF

C02+

a)
/
V4 'l
TCPP  Zr-O Clusters PCN-222 3-D nanochannels
b) )
N
L N Acetic acid/DMF CuCl,/THF
+ZrCl,  —
I N 90°C, 18 h
Z

NMOF Cu?*-NMOF

Fig. 1. (a) Schematic illustration for the construction of PCN-222 (Zhang et al.,
2016). (b) Synthesis of the Cu?* -functionalized Zr4+-5,5’-bipyridine carbox-
ylate-bridged metal-organic framework nanoparticles (NMOFs)(Chen et al.,
2018f).

intrinsic peroxidase-like activity and could catalyze the oxidation of the
peroxidase substrate TMB to generate a blue colored product with the
presence of HyO,(Lu et al., 2015). Wang's group successfully fabricated
an ion-based MOF material (Fe-MIL-88A) with high peroxidase-like
catalytic activity and could catalyze the peroxidase substrate TMB to
produce a blue color. Interestingly, the peroxidase-like catalytic activity
of Fe-MIL-88A could be strongly inhibited with the presence of target
biomolecule (thrombin) and corresponding aptamer because of the in-
troduction of aptamer and thrombin mixture which could wrap around
Fe-MIL-88A. Due to the inhibition of the peroxidase-like catalytic ac-
tivity, the produced blue color disappeared. On this basis, a novel label-
free colorimetric sensing strategy was successfully developed for the
detection of biomolecule (e.g. thrombin). With this method, thrombin
could be detected with a low detection limit (LOD) of 10 nM through
naked eyes (Wang et al., 2016c). Similarly, the Cu-MOFs have been
verified to possess enzyme-like catalytic activity (Chen et al., 2018f;
Menon et al., 2018; Wang et al. 2018a, 2018b). Li et al. successfully
fabricated Cu-MOF with the microporous network and typical octahe-
dral crystals, which exhibited high intrinsic protease-like activity and
good stability for catalyzing the proteins at aqueous solution (Li et al.,
2014). Furthermore, Wang and co-workers reported Cu-MOFs nano-
particles with peroxidase-like activity, which were fabricated by using

182

Cu(NO3), and 2-aminoterephthalic acid, and could catalyze the per-
oxidase substrate TMB to produce a yellow chromogenic reaction in the
presence of HyO,(Wang et al., 2017). Shortly afterwards, Tan's group
developed Cu-MOFs, which exhibited horseradish peroxidase-like cat-
alytic activity for detecting the catalytic activity of alkaline phospha-
tase (ALP) (Wang et al., 2018a). Sheela et al. reported a new Cu-MOF
with intrinsic peroxidase-like activity, which was synthesized by sol-
vothermal method and used for sensitive detection of H,O5 and glucose
(Menon et al., 2018). Liu's group successfully synthesized a new Co-
MOF with remarkable peroxidase-like activity, (Co(pbda)(4,4-
bpy).2H,0),,, which could catalyze H,O, to produce ‘OH due to its
peroxidase-like activity(Yang et al., 2015). A bimetallic MOF (Co/2Fe)
was successfully contracted under hydrothermal conditions by Ye and
co-workers, which possessed both oxidase-like and peroxidase-like ac-
tivities. Whether the presence or absence of H,O,, MOF(Co/2Fe) could
both catalyze peroxidase substrate TMB to produce a chromogenic re-
action (Yang et al., 2017a). According to previous literature, some Ce-
based MOFs with oxidase mimicking activity have been developed
successfully. Biswas et al. successfully prepared a cerium-based MOF
material by incorporating cerium (IV) ammonium nitrate and 3,4-di-
methylthieno[2,3-b]thiophene-2,5-dicarboxylic acid under sol-
vothermal conditions. The developed Ce-MOF possessed an inherent
oxidase-like catalytic activity due to the presence of redox-active
cerium atoms in the Ce-MOF, which could oxidize TMB or AZBTS
without any external oxidizing agents (Dalapati et al., 2017). Recently,
another mixed valence state cerium-based MOF (MVC-MOF) was syn-
thesized by Tan and co-workers, which both possessed Ce (III) and Ce
(IV) ions due to partial oxidation of cerium (III). The as-prepared MVC-
MOF was endowed with a typical oxidase-mimicking activity by Ce
(IV), and could oxidize TMB to produce a chromogenic reaction with
the presence of oxygen. The ssDNA could inhibit the catalytic activity of
the MVC-MOF, because it could bind the MVC-MOF and lead to the
active sites of MVC-MOF were shielded, but double-stranded DNA
(dsDNA) had negligible influence on the catalytic activity of the MVC-
MOF. Based on these characteristics, a novel strategy was developed for
the detection of Hg (II)(Wang et al., 2018c). In addition, zirconium-
based MOFs had been reported to exhibit enzyme-like catalytic activity.
It was worth noting that Zhang's group carried out the research on
mimic enzyme activities of zirconium-based porphyrinic MOFs (PCN-
222) (Fig. 1a). In this study, the as-synthesized PCN-222 could produce
a heterogeneous catalysis as an catalyst in oxygen reduction reaction,
which had a great advantage over the enrichment of oxygen molecules
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compared to tetrakis(4-carboxyphenyl)porphyrin ligand due to its
tunable structures and high porosity(Zhang et al., 2016). In a very re-
cent study, Zheng and co-workers for the first time designed and pre-
pared a novel and stable Zr-based MOF  ([ZrgO4(us-
OH)4(0OH)6(H20)6(BTC)2]'nH,0), named MOF-808, which was synthe-
sized by using hydrochloric acid to treat MOF-808FA, the latter was
built by BTC®~ linkers and [ZrgO4(us-OH)4(FA)e] clusters and formed
three-dimensional framework with two types of cages. MOF-808 was
verified to exhibit an excellent intrinsic peroxidase-like catalytic ac-
tivity under acidic, neutral, and alkaline conditions. In the presence of
H-0,, the as-prepared MOF-808 was able to catalyze TMB to form blue
oxTMB(Zheng et al., 2018).

2.1.2. 3D MOFs with modification

Functionalized modifications of MOFs have been known as effective
and flexible approaches to introduce the required functionalities into
MOF materials, which are usually realized through chemical mod-
ifications. Generally speaking, MOFs can be functionalized by their
metal nodes and/or organic linkers (Cohen, 2017; Deng et al., 2010). In
previous reports, functionalized MOFs have also been widely applied in
catalysis. For example, Cui and co-workers successfully synthesized a
novel microporous PB/MIL-101(Fe) by modifying Prussian blue (PB) at
the exposure metal sites of MIL-101(Fe) in the process of fabrication. It
was proved that PB was bound to the surface of MIL-101(Fe) by co-
ordinating vacant Fe3* sites of MIL-101(Fe)s’ surface with CN residues
on the PB backbone. The as-obtained PB/MIL-101(Fe) exhibited an
efficient and excellent peroxidase-like catalytic activity for the reduc-
tion of H,O, and could oxidize the peroxidase substrate TMB, AZBTS
and OPD to produce a chromogenic reaction in the presence of
H,0,(Cui et al., 2015b). The functional species could also be introduced
into MOF through post-synthetic modification way. For example, Chen
and co-workers successfully prepared UiO-type MOF nanoparticles
(Cu?*-NMOFs) (Fig. 1b) using 2,2’-bipyridine-5,5’-dicarboxylic acid as
ligands and Zr** ions as metallic nodes, the bipyridine ligands in Cu®*
NMOFs provided uncoordinated chelating centers for the complexation
of various metal centers. The developed Cu®*-NMOFs possessed per-
oxidase-like catalytic activity and could catalyze the oxidation of Am-
plex-Red to produce the fluorescent resorufin by H,O,. Moreover, the

a)
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obtained product could catalyze the oxidation of dopamine to generate
aminochrome by H,0, and could produce luminol chemiluminescence
with the presence of H>O,(Chen et al., 2018f). As reported by Dong's
group, a novel glycine functionalized MIL-53(Fe) (glycine-MIL-53(Fe))
was rationally designed and successfully fabricated through post-syn-
thetic method. The as-prepared glycine-MIL-53(Fe) showed a stronger
peroxidase-like activity and smaller K,, for TMB than MIL-53(Fe). In
addition, the stability of the glycine-MIL-53(Fe) under both acidic and
alkaline conditions exhibited better than that of MIL-53(Fe) due to the
presence of amino groups and carboxylic acid in glycine molecular. In
the presence of H,0,, the glycine-MIL-53(Fe) could catalyze the oxi-
dation of peroxidase substrate TMB to generate an intensive color
change (Dong et al., 2017b). In a recent study, encouraged by the ad-
vantages of surface modification of MOFs, Ma's group managed to
fabricate a new P-cyclodextrin functionalized MOF-235/3-CD hybrid
via a simple method, using B-CD to modify MOF-235 for the first time.
It was found that the formation of the MOF-235/B-CD hybrids was
ascribed to the coordination interaction between the unsaturated Fe
(III) metal ions of MOF-235 and the —OH groups of (3-CD. The as-ob-
tained MOF-235/3-CD hybrids showed high catalytic activity for the
H50,-luminol system, and the enhancement of chemiluminescence (CL)
intensity was 30-fold more than that of previous H,O,-luminol system
(Mao et al., 2018).

