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ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) as molecular crystalline materials have been extensively applied in various
Metal—organic frameworks fields such as catalysis, separation, and biomedical engineering. However, the applications of MOFs materials are
Biosensors limited in electrochemical biosensing due to the poor conductivity, less selectivity, and lack of modification sites.
mgﬁxﬁm By incorporating the functionalized nanoparticles into MOF structures, MOF-based composites are endowed with
Signal transduction high electronic conductivity and strong catalytic activity, which process the advantages over single-component
Nanoparticles MOFs. With a particular focus on the electrochemical applications of MOF composites, this review summarizes

the comprehensive guidelines on design of electroactive MOF composites: dopant modification of electroactive
ligands, in situ synthesis of nanoparticle@MOF composites and post-modification of MOF structure. The illus-
trative examples of electroactive MOF composites in the last five years are highlighted in electrochemical,
electrochemiluminescent, and photoelectrochemical biosensing. The prospects and challenges for future work
are also included. Understanding the structure-function relationship of electroactive MOF composites benefits
the design of next-generation electrochemical biosensors.

1. Introduction

Metal-organic frameworks (MOFs) are the emerging molecular
crystalline materials, which have attracted great attention in catalysis,
separation, and biomedical applications due to the unique structural
features and the excellent optoelectronic properties (Cho et al., 2019;
Diercks et al., 2018; Dolgopolova et al., 2018; Lu et al., 2018a, 2018b;
Zhao et al., 2018). MOFs have also been regarded as a promising
candidate of electrochemical (EC) sensing material because of the high
mass transfer capacities in controlled porous structure (Xue et al., 2019).
For example, due to the high porosity and large surface area, zeolitic
imidazolate frameworks (ZIFs) as the supporting matrix are believed to
concentrate more dehydrogenase for in vivo electrochemical measure-
ment of neurochemicals (Ma et al., 2013). However, the poor conduc-
tivity and unstable nature in aqueous solution of MOFs materials limit
their further applications in electrochemical biosensors. An effective
approach to overcome this obstacle is coupling MOFs and conductive
substances into a single nanostructure (Liu et al., 2019a). The high
conductivity materials (carbon materials, metal nanoparticles, etc.)
encapsulated into MOF structures are helpful to enhance the electro-
chemical activities (Xu et al., 2018b). There are three different strategies
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to modify MOFs composite: dopant modification, in situ entrapping
functional molecules or nanoparticles (NPs) within the framework, and
post-modification methods (Hassanzadeh et al., 2018), which provide
the great potentials for electrochemical application.

MOF-based composite materials bearing high electronic conductivity
and strong catalysis capacity usually combine the merits of both MOFs
and guest materials, which can overcome the defects of single-
component MOFs (Li et al., 2018a). Yang et al. used the gold nano-
particles (AuNPs) and MOF composites as signal probes to establish an
electron transfer-mediated ultrasensitive electrochemical immunoassay
for detection of the C-reactive protein (Liu et al., 2016). Furthermore,
the catalytic sites in MOFs are readily accessible to enhance electro-
catalytic efficiency. For example, a cobalt—porphyrin MOF was func-
tionalized as catalyst for selectively electrocatalytic reduction of carbon
dioxide to carbon monoxide in aqueous electrolytes (Kornienko et al.,
2015). The platinum nanoparticles homogeneously immobilized on
MOFs possess high stability and catalase-like activity to facilitate the
transformation of Hy0, to O (Zhang et al., 2018b).

Also, MOFs have received growing interest in electro-
chemiluminescence (ECL) assays, in which electrochemically triggered
optical radiation process is produced by the energy relaxation of excited

Received 26 July 2019; Received in revised form 8 September 2019; Accepted 28 September 2019

Available online 30 September 2019
0956-5663/© 2019 Elsevier B.V. All rights reserved.


mailto:jpl@nju.edu.cn
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2019.111743
https://doi.org/10.1016/j.bios.2019.111743
https://doi.org/10.1016/j.bios.2019.111743
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2019.111743&domain=pdf

X. Liao et al.

species, because they can provide a high specific surface for loading a
large quantity of ECL luminophores. Different from the conventional
metal complexes, luminol, and quantum dots as ECL luminophores,
MOFs made metal porphyrin as organic ligand, have attracted much
attention to act as ECL luminophores due to the high efficiency and
excellent stabilities. For example, an ECL-active MOF was designed by
using ruthenium complexes as ligands with the aid of grapheme oxide
(GO) to enhance electron transfer (Xu et al., 2015). On the other hand,
under irradiation, photoelectrochemical (PEC) technique has been
developed based on the generation of photoelectric signal from electron
transfer among analyte, photoactive MOFs, and electrode. Overall, the
variation of response signal entirely depends on the MOF optoelectronic
structure and the excitation signal.

Therefore, the potential advantages of integrating MOFs and elec-
trochemical process are significant, but MOF-based electrochemical
systems are less advanced (Qiu et al., 2019). First of all, this review
analyses the essential relationship between the structure of MOF com-
posite and electron transfer, and exploits the functionalization approach
to enhance the electrochemical activities