2.1.3. 3D MOFs-based composites

MOFs possess active sites with high density and uniform dispersion,
and their porous structure and multiple channels facilitate substrates to
enter and contact with the active sites fully, which are also beneficial to
transport and diffusion of products. In addition, highly uniform sizes
and pore shapes of MOFs are important to size-selective catalytic re-
action, which can effectively control the size of the participating mo-
lecules. However, the catalytic centers of MOFs are usually limited by
the active group on the organic linkers and the coordinatively un-
saturated metal sites-Lewis acid centers. Due to these factors, MOFs are
limited at a certain catalytic activity. Fortunately, the pore space on
MOFs can accommodate multiple additional active species as guests to
produce MOF-based nanocomposites for catalytic reactions, such as
metal nanoparticles, metal oxide nanoparticles, hemin, Prussian blue,

Fig. 2. (a) Scheminatic illustration of the fabrica-
tion procedure of Hemin-Au@MOF for labeling AFP

Ird

{ % *
’ 4 & ‘ ;u} (“: ¢ Y L antibody (Ab), including the hemin-mediated Au
*“ ... . " 3 3_?/;"'&?. - A biomineriation yielding Hemin-Au, the coating of
N * ‘,.’=> . '.'. | m— :’ / :> Tb-MOFs forming Hemin-Au@MOF, and the la-
‘-Bmmmenutlon. .. #" g MOF- cuatmg j‘\i z\b Iabelmg A beling of AFP Ab(Zhang et al., 2018d). (b) Sche-
’ 3 [ 4 Fid A A matic illustration of the magnetic MOF-based na-
nocatalyst synthetic process (Ma et al., 2018).
Hemin Hemin-Au Hemin-mmﬁ.‘.'MOF Hemin-Au@MOF
labeled AFP Ab
b) Au seed llAuCl
Ascodnc Acid
Au-seed Fe, O,
BTC
.8
4.-.‘1
8,%,% 0
ot e, pu
+ cycle

Fe,-p,-oxo clusters

MIL-100(Fe)

Fe,0,@Au@MIL-100(Fe)
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and enzymes(Jiao et al., 2018; Liang et al., 2019; Yang et al., 2017b)).

2.1.3.1. 3D MOF-metal nanoparticles composites. Metal nanoparticles
(MNPs),particularly small MNPs, as effective catalysts have attracted
wide attention due to their remarkable mimetic enzyme activities (e.g.
catalase, oxidase, superoxide dismutase, and peroxidase)(Li et al.,
2015). However, the high surface energy of MNPs can lead to the
thermodynamic instability and easy aggregation of them in solution
during catalytic reactions, and their catalytic activities decreased
greatly (Yang et al., 2017b). However, the porous structure of MOFs
can provide inherent conditions for stabilizing small MNPs, keeping
them from the common aggregation and making catalysts possess a
higher activity and a stronger stability. In addition, the development of
MOF-MNPs composites also broadens the scope of catalytic reactions
(Yang et al., 2017b). The doped noble MNPs in MOFs have been verified
to significantly enhance the enzyme-like catalytic activity of MOFs,
such as AuNPs, AgNPs, PdNPs, and PtNPs(Li et al., 2018c). For example,
Shen and co-workers recently developed a novel AuNPs/Ce-MOFs,
which was synthesized via decorating AuNPs in Ce-MOF. The AuNPs
in Ce-MOFs nanocomposites not only could act as a nanocarrier to
capture —SH terminated hairpin probes 2 (HP2) for obtaining HP2/
AuNPs/Ce-MOFs signal probes, but also could act as the co-catalysts to
catalyze the oxidation of ascorbic acid (AA)(Shen et al., 2016). A new Pt
nanoparticles-functionalized Co-MOFs (PtNPs@Co(II)MOFs@PtNPs)
was reported by Yang's group, which was prepared in two steps. First
of all, the Co(I)MOFs@PtNPs were simply synthesized by using the
mixed solvothermal strategy, encapsulating Pt nanoparticles (PtNPs)
into the amino functionalized Co(II) MOFs materials. Then, assembling
additional PtNPs on the external surface of Co(I)MOFs@PtNPs to
produce PtNPs@Co(I)MOFs@PtNPs. The as-synthesized PtNPs@Co
(IDMOFs@PtNPs could catalyze the oxidation of H,O, with the
improvement electron transfer of redox probe and could lead to the
electrochemical signal amplification(Yang et al., 2017d). Zhang et al.
reported a novel nanozyme decorated MOFs, namely PCN-224-Pt,
which was simply prepared by homogeneously decorating Pt
nanozymes on porphyrinic Zr-MOF nanoparticles. The PCN-224
(porous coordination network-224) was prepared through in situ
reduction strategy, which could prevent the neighboring PtNPs
aggregating and kept them stable, endowing the Pt nanozymes high
stability and excellent catalase-like property. The as-synthesized PCN-
224-Pt exhibited an excellent catalase-like activity and could catalyze
the decomposition of H>O, to generate O, with the existence of H50,,
going a step further to produce 0, in the presence of light(Zhang et al.,
2018j). Zhang's group recently successfully developed novel
biomineralized Hemin-Au@MOF composites (Fig. 2a), which were
synthesized through two steps. First, hemin was remolded with
biomineralized gold to produce Hemin-Au core. Following that,
Hemin-Au core was encapsulated into the Tb MOF matrix. The as-
prepared Hemin-Au@MOF exhibited high environmental stability and
double catalysis activities of gold catalysis and enhanced peroxidase-
like (Zhang et al., 2018d).

It was reported that AuNPs and AgNPs exhibited remarkable sur-
face-enhanced Raman scattering (SERS) activities. Encouraged by dis-
tinctive structure of MOFs, immobilizing the Au/AgNPs on the surface
of MOFs as an efficient SERS substrate gradually was widely studied.
For example, Jiang's group successfully prepared a novel SERS substrate
AgNPs/MIL-101(Fe) via in situ fabrication of AgNPs on the external
surface of MIL-101(Fe). The as-synthesized AgNPs/MIL-101(Fe) com-
bined the numerous Raman hot spots between the great adsorption
performance of MOFs and the high-density AgNPs and was used to the
detect dopamine (DA) sensitively via using ABTS as a SERS marker
based on their excellent peroxidase-like activity(Jiang et al., 2015).
Recently, Ma and co-workers fabricated novel magnetic MOF-based
nanocatalysts (Fe;04,@Au@MIL-100(Fe)) (Fig. 2b) through three-step
strategy, including the solvothermal reaction, Au seed-induced growth
process, and low-temperature cycling self-assembly. The as-obtained
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magnetic Fe30,@Au@MIL-100(Fe) was verified to possess an excellent
peroxidase-like catalytic activity and could catalyze the oxidation of
TMB/OPD to generate a color reaction with the presence of H,0,. In
addition, the resultant Fe;0,@Au@MIL-100(Fe) also was used as a
SERS substrate for monitoring the enhancement of the photoinduced
catalytic property stemmed from ascorbic acid (AA)-assistance in the
oxidation reaction of peroxidase mimics(Ma et al., 2018).

2.1.3.2. 3D MOF-metal oxide nanoparticles composites. Some 3D MOF-
metal oxide nanoparticles composites were also reported to possess
enzyme-like catalytic activity, Gao's group for the first time reported
the magnetic Fe30, nanoparticles (NPs) possessed an intrinsic enzyme
mimetic activity as natural peroxidases(Gao et al., 2007). By modifying
metal oxide NPs on the outer surface of MOFs, it possibly makes metal
oxide NPs obtain an enhanced catalytic activity, because the MOFs are
capable of preventing metal oxide NPs aggregation and keep them
stable. To obtain a novel Fe-based MOFs with high peroxidase-like
activity, Li et al. successfully developed a new magnetic porous
material (Fe304/MIL-101(Fe)) through an effective ultrasound-
assisted electrostatic self-assembly method for decorating the cysteine
(Cys) functionalized Fe3O04 MNPs on the external surface of MIL-
101(Fe). The as-prepared Fe;O0,/MIL-101(Fe) exhibited an excellent
peroxidase-like property, which was used for the dimerization reaction
of o-phenylenediamine (OPD) with the existence of H,O, as an active
heterogeneous catalyst(Jiang et al., 2016). Then, their group used the
as-obtained Fe;0,/MIL-101(Fe) directly catalyzed luminol CL without
additional oxidants and exhibited stronger catalytic ability that could
be applied for quantitative detection of H,O, in medical disinfectant
and glucose in human serum samples(Qian Tang et al., 2018). Shortly
afterwards, Hu's group successfully synthesized a core-shell artificial
peroxidase through a solvothermal strategy, namely, Fe;O,@MIL-
100(Fe), which exhibited an excellent peroxidase-like activity and
could catalyze the oxidation of TMB to generated a blue product in
the presence of H,O(Wu et al, 2017b) In addition to Fe304
nanoparticles (NPs)-MOF composites, there are some other metal
oxide nanoparticles-MOF composites reported, such as vanadium
oxide-MOF (Cui et al., 2018). Farha and co-workers managed to
immobilize vanadium oxide on Zr-MOFs to fabricate a new supported
vanadium oxide catalyst by solvothermal deposition in MOFs (SIM),
named V-NU-1000. The obtained V-NU-1000 showed an excellent
catalytic activity reflected by using the oxidation of 4-methoxybenzyl
alcohol under an O, atmosphere and was verified to have higher
selectivity and conversion than that vanadium oxide supported on high
surface area zirconia (V-ZrO,). Moreover, the stability of V-NU-1000
was verified via recyclability and leaching tests, in which V-NU-1000
still retained equivalent catalytic ability as the fresh catalyst with no
loss of metal loading in the recollected V-NU-1000.

2.1.3.3. 3D MOF-hemin composites. According to previous reports,
hemin acts as the active center of numerous heme-proteins and
exhibits the peroxidase-like property, which is usually used for
catalysis as an excellent mimetic peroxidase. However, the limited
catalytic lifetime hindered the development of hemin being used as
catalyst owing to their dimerization and oxidative self-destruction in
aqueous media. In order to solve this problem, a promising strategy was
put forward, which was used to prepare novel heme-composites by
decorating the hemin on suitable carrier materials to obtain a highly
stable and catalytic biomimetic catalyst (Li et al., 2016a). For example,
by encapsulating hemin into the MOFs (HKUST-1), Luo and co-workers
successfully fabricated a new MOF-based solid catalyst, which showed a
remarkable peroxidase-like catalytic activity inheriting from hemin and
could catalyze the chemiluminescence(CL) reaction between H,O, and
luminol in the neutral condition. In addition, the hemin@HKUST-1 still
preserved a high catalytic activity after eight catalysis cycles (Luo et al.,
2015). Li and co-workers managed to design and successfully
synthesized a novel hemin/ZIF-8 composite with peroxidase-like
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activity through facile one-pot strategy, which utilized the chemical
bond interactions between ZIF-8 and hemin molecules under a
moderate condition in methanol medium. It was verified that hemin
molecules were uniformly distributed in the framework of ZIF-8
because its mesoporous structure and the -COOH groups were
connected with metal ions. In addition, through the
microenvironment provided by ZIF-8, the as-prepared hemin/ZIF-8
exhibited an excellent peroxidase-like activity with a great dispersity in
aqueous solution and could catalyze the oxidation of the peroxidase
substrate TMB with the presence of H,O,(Li et al., 2016a). In a very
recent study, Wang and co-workers reported the preparation of the
Hemin-Au@MOF for the first time, which was successfully synthesized
via remolding catalytic hemin molecules with biomineralized Au to
produce Hemin-Au core, and was further encapsulated inside the Tb
MOF matrix. The prepared Hemin-Au@MOF composites exhibited high
stability and excellent double catalysis properties of gold catalysis and
enhanced peroxidase-like. Moreover, the as-prepared Hemin-Au@MOF
composites could show much higher intrinsic catalysis and stronger
substrate affinity (lower Michaelis constants) than pristine hemin
molecules and natural peroxidase, which was applied for two signal
amplification methods of gold-catalyzed silver staining and hemin-
catalyzed chromogenic reaction to detect the alpha-fetoprotein (AFP) in
blood(Zhang et al., 2018d).

2.1.3.4. Other 3D MOFs-based composites. Prussian blue (PB) is a vital
class of mixed-valence compounds made by iron ions coordinated with
CN bridges, which possesses a remarkable peroxidase-like catalytic
property towards H,0,. Nevertheless, there are two main constraints to
the applications of PB, the one is the blue color of PB itself affecting the
target signals, another constraint is due to the poor stability and easy
aggregation in aqueous solution, which might lead to the decline of
catalytic activity (Michopoulos et al., 2014). In order to solve the above
problems, Cui and co-workers managed to synthesis a new nanosized
porous PB/MIL-101(Fe) material by decorating PB at the exposed metal
sites of the MIL-101(Fe) during the process of preparation, in which
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Fig. 3. Schematic diagram of the preparation of the mimic multienzyme system enzyme@HP-PCN-224(Fe)(Liu et al., 2018d).
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forming multiple coordination bonds between CN residues on the PB
backbone and vacant Fe3* sites on the MIL-101(Fe) surface. The as-
obtained PB/MIL-101(Fe) exhibited a remarkable peroxidase-like
catalytic activity to catalyze the decomposition of H,O, due to its
large reaction surface area, abundant active sites and easy electron
transfer (Cui et al., 2015b). Yin and co-workers successfully fabricated a
novel hemeprotein-metal organic framework hybrid composite (H-
MOFs) with peroxidase-like catalytic activity through using one-pot
synthesis strategy to embed protein into MOF, which took bovine
hemoglobin (BHb) and ZIF-8 as a model reaction system. The as-
fabricated H-MOFs not only exhibited high stability and excellent
catalytic activity, but also showed 423% enhancement in peroxidase-
like catalytic property compared with free BHb(Yin et al., 2016).
Recently, Hu's group managed to prepare new ZIF-8/Zn-Al layered
double oxides (LDO) composites via using in-situ growth approach
without adding supernumerary zinc source. The as-obtained composite
showed high adsorption ability and remarkable photocatalytic
degradation activity for methylene blue (MB) because the hierarchical
porous structure was formed via the growth of ZIF-8 on surface of LDO
(Hu et al., 2018a). In addition, the integrated nanozymes (INAzymes)
have been developed widely via encapsulating natural enzymes
together within confined frameworks, which could enhance the
stability and catalytic activity of natural enzymes (Lei et al., 2018;
Lian et al., 2017; Mehta et al., 2016). For example, Liu and co-workers
reasonably designed a porous MOF (HP-PCN-224(Fe)) (Fig. 3) with
intrinsic peroxidase-like property and tunable hierarchical porosity,
which was successfully fabricated by a modulator-induced approach.
The resulting product was not only used as the enzyme-immobilization
matrix but also used as an effective peroxidase-like mimic, which could
catalyze the cascade reactions with the immobilized natural enzyme. To
improve pH and thermal stabilities of natural enzymes, glucose oxidase
(GOx) was immobilized on HP-PCN-224(Fe) to prepare an excellent
GOx@HP-PCN-224 (Fe) composite, which could catalyze the cascade
reaction of ABTS and glucose. Similarly, immobilizing uricase on HP-
PCN-224(Fe) could obtain a new uricase@HP-PCN-224 (Fe) composite.
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The as-obtained uricase@HP-PCN-224(Fe) composite could be used for
the cascade reaction of 4-aminophenazone/2,4-dichlorophenol
sulfonate(DCPS) and uric acid (UA)(Liu et al., 2018d).

2.1.4. 3D MOF derivatives

As a class of crystalline nanoporous material with tailorable and
diversified structures, MOFs have been used as versatile precursors/
sacrificial templates to synthesize multiple MOF derivatives, including
carbon-based materials, metal oxide/carbon composites, metal/carbon
composites, etc. Compared to traditional nanoporous materials, MOF
derivatives open up a novel avenue to the fabrication of diversified
porous materials. MOF derivatives possess large surface area, enhanced
stability, ordered porous structure, and easy adjustment of pore size,
which endow them remarkable catalytic properties, even under harsh
reaction conditions(Chen et al., 2018g; Liang et al., 2018c; Qian et al.,
2017). MOF derivatives have been widely studied. For example, Wang's
group developed a novel nanocomposite (CuNPs@C) with high perox-
idase-like activity, which was successfully synthesized via using [Cus
(BTC),](Cu-MOF) as a precursor, through a one-pot thermolysis
strategy. The as-fabricated CuNPs@C not only possessed the merits of
easy preparation and high stability, but also showed a strong affinity to
H,0,. In addition, the as-synthesized nanocomposites exhibited an
enhanced peroxidase-like activity to H,O, compared to HRP, because
Cu NPs were embedded into carbon matrix without aggregating (Tan
et al.,, 2014). A series of HKUST-1 derivatives were systematically
prepared by Yoon's group via using different reaction temperature and
time. It was verified that high temperature and short time of carboni-
zation reaction could result in the generation of partially oxidized Cu,O
species rather than pure Cu NPs. The Cu@C-500 was prepared at sui-
table carbonization temperature(500 °C), which possessed high surface
area and hierarchical porosity. In addition, compared with Cu@C-400
and Cu@C-700, Cu@C-500 showed the highest peroxidase-like cata-
lytic activity for glucose biosensing(Song et al., 2017). Huang and co-
workers successfully synthesized a novel nanozyme (CoNPs/MC) via
encapsulating Co NPs into MOFs (NH,-MIL-88(Fe))-derived magnetic
carbon (MC) material through in situ reduction approach. The prepared
CoNPs/MC showed much higher peroxidase-like activity than pure
magnetic carbon and Co NPs, and could catalyze the oxidation of TMB
to produce a color reaction in the presence of H,O,(Dong et al., 2018),
Recently, Huang and co-workers reported MOF-derived Co, N co-doped
porous carbon hybrid with remarkable oxidase mimicking property for
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the first time, which was synthesized via direct pyrolysis of the ZIF-67
precursor through one-pot strategy. ZIF-67 was used as both sacrifice
template and nitrogen-rich carbon source. The Co®* ions coordinated
to the organic ligand were reduced to form uniform Co NPs under the
conditions of heat treatment. The obtained ZIF-67-derived Co, N-HPC
showed an excellent oxidase-like activity owing to the well-dispersed
Co NPs, abundant doped nitrogen, and highly N-doped hierarchically
porous carbon. Moreover, the as-prepared product could efficiently
catalyze the oxidation of TMB and 1, 2-diaminobenzene to generate a
color change without the existence of H,O, (Li et al., 2018d).

2.2. 2D MOFs-based nanozymes

2.2.1. Pristine 2D MOFs

Compared to 3D MOFs, 2D MOFs with nanometer thickness are
good for the diffusion of substrates and products. Moreover, benefit
from lots of highly accessible active sites, 2D MOFs exhibit excellent
catalytic activities. At present, a variety of 2D MOFs with catalytic
property have also been reported (Cao et al., 2016; He et al., 2018b; Liu
et al., 2018e; Wei et al., 2018; Ye et al., 2018; Zhao et al., 2018b; Zhao
et al., 2015; Zhu et al., 2017). For example, Zhang et al. first reported
the preparation of the ultrathin 2D bimetallic MOF nanosheets with
biomimetic enzyme activity. Based on the surfactant-assisted synthetic
approach, a series of 2D M-TCPP (Fe) (Fig. 4a) nanosheets were suc-
cessfully prepared via using three kinds of metal nodes (M = Co, Cu,
and Zn) and using TCPP (Fe) as organic linker. The as-obtained bime-
tallic 2D M-TCPP (Fe) nanosheets possessed the thickness of sub-10 nm.
The 2D MOF nanosheets had the merits of large surface area, accessible
active sites, and a small diffusion barrier for substrate molecules.
Among these obtained 2D M-TCPP (Fe) nanosheets, the Co-TCPP (Fe)
showed the best catalytic performance toward the reduction of
H,0,(Wang et al., 2016b). In another work, Wei and co-workers suc-
cessfully fabricated a series of 2D MOFs nanosheets (Fig. 4b) with ex-
cellent peroxidase-like activity via using binuclear paddle-wheel metal
clusters and metalated TCPP ligands as raw materials. The as-synthe-
sized 2D MOF nanozymes exhibited enhanced peroxidase-like activities
compared to their 3D bulk analogues. The 2D MOF nanozymes could
also be prepared via using the TCPP metalated with different metal ions
(Cu?*, Zn?*, and Co®™*) as ligands. Among these obtained products, the
2D MOF architecture fabricated with the TCPP (Fe) ligands showed the
highest catalytic activity, which demonstrated that the heme-like

Fig. 4. (a) A, B Crystal structure of Co-TCPP(Fe)
MOF. C, Schematic illustration of the surfactant-
assisted synthesis of 2D Co-TCPP(Fe) nanosheets.
TheMOF layers are drawn in blue and red, alter-
nately, in order to make the layered structures more
clear(Wang et al., 2016b). (b) Scheme showing the
surfactant-assisted bottom-up synthesis of 2D MOF
nanosheets(Cheng et al., 2017). (c) Schematic il-
lustration for the synthesis process of UNs through
pseudo-assembly—disassembly strategy(He et al.,
2018b). (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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ligands played a dominant role on determining the activities of nano-
zymes(Cheng et al., 2017). Recently, Hu et al. reported novel two-di-
mensional Ni-based MOF nanosheets with peroxidase-like activity,
which were successfully fabricated via using simple solvothermal ap-
proach. The obtained ultrathin 2D Ni-MOF nanosheets exhibited an
excellent peroxidase-like activity owing to their numerous active sites
and ultrahigh specific surface area. In addition, the Ni-MOF nanosheets
possessed high stability and good dispersity. According to catalytic
mechanism analysis, it was demonstrated that the enzymatic kinetics of
Ni-MOF nanosheets followed typical Michaelis-Menten theory. More-
over, the Ni-MOF nanosheets possessed high affinity to H,O, and the
peroxidase substrate (TMB), and could catalyze the oxidation of the
substrate to generate a color reaction (Chen et al., 2018c). In order to
enhance catalysis performance of MOF, He et al. synthesized zirconium-
porphyrinic MOF nanosheets with ultrathin thickness by a pseu-
doassembly-disassembly approach (Fig. 4c). Compared to the corre-
sponding bulk MOF, the as-obtained ultrathin nanosheets showed far
superior photocatalysis property due to their unique properties stem-
ming from highly exposed active sites and their ultrathin thickness (He
et al., 2018b). In a very recent study, in order to explore the nanoma-
terial-based sensor arrays of phosphates, Wei and co-workers success-
fully synthesized a series of 2D-MOF nanozymes, the peroxidase-like
activity of which could be modulated via various phosphates (AMP,
ATP, PPi (pyrophosphate), Pi (phosphate), and ADP). Based on the ef-
fective modulation of the peroxidase-like activity of 2D-MOFs by
phosphates, the sensor arrays were successfully constructed for the
detection of phosphates both in biological samples and in aqueous so-
lutions (Qin et al., 2018).

2.2.2. 2D MOFs with modification

2D MOF nanosheets possess numerous highly accessible active sites
on their surface, which are beneficial for improving catalytic activity. In
addition, 2D MOF nanosheets are modified easily by designing the or-
ganic ligands on MOFs, making MOFs possess different functions. For
example, Hu and co-workers successfully synthesized a new amino-
functionalized MOF (NH;-Cu-MOF) by modifying amino on Cu-MOF
through bottom-up synthesis method. The as-obtained NH,—Cu-MOF
nanosheets showed a high peroxidase mimic activity and could catalyze
the oxidation of TMB with the presence of H,O,. Moreover, the as-
prepared NH;-Cu-MOF nanosheets also exhibited remarkable fluores-
cence property. Based on these properties, a biosensor for hypoxanthine
detection was successfully developed (Hu et al., 2018b).

2.2.3. 2D MOF-based composites

2.2.3.1. 2D MOF-metal nanoparticles composites. Some metal
nanoparticles (AuNPs, AgNPs, PtNPs, etc.) have been reported to
possess intrinsic enzyme-like activity. Integrating MNPs with enzyme-
like activity with 2D MOFs can endow the 2D MOFs with synergistic
catalytic effects. For example, integrating two components with
different catalytic activities could prepare multifunctional catalysts
efficiently for cascade reactions. Huang and co-workers reported new
2D AuNPs/Cu-TCPP (M) hybrid nanosheets with peroxidase-like and
GOx-like activities, which were fabricated via growing ultrasmall
AuNPs on 2D metalloporphyrinic MOF nanosheets. In the as-obtained
2D AuNPs/Cu-TCPP(M) hybrid nanosheets, the 2D metalloporphyrinic
MOF nanosheets was used as the peroxidase mimics and the ultrasmall
AuNPs acted as GOx mimics. The 2D AuNPs/Cu-TCPP (M) hybrid
nanosheets could not only catalyze the oxidation of glucose to generate
gluconic acid and H,O, with the presence of O,, but also could catalyze
the oxidation of TMB to produce a color change with the H,0,
generated in situ. Therefore, the resulting product could catalyze the
cascade reaction without any natural enzymes and be used for detection
of glucose (Huang et al., 2017b). Hu's group successfully developed a
novel glucose electrochemical sensor, which was successfully fabricated
by decorating AuNPs with the Ni-MOF/Ni/NiO nanocomposites. The
obtained Ni-MOF/Ni/NiO nanocomposites were synthesized through
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one-step calcination of Ni-MOF. Then, the numerous AuNPs were
immobilized onto the surface of Ni-based nanocomposites through
electrostatic adsorption. It was found that the AuNPs were well
distributed on Ni-based nanocomposites' surface. The electrocatalytic
property of Au-Ni nanocomposites was highly enhanced after
functionalizing AuNPs onto them, which was verified by cyclic
voltammetry study. Compared to Ni nanocomposite modified
electrode, the as-obtained product showed enhanced electrocatalytic
activity and high electron transfer rate towards the oxidation of
glucose. In addition, the as-prepared product also exhibited other
outstanding performances, including reproducibility, selectivity, and
stability (Chen et al., 2018d). Lu and co-workers successfully fabricated
a new 2D nanosheet of mixed-ligand MOF (NMOF-Ni), which was used
as a good matrix to grow AuNPs for the first time. Attributed to the
virtues of well-defined micropores and functional oxygen-decorated
inner walls, the ultrasmall AuNPs with the size of around 1 nm were
embedded within 2D NMOF-Ni nanosheets by solution impregnation.
The obtained Au-1@NMOF-Ni composite showed remarkable catalytic
activity and good size selectivity toward nitrophenol owing to the
activity of Au NPs and the intact microporosity of 2D NMOF-Ni
nanosheets (Yan et al., 2018). In a very recent work, Ying's group
successfully fabricated Cu-TCPP (Fe) nanosheets through a surfactant-
assisted synthetic strategy, in which Cu,(COO)4 paddle-wheel clusters,
poly(vinylpyrrolidone) (PVP) and TCPP(Fe) were used as metal nodes,
capped reagents and ligands, respectively. Then, growing ultrasmall
and uniform PtNPs on the surface of ultrathin Cu-TCPP(Fe) nanosheets
with thickness less than 10 nm to produce PtNPs/Cu-TCPP(Fe) hybrid
nanosheets by a photochemical reduction way. Compared to PtNPs, Cu-
TCPP (Fe) nanosheets, and the physical mixture of both, the prepared
PtNPs/Cu-TCPP(Fe) hybrid nanosheets possessed an enhanced
peroxidase-like catalytic activity due to the synergistic effect, and
could catalyze the oxidation of TMB to form an impressive blue color
(Chen et al., 2018a).

2.2.3.2. 2D MOF-metal oxide nanoparticles composites. Some metal
oxide nanoparticles-2D MOF composites were also reported to possess
enzyme-like catalytic activity. For example, Zhao and co-workers
successfully prepared novel bimetallic Fe304 and AuNPs anchored 2D
Cu-MOF nanosheets with bimetallic anchorage via using a simple two-
step process at room temperature and ambient pressure, namely Cu
(HBTC)-1/Fe304-AuNPs nanosheets. The synergistic coupling effect
between MNPs and 2D Cu-MOF nanosheets lead an enhanced
catalytic activity and affinity to substrates compared to MNPs
anchored Cu-MOF nanosheets (without Fe alloying) or pristine 2D
Cu-MOF nanosheets. The as-obtained Cu(HBTC)-1/Fe3;04-AuNPs
nanosheets possessed an excellent peroxidase-like catalytic activity
and good affinity for single-stranded DNA. Interestingly, the catalytic
activity of resulting product could be flexibly regulated via the
conformational variation of ssDNA (single-stranded DNA) owing to
the change in the electrostatic interaction between catalysts and
substrates upon the adsorption of negatively charged DNA on 2D Cu-
MOF nanosheets by st-it stacking(Tan et al., 2017a)

2.2.3.3. Other 2D MOFs-based composites. In order to improve the
stability and activity of natural enzymes, Lei et al. immobilized
glucose oxidase (GOD) on the surface of 2D Co-Fe MOF to develop
an integrated tandem catalyst system. The 2D Co-Fe MOF was
successfully prepared with Co as node and TCPP (Fe) as linker and
could be used as a matrix for the GOD immobilization. The as-
synthesized GOD@Co-FeMOF complex possessed a highly stable
activity and showed an excellent peroxidase-like catalytic activity,
which was used to catalyze the oxidation of glucose to generate
glucose acid and H,0,. Moreover, the resultant GOD@Co-FeMOF
could drive a reaction cascade for in situ generation of NO by the
oxidation of L-Arginine in physiological pH. In the existence of glucose
and L-Arginine, NO could be produced continuously (Ling et al., 2018).
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Fig. 5. (a) Principle of the colorimetric detection of AA, H,O, and glucose
based on the MOF-808(Zheng et al., 2018). (b) Illustration of the colorimetric
immunoassay of mIgG based on RIgG@Cu-MOF as a detection antibody(Wang
et al., 2018b). (c) Schematic diagram showing the tandem catalysis of GOx@
HP-PCN-224 (Fe)(Liu et al., 2018d).

Cui and co-workers successfully synthesized new AgszPO,@UMOFNs
core-shell photocatalysts via coating the UMOFNs (ultrathinning MOFs
into two-dimensional nanosheets) on AgsPO, NPs. In UMOFNSs, the
metal clusters were connected by Ni-O-Co bonds, the metal centers and
organic ligands were connected by Ni-O and Co-O bonds. The as-
obtained Ag;PO,@UMOFNs exhibited an enhanced photocatalytic
activity due to the synergistic effects. It was verified that the m-n
bonds of the organic ligands and weak interactions between the core-
shell structures accelerated charge transfer. Moreover, the separation of
the photogenerated charges and the enhancement of catalytic activity
could be promoted via matching energy-level structures and a
sufficiently large contact area (Liang et al., 2018b).

2.2.4. 2D MOF derivatives

In order to develop a highly active and sustainable metal materials
as oxygen evolution and hydrogen evolution reaction catalysts, Du et al.
successfully synthesized a remarkably active transition-metal phos-
phide-carbon nanosheet composite(Co-P@NC-800), which was derived
via carbonization and subsequent phosphorization of 2D cobalt por-
phyrinic MOF nanosheets. The as-prepared Co-P@NC-800 materials
showed excellent electrocatalytic activities due to their unique struc-
ture, ultrafine CoP and Co,P NPs well dispersed in a nitrogen-doped
graphitic carbon matrix (Zhai et al., 2017).

3. Applications of MOFs-based nanozymes
3.1. Sensing applications of MOFs-based nanozymes

MOFs-based nanozymes possess many remarkable properties, which
have been extensively used for multiple analytical purposes. According
to previous reports, the sensing applications of MOFs-based nanozymes
mainly include colorimetric sensing, fluorescent sensing, chemilumi-
nescent sensing, electrochemical sensing, and SERS sensing (Li et al.,
2018c; Wang, 2017; Zhang et al., 2018Kk).
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3.1.1. Colorimetric sensing

Colorimetric sensing has attracted wide attentions due to its easy
read-out and fast visual determination via the naked eyes or low-cost
portable instruments, which can be applied to detect some analytes
based on the color change. One of important types of the colorimetric
sensing mainly focuses on that enzyme/nanozyme catalyzes the chro-
mogenic substrates such as TMB, ABTS, and OPD to generate color
change (Kim et al., 2012; Xiong et al., 2015; Zheng et al., 2018). At-
tributed to its easy read-out and fast visual determination via the naked
eyes or low-cost portable instruments, colorimetric sensing techniques
have been widely studied for the detection of food safety, environ-
mental monitoring, clinic diagnostics, biological technology, and public
safety control and so on (Huang et al., 2019a; Phan et al., 2018; Ren
et al., 2018; Tang and Li, 2017; Wu et al., 2018a; Yin et al., 2017; Zhang
et al., 2018a). In recent years, MOFs-based nanozymes have been
widely applied in colorimetric sensing (Liu et al., 2019a; Qin et al.,
2018). It can be observed that multiple analytes can be detected by
colorimetric sensing. For example, Liu et al. successfully fabricated a
porous MOF (Fe-MIL-88NH,) with intrinsic peroxidase-like activity for
colorimetric sensing, which could quickly catalyze the oxidation of the
peroxidase substrate TMB with H,O, to generate a blue colored change
for the detection of glucose in serum samples. Glucose could be linearly
detected in the range from 2 uM to 300 uM with a low detection limit
(LOD) of 0.48 uM, and the color variation of glucose response was also
obviously observed via the naked eyes at concentrations as low as 2 uM
(Liu et al., 2013). In contrast, by inhibiting the peroxidase-like catalytic
activity of Fe-MIL-88A, Li and co-workers successfully developed a
novel and universal colorimetric biosensing platform for detection of
thrombin, which could efficiently catalyze the oxidation of TMB from
colorless into a bright blue colored product. However, in the presence
of thrombin and thrombin aptamer, the peroxidase-like catalytic ac-
tivity of Fe-MIL-88A was strongly inhibited, realizing the colorimetric
detection. On the basis of the obvious colorimetric variation, the linear
range for thrombin was 10-80 nM and possessed a low detection limit
as low as 0.8nM via using the proposed strategy. Even observed by
naked eyes, the limit of detection was as low as 10 nM(Wang et al.,
2016¢). Similarly, Zheng and co-workers successfully synthesized a
stable MOF (MOF-808) with high intrinsic peroxidase-like activity,
which could be used for the colorimetric sensing of AA, H,O, and
glucose (Fig. 5a). The LOD of H,0, was 4.5 uM and the linear range was
from 10 uM to 15 mM. Given the peroxidase-like activity of MOF-808
could be inhibited by AA, a novel colorimetric sensing platform for
determination of AA was successfully developed. The LOD of AA was
15 uM, and the linear range was from 30 to 1030 uM. In the light of the
strong inhibition effect produced via gluconic acid, a new and selective
colorimetric sensing for detection of glucose was successfully estab-
lished. The LOD of glucose was 5.7uM, and the linear range was
5.7-1700 pM(Zheng et al., 2018). In addition, by integrating antibody
with catalytic Cu-MOF, a dual-functional MOF/antibody composite
(RIgG@Cu-MOF) was also successfully constructed, the prepared
RIgG@Cu-MOF possessed excellent peroxidase-like activity and could
serve as a signal amplification unit to perform a sensitive colorimetric
immunoassay. The LOD of RIgG@Cu-MOF for mIgG was 0.34 ng/mL
(Fig. 5b). Interestingly, integrating the natural enzymes with MOF was
also a promising approach to design the mimic multienzyme systems for
efficient colorimetric detection of the biomolecules (Fig. 5¢)(Liu et al.,
2018d). In order to develop novel sensor arrays for discriminating
multiple phosphates simultaneously, Qin et al. fabricated a series of 2D-
MOF nanozyme-based sensor arrays via utilizing their peroxidase-mi-
micking activity for the determination of various phosphates (Including
AMP, ADP, ATP, PPi and Pi)(Qin et al., 2018) (Fig. 6a). In a very recent
study, Ying and co-workers successfully prepared the new PtNPs/Cu-
TCPP (Fe) hybrid nanosheets with peroxidase-like activity, which could
efficiently catalyze the oxidation of TMB to produce a blue color pro-
duct and could be applied for colorimetric sensing of H,O, and glucose
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Fig. 6. (a) Schematic of 2D-MOF-Nanozyme sensor arrays probing phosphates fluorescence with the existence of H,0,. Based on the catalytic activity

and their related hydrolytic processes (Qin et al., 2018). (b) Schematic illus- of HKUST-1, a sensitive and simple fluorescent approach for determi-
tration of the synthesis method of PtNPs/Cu-TCPP (Fe) hybrid nanosheets and nation of TH was established. The concentration of TH could be de-
their application in colorimetric detection of H,O, and glucose (Chen et al., tected was as low as 1 M and the linear range was 4-700 pM. The LOD
2018a). of TH was about 50 fold lower than the HRP-based fluorescent detec-

tion (Tan et al., 2015). Lin et al. successfully developed a new nano-

(Fig. 6b). The LOD of H,0, was 0.357 uM, and the linear range was zyme MIL-53(Fe) with the peroxidase-like catalytic activity and fluor-

2-100 uM. There was a linear relationship with glucose concentration escence property, which was used for sensitive turn-on fluorescence

from 2 to 200 uM with a LOD of 0.994 uM(Chen et al., 2018a). Recently, detection of H,O, and glucose (Fig. 7a). In their work, the as-obtained
Huang and co-workers successfully synthesized CoNPs/MC via em- MIL-53(Fe) could activate H>0, to generate ‘OH and the produced -OH
bedding CoNPs into NH,-MIL-88(Fe) MOFs-derived magnetic carbon could react with TA (the organic linker of MOF) to generate a fluor-
(MC) through in situ reduction of cobalt precursors by NaBH,. The escent product, resulting in the enhancement of fluorescence. The de-
obtained CoNPs/MC exhibited remarkable peroxidase-like activity and tected concentration of H,0, could be as low as 7.54 nM with a good
catalyzed the color reaction of TMB. On this basis, a new detection linear relationship ranging from 0.5 to 24 uM(Lin et al., 2018b). Re-
method of glucose was developed via combining GOx with CoNPs/MC cently, Hu and co-workers successfully synthesized a novel amino-
for biosensing. The concentration of glucose was detected with a good functionalized two-dimensional MOF (NH»-Cu-MOF) with peroxidase-
linear relationship ranging from 0.25 to 30 uM and a lower LOD of like activity and fluorescence property (Fig. 7b). Based on two prop-
156 nM(Dong et al., 2018). erties of NH,—Cu-MOF, a new method for the detection of hypoxanthine
was developed. The fluorescence intensity had a good linear relation-

ship with the concentration of hypoxanthine ranging from 10 to

3.1.2. Fluorescent sensing 2000 uM, and the LOD was 3.93 uM(Hu et al., 2018b). In a very recent
study, Hu et al. prepared a novel Cu-based two-dimensional MOF

Fluorescent sensing is performed mainly based on the target analyte (CuBDC NS) with peroxidase-like activity. The obtained CuBDC NS

mediated fluorescence quenching or fluorescence enhancement, which could catalyze the oxidation of terephthalic acid to produce a blue-
possesses high sensitivity and selectivity for trace target analysis (Li fluorescent product with the existence of H,0,. However, the pyr-
et al., 2019b; Sadeghi et al., 2018; Majdinasab et al., 2019). In recent ophosphate possessed a strong affinity for cu* and could block the
years, fluorescence sensing based on the MOFs-based nanozymes also peroxidase-mimicking activity of the CuBDC NS. Fortunately, the in-
has attracted widespread concern, because high catalytic properties of organic pyrophosphatase could hydrolyze the pyrophosphate and could
MOFs-based nanozymes can be used for the generation and amplifica- gradually restore peroxidase-mimicking activity. On this basis, a
tion of fluorescence signals (Li et al., 2018b; Yi et al., 2016a; Zhao et al., strategy based on fluorescent sensing was successfully designed for the
2016). For example, Tan and co-workers successfully prepared a novel detection of the activity of inorganic pyrophosphatase. The fluores-

Cu-based MOF (HKUST-1) with peroxidase-like activity, which could cence intensity had a good linear relationship with inorganic
effectively catalyze non-fluorescent thiamine (TH) to generate a strong
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pyrophosphatase activity ranging from 1 to 50 mU/mL, and the LOD
was 0.6 mU/mL(Hu et al., 2019).

3.1.3. Chemiluminescent sensing

Chemiluminescent sensing as one of promising analytical techni-
ques can be constructed based on the emission of light produced from a
chemical reaction, which has been used for the detection of various
targets due to its outstanding advantages of rapidity, easy operation,
simple instrument without monochromator, wide linear range, and low
LOD (Mao et al.,, 2018). Chemiluminescent sensing has provided a
highly sensitive, simple, and flexible strategy for analysis (Chen et al.,
2012; Gao et al., 2017b; Kong et al., 2017; Li et al., 2017b). MOFs-based
nanozymes have also been studied as a promising catalyst for chemi-
luminescent sensing. For example, Chi's group successfully prepared
new Hemin@HKUST-1 composites with excellent catalytic activity via
encapsulating hemin into HKUST-1, which showed remarkable catalytic
activity toward the luminol-H,0, chemiluminescent system in neutral
solution. Based on above chemiluminescent system, an excellent, green,
selective and sensitive chemiluminescent sensor was developed for the
determination of H,O, and glucose. The linear detection range for H,O5
was from 5.0 to 1000 uM with a low LOD of 2 uM. The glucose could be
detected as low as 7.5puM, and had a good linear relationship ranging
from 7.5 to 750 uM(Luo et al., 2015). Huang et al. reported that MIL-
53(Fe) MOFs could remarkably enhance the chemiluminescence (CL) of
luminol with the presence of H,O in an alkaline medium for the first
time. The as-obtained MIL-53(Fe) MOFs showed excellent catalytic
performance toward the luminol-H,O, CL system and the CL intensity
was about 20 times higher than that in luminol-H,0, CL system. On this
basis, a chemiluminescent method was established for the determina-
tion of glucose via coupling with GOx. A good linear relationship ran-
ging from 0.1 to 10 uM was obtained with a limit of 0.05uM for the
detection of glucose(Yi et al., 2016b). Similarly, Li and co-workers
found that Fe-MIL-88NH, MOFs could effectively enhance the chemi-
luminescence of luminol-H,O, reaction due to their peroxidase-like
activity. In addition, the Fe-MIL-88NH, MOFs could catalyze the de-
composition of HyO, to produce hydroxyl radical. The chemilumines-
cent intensity had a good linear relationship with the concentration of
H,0, ranging from 0.1 to 10.0 uM. The low LOD of H;0, was 0.025 uM
(Li et al., 2017c). Recently, Huang et al. successfully prepared new
MOF-235/B-cyclodextrin (B-CD) hybrids, which showed high catalytic
activity for the luminol-H,O, CL system. A new chemiluminescent ap-
proach for the determination of glucose was constructed and the con-
centration of glucose was detected with a good linear relationship
ranging from 0.01 to 3 uM and a low LOD of 0.01 pM(Mao et al., 2018).

3.1.4. Electrochemical sensing

The electrochemical sensing is established by the variation of
output-electrical signals generated from the chemical reactions between
electrode-immobilized recognition elements and target analytes, which
can be used to achieve the qualitative detections and quantitative as-
says of target molecules through the production of electrical signals
which is related to target analyte concentrations (Li et al., 2019b; Liu
et al., 2019b; Ziyatdinova et al., 2018). To date, electrochemical sen-
sing has been extensively studied and widely applied for multiple fields,
such as food quality control, environmental monitoring, chemical treat
detection and medical diagnostics(Kempahanumakkagari et al., 2018a;
Liu et al., 2018b; Liu and Yin, 2016; Morozan and Jaouen, 2012). Re-
cently, MOF-based nanozymes as a catalyst are studied for catalyzing
the electrochemistry signal amplification (Chen et al., 2018d; Hou
et al., 2018; Kempahanumakkagari et al., 2018b; Xie et al., 2018). For
example, by assembling palladium nanoparticles on the surface of Fe-
MIL-88NH, MOFs microcrystals, Li et al. successfully synthesized a new
iron-based MOF (PdNPs@Fe-MOFs) with intrinsic peroxidase-like
property, which was applied in electrochemical biosensor for ultra-
sensitive detection of microRNA-122 for the first time. Attributed to the
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Fig. 8. (a) Schematic illustration of the electrooxidation of glucose to gluco-
nolactone by Ag@ZIF-67 modified GCE in NaOH solution(Meng et al., 2018).
(b) Schematic illustration for fabricating (1) Cu-MOF and (2) modified elec-
trodes for nitrite sensing analysis(Chen et al., 2018b).

intrinsic peroxidase-like activity of PANPs@Fe-MOFs, the signal of de-
tection could be strongly enhanced towards the electrocatalytic oxida-
tion of TMB with the existence of H>O,. With the assistance of target-
catalyzed hairpin assembly and PdNPs@Fe-MOFs nanohybrids co-re-
action for signal amplification, a wide detection range of microRNA-
122 from 0.01 fM to 10 pM was achieved with a low LOD of 0.003 fM(Li
et al,, 2018e). Wang and co-workers fabricated a novel Ag@ZIF-67
nanocomposite, which was applied as the glucose electrochemical
sensor for the first time (Fig. 8a). The obtained Ag@ZIF-67/GCE
showed an enhanced electrocatalytic activity towards the oxidation of
glucose and was used for the detection of glucose, and the concentra-
tion of glucose was detected with a good linear relationship ranging
from 2 to 1000 uM with a low LOD of 0.66 uM(Meng et al., 2018).
Berchmans and co-workers successfully a novel Cu based MOF with
intrinsic peroxidase-like property, which was used to modify GCE
(glassy carbon electrode) for the sensitive detection of H>O, and glu-
cose. On this basis, the concentration of H,O5 was detected with a good
linear relationship ranging from 25 to 30000 uM with a low LOD of
25 uM(Menon et al., 2018). In a very recent study, Li et al. successfully
fabricated a new nanocomposite (Cu-MOF/Au), which exhibited ex-
cellent synergetic catalytic effect for the oxidation of nitrite owing to
the large surface area and porosity of Cu-MOF. The as-prepared Cu-
MOF/Au with the merits of high sensitivity, selectivity and good sta-
bility could be used as an electrochemical sensing platform for quan-
titative detection of nitrite (Fig. 8b). It showed two wide linear ranges
of 0.1-4000 and 4000-10000 uM with a low LOD of 82nM for the
detection of nitrite (Chen et al., 2018b).

3.1.5. SERS sensing

SERS sensing as an emerging and powerful analytical technology
attracted wide attentions, which has been rapidly developed for bio-
sensing, due to the remarkable advantages such as fingerprint in-
formation, in situ noninvasive detection, and ultrahigh sensitivity.
Recently, SERS sensing has been successfully employed to achieve a
sensitive assay of target molecules by using nanozymes to enhance the
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SERS activities (Jiang et al., 2018; Zong et al., 2018). To enhance the
SERS activities, integrating AuNPs and AgNPs into MOFs for the pre-
paration of nanozymes is a promising strategy. For example, Li et al.
successfully developed a novel efficient SERS substrate via in situ
synthesis of silver nanoparticles (AgNPs) on the surface of MIL-101
(Fe). The as-fabricated AgNPs/MIL-101 (Fe) hybrid combined the nu-
merous Raman hot spots between the high-density AgNPs and the good
adsorption property of MOFs, making it an excellent SERS substrate for
ultrasensitive SERS detection by effectively concentrating analytes in
close proximity to the Raman hot spots domains between the adjacent
AgNPs. The synthesized AgNPs/MIL-101 (Fe) hybrid with peroxidase-
like activity was applied for ultrasensitive SERS detection of dopamine
(DA) via using AZBTS as a SERS marker (Fig. 9a). The novel developed
approach exhibited a good linear relationship ranging from 1.054 pM to
210.8 nM for DA with a low LOD of approximately 0.32 pM(Jiang et al.,
2015). Hu et al. successfully synthesized new AuNPs@MIL-101 nano-
zymes via in situ growing AuNPs into a highly porous and thermally
stable MIL-101. The prepared AuNPs@MIL-101 nanozymes showed an
excellent peroxidase-like activity and could oxidize Raman-inactive
reporter leucomalachite green into the active malachite green (MG)
with the presence of H,0,, and simultaneously acted as the SERS sub-
strates to enhance the Raman signals of the as-produced MG. By im-
mobilizing glucose oxidase (GOx) and lactate oxidase (LOx) onto
AuNPs@MIL-101, AuNPs@MIL-101 @GOx and AuNPs@MIL-101@LOx
integrative nanozymes were prepared for in vitro detection of glucose
and lactate by SERS (Fig. 9b). In addition, the integrative nanozymes
were used for monitoring the variation of glucose and lactate in living
brains. The concentration of glucose was detected with a good linear
relationship ranging from 100 to 200 uM and a low LOD of 4.2 uM. The
concentration of lactate was detected with a good linear relationship
ranging from 100 to 200 uM and a low LOD of 5 uM(Hu et al., 2017b).
In a very recent study, Ma et al. successfully fabricated new SERS-active
magnetic MOF-based nanocatalysts (Fe30,@Au@MIL-100(Fe)) by a
three-step way. The as-fabricated magnetic Fe;0,@Au@MIL-100 (Fe)
nanocatalysts not only showed excellent peroxidase-like activity, but
also could be used as a SERS substrate. Based on these characteristics,
the fabricated magnetic nanocatalysts could be applied for monitoring
in situ catalytic oxidation of TMB by H,0, via using a SERS technique
and the concentration of H,O, can also be sensitively detected(Ma
et al., 2018).

3.2. MOFs-based nanozymes for therapy

On the basis of previously published literatures, MOFs have been
widely and intensively studied in cancer therapy applications, such as
drug delivery, (photodynamic therapy) PDT, photothermal therapy
(PTT), sonodynamic therapy (SDT), chemotherapy, oxidationtherapy,
and radiotherapy (RT)(Cai et al., 2019; Chen et al., 2017b; Gao et al.,
2018; Guan et al., 2018; Lan et al., 2017; Liu et al., 2018¢; Lu et al.,
2018b; Ni et al., 2018; Yang et al., 2017c; Zhang et al., 2018g; Zhou
et al., 2018c). There have been already some literatures well summar-
izing the applications of MOFs in cancer therapy (Guan et al., 2018; Lan
et al.,, 2019; Lu et al., 2018a; Wu and Yang, 2017). However, MOFs-
based nanozymes catalytic mediated cancer therapies are rarely
summed up. Based on the catalytic properties of MOFs-based nano-
zymes, some promising strategies have been developed for cancer
therapy purposes. Herein, we mainly summarize MOFs-based nano-
zymes catalytic mediated cancer therapies, including cancer starvation
therapy, enhancing photodynamic therapy, and synergistic therapy of
both. In addition, the MOFs-based nanozymes for some other therapies
are also simply summarized (Hartshorn et al., 2018; Lu et al., 2018a;
Rojas et al., 2018; Wu et al., 2018b).

When cancer cells can't obtain sufficient nutrients and oxygen, they
won't sustain their fast growth and proliferation, even starve to death,
which is defined as cancer-starvation therapy. The cancer cells are
starved to death via blocking the tumor nutrient supply or consuming
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intratumoral oxygen, which is a potentially useful strategy for treating
cancer and has drawn great interest in recent years (Fu et al., 2018;
Zhang et al., 2017a; Zhou et al., 2018a). Recently, MOFs-based nano-
zymes for cancerous starvation therapy have been researched hotly. For
example, Zhang et al. successfully fabricated a novel biomimetic na-
noreactor for cancer-starvation therapy via encapsulating GOx and
prodrug tirapazamine (TPZ) in an erythrocyte membrane cloaked MOF
nanoparticle (TGZ@eM), the as-prepared TGZ@eM nanoreactor could
assist the delivery of GOx to tumor cells and exhausted glucose inside
the tumor cells to block the tumor nutrient supply efficiently (Fig. 10a).
Moreover, the prepared TGZ@eM nanoreactor could catalyze the oxi-
dation of glucose and consume oxygen at the same time, this process
could lead to the hypoxia inside the tumor cells, the resulting tumor
hypoxia via starvation therapy further initiated the activation of pro-
drug tirapazamine (TPZ), which was released from the nanoreactor for
enhanced colon cancer therapy(Zhang et al., 2018e). In addition to
blocking the supply of oxygen and glucose to starve cancer cells, re-
ducing the supply of ATP was also applied for cancer-starvation
therapy. In a very recent study, Qu and co-workers rationally design
and successfully fabricated new uniformly dispersed ultrasmall nano-
zymes (MOF-derived CeO, nanozymes) for the first time via using well-
ordered crystalline metal organic frameworks (MOFs) as precursors.
The as-obtained MOF-derived CeO, nanozymes possessed high oxidase-
like property, ATP deprivation capability, and porous structure en-
dowed them with strong oxidative damage function, higher drug
loading capacity, and the ability of reducing energy supply(Fig. 10b).
Attributed to the high deprivation abilities toward ATP and the ex-
cellent oxidase-like activity of MOF-derived CeO, nanozymes, the
supply of ATP was efficiently reduced and blocked, a novel strategy was
developed for safe and efficient synergistic cancer therapy both in vitro
and in vivo(Cao et al., 2018).

In recent years, MOFs have been widely applied for cancerous
photodynamic therapy (PDT) via integrating photosensitizers, which
cause cytotoxic effects on cancer cells via converting the oxygen inside
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Fig. 9. (a) Schematic Diagram of Detection of DA Based on SERS(Jiang et al.,
2015). (b) Schematic illustration of AuNPs@MIL-101@oxidases for efficient
enzymatic cascade ereactions. First, oxidases catalyzed the oxidation of a sub-
strate target (i.e., glucose or lactate) to produce H,O; peroxidase-like AuNPs in
AuNPs@MIL-101 @oxidases then catalytically oxidized caged Raman reporters
(i.e., LMG) with H,0, to produce active Raman reporters (i.e., MG) and si-
multaneously enhanced the reporters' Raman signals for SERS measurements
(Hu et al., 2017b).
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the tumor cells into singlet oxygen (*0,). Nevertheless, the tumor hy-
poxia greatly limited the PDT efficiency of MOFs. Therefore, MOFs-
based nanozymes have been studied for enhancing photodynamic
therapy of cancer. The MOFs-based nanozymes with catalase-like ac-
tivity could be used for the decomposition of intratumoral H,O5 and
generating oxygen in situ inside the tumor, leading to a greatly en-
hanced PDT efficiency (Lan et al., 2018; Liu et al., 2018a; Zhang et al.,
2018b). For example, Zhang et al. successfully prepared a novel com-
posite of nanozymes (PCN-224-Pt) via decorating Pt nanozymes on
photosensitizer integrated MOFs. The as-fabricated composites of na-
nozyme exhibited high stability and excellent catalase-like activity,
which could induce the decomposition of intratumoral H,O, to gen-
erate O, at the hypoxic tumor site, which was able to utilize the pro-
duction of cytotoxic '0, by PCN-224-Pt to damage cancer cells ser-
iously. On this basis, a versatile nanoplatform for enhancing
photodynamic therapy was successfully developed and promoted the
applications of MOFs-based nanozymes in modern oncology (Fig. 11a)
(Zhang et al., 2018;j). Recently, Qu and co-workers constructed a new-
style versatile zirconium-ferriporphyrin MOF (Zr-FeP MOF) na-
noshuttles through a facile one-pot hydrothermal strategy. The as-pre-
pared nanoshuttles could enable simultaneously to produce abundant
reactive oxygen species including hydroxyl radical (‘OH) and singlet
oxygen (*0,) for fighting cancer(Zhang et al., 2018c) (Fig. 11b).
Cancer-cell growth and proliferation require sufficient nutrients and
energy supply, blocking the supply of energy and nutrients to starve
cancer cells is an effective strategy for fighting cancer (Huo et al., 2017;
Lin et al., 2018a). However, it is very difficult to completely eliminate
tumors with starvation therapy alone, because tumor cells can get the
continuous supply of energy and nutrients from the capillaries. During
the process of tumor starvation therapy, MOFs-based nanozymes with
GOx/GOx-like catalytic activity will catalyze the oxidation of glucose to
produce H,0,, but oxygen is consumed and increase tumor hypoxia.
The oxygen-dependent PDT is hindered by tumor hypoxia. Luckily,
MOFs-based nanozymes with catalase activity can promote the de-
composition of the produced H,0, to generate O,, which not only ac-
celerates the oxidation of glucose by GOx but also enhances the gen-
eration of cytotoxic 'O, under light irradiation. Therefore, the
preparation of MOFs-based nanozymes with GOx/GOx-like and catalase
activity has the great potential to construct a cascade bioreactor for
cancer starvation and photodynamic synergistic therapy. For example,
Li et al. successfully constructed a novel cancer targeted cascade bior-
eactor (mCGP) for synergistic cancer starvation and photodynamic
therapy via integrating GOx and catalase into the cancer cell mem-
brane-camouflaged porphyrin MOF (PCN-224) (Fig. 12). The cancer
targeting and retention abilities of mCGP were remarkably enhanced
due to biomimetic surface functionalization. When the mCGPs with
GOx and catalase activity were internalized by cancer cells, they could
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Fig. 10. (a) Schematic illustration of the prepara-
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therapy(Zhang et al., 2018e). (b) Rational design
and synthesis of n-CeO, NSs with enhanced oxidase-
Like activity (A), as well as their usage as an effi-
cient multifunctional platform for synergistic cancer
therapy (B)(Cao et al., 2018).

n-CeO, NSs

not only catalyze the endogenous H,0, to produce O,, but also could
accelerate the decomposition of intracellular glucose and remarkably
enhance the generation of cytotoxic 'O, under light irradiation. The as-
prepared mCGP showed amplified therapeutic effects of long-term
cancer starvation and photodynamic synergistic therapy, which could
efficiently inhibit the growth of tumors (Li et al., 2017a).
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Fig. 11. (a) Schematic illustration of (A) the preparation process of PCN-224-Pt
and (B) the use of PCN-224-Pt for enhanced PDT(Zhang et al., 2018;j). (b)
Schematic illustration of siRNA/Zr-FeP MOF nanoshuttles for multimode
imaging diagnosis and combination of low-temperature PTT and PDT for cancer
treatment(Zhang et al., 2018b).
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Fig. 12. Schematic illustration of the cancer cell
membrane camouflaged cascade bioreactor for
cancer targeting starvation therapy and PDT. (A)
The preparation processes of mCGP. (B) The
immune escape and homotypic targeting abil-
ities of mCGP endowing cancer accumulation
and retention behaviors after intravenous injec-
tion. (C)The cascade reactions would amplify
the synergistic effects of mCGP to cut off the
cancer cell glucose supply for starvation therapy
and promote 'O, generation for PDT under light
irradiation (Li et al., 2017a).
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According to previous reports, MOFs-based nanozymes have been
also exploited for some other diagnosis and treatment of diseases
(Fig. 13a)(Chen et al., 2015; Li et al., 2016b; Wang et al., 2016c). For
example, Cheng et al. rationally designed and successfully developed a
new GOx/Hemin@ZIF-8 nanozyme with remarkably enhanced catalytic
activity and excellent stability as an integrative analytical platform for
in vivo continuously monitoring the dynamic variations of stratum
glucose in the brain of living rats following ischemia/reperfusion

(Cheng et al., 2016). Cheng et al. successfully synthesized a series of
MOF nanosheets with peroxidase-like catalytic activity as a highly
sensitive and selective diagnostic platform for the monitoring of he-
parin (Hep) activity in live rats. The resultant 2DMOF nanosheets could
physically adsorb Hep-specific AG73 peptides, the active sites of which
were blocked. The catalytic activity of AG73-MOF nanosheets was re-
stored upon the binding of Hep due to the highly specific interaction
between AG73 and Hep. Based on the good biocompatibility and
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Fig. 13. (a) The detection of cancer cell based on the Fe-MIL-101(Chen et al., 2015). (b) Principle of the “sense-and treat carrier” based on the GOx/Hemin@ZIF-8

nanozymes(Chen et al., 2018e).



X. Zhang, et al.

excellent diagnostic property endowed by AG73-2D MOF nanosheets,
the process of eliminating Hep in vivo could be quantitatively mon-
itored via coupling with microdialysis technology (Cheng et al., 2017).
Chen et al. successfully prepared new glucose-responsive nanocompo-
sites (GOx-loaded ZIF-8 NMOFs), which could be used as autonomous,
sense-and-treat vehicles for controlling diabetes or macular diseases
(Fig. 13b). The GOx and insulin could be loaded in the ZIF-8SNMOFs.
The resulting product could catalyze the oxidation of glucose to pro-
duce gluconic acid and H,0,, and formed an acidified microenviron-
ment, which could lead to the degradation of the nanocomposites and
the release of the loaded drugs for therapies (Chen et al., 2018e).

4. Conclusions and future outlooks

MOFs-based nanozymes as novel emerging and rapidly growing
field have gained numerous achievable outcomes. In this review, we
have summarized the recent achievements in the design strategies and
multi-application of MOFs-based nanozymes, including the design
strategies of 3D/2D MOFs-based nanozymes, sensing applications and
therapeutic applications of MOFs-based nanozymes. Although a great
deal of achievements have already been obtained in MOFs-based na-
nozymes, compared to the rapid development of MOFs in other fields,
the researches of this field are still limited at an infant stage and are
facing numerous challenges. In order to promote the development of
design strategies and applications in MOFs-based nanozymes, the fol-
lowing challenges and obstacles should be considered in future studies:

(1) MOFs-based nanozymes have attracted the wide attentions, and
have been successfully developed via various strategies. However,
the catalytic activities of MOF-based nanozymes are far lower than
that of the natural enzyme, which may attribute to the micro pores
and the steric hindrance of MOF. Owing to these defects, larger
molecule substrate can't enter the micro pores to participate in the
catalytic reactions, leading to the decline of catalytic efficiency of
MOF-based nanozymes (Lian et al., 2017; Yang et al., 2017b). To
overcome these issues, synthesis of mesoporous MOFs with large
cavities for the preparation of MOF-based nanozymes is a promising
strategy. In addition, the development of 2D MOFs-based nanozyms
with ultra-large specific surface area and larger active sites for
substrates contact may solve this problem to a certain degree (Chen
et al., 2018a; Huang et al., 2017b; Ling et al., 2018). There are
many MOFs used as hosts to prepare the MOFs-based nanozymes
and the great progress have been made. Integrating metal NPs,
natural enzymes and nanozymes into MOFs for obtaining MOFs-
based highly active nanozymes is a promising strategy and has
become a hot spot in catalysis, but the mechanism of interactions
between them still need to be explored. Moreover, among these
MOFs used as hosts, the 2D MOFs are rarely reported. Compared to
the traditional 3D MOFs, 2D MOFs possess larger surface areas and
more accessible active sites. The nanozymes prepared by 2D MOFs
can lead to higher speed and sensitivity of catalytic reactions.
Therefore, focusing on developing 2D MOFs-based nanozymes is
also a key to enhance catalytic activity of MOFs-based nanozyms
(Chen et al., 2018a; Huang et al., 2017a; Li et al., 2018c).

Most of MOFs-based nanozymes could hardly catalyze one specific
substrate like natural enzymes with selectivity and specificity due
to the lack of a substrate binding pocket. Molecular imprinting
technology has been reported as a potential technology to improve
the specificity of nanozymes (Chen et al., 2011; Zhang et al. 2017b,
2017¢). Anchoring the molecularly imprinted polymers onto na-
nozymes is a promising method to prepare the nanozymes with high
specificity (Fan et al. 2017, 2018; Zhang et al., 2017c), which
would open a new avenue for MOFs-based nanozymes to increase
the specificity and catalytic activity (Fan et al., 2017; Zhang et al.,
2017c). Thus, MOFs-based nanozymes with selectivity and specifi-
city remain to be studied. In addition, most of MOFs-based

(2

—~

194

Biosensors and Bioelectronics 137 (2019) 178-198

nanozymes have been verified to possess oxidase-like catalytic ac-
tivity, some even can be used for realizing a cascade reaction, but
the catalytic mechanisms of them remain to be investigated.
Moreover, most of the reported MOFs-based nanozymes only pos-
sess an oxidase-like catalytic activity currently, the diversity of
which is very monotonous compared to natural enzymes. Therefore,
realizing the diversity of MOFs-based nanozymes is also crucial.
Some MOFs-based nanozymes with new catalytic properties are
urgently developed, such as synthetase and hydrolase (Wu et al.,
2018b).

(3) Although MOFs-based nanozymes have been successfully applied
for cancer therapy and other therapies, there are some various
problems to be solved, such as immunogenicity, biocompatibility
clinical toxicity, and poor pharmacokinetics profiles. Before MOFs-
based nanozymes are applied for clinical translation, these long-
term effects of them should firstly be verified in animal models. In
addition, MOFs-based nanozymes have been widely applied for
cancer starvation therapy and have made great progress. However,
it is very difficult to completely eliminate tumors with starvation
therapy alone, because tumor cells can get the continuous supply of
energy and nutrients from the capillaries. Therefore, it is a pro-
mising approach for improving treatment efficacy via combining
starvation therapy with multiple synergistic therapies, such as PDT,
PTT, SDT, immunotherapy, chemotherapy, gas therapy, and oxi-
dationtherapy. Moreover, the mechanism of multiple synergistic
therapies between each therapy modality should be expounded in
detail to apply for clinical translation (Fu et al., 2018; Hartshorn
et al., 2018; Rajendrakumar et al., 2018; Zhu et al., 2018).
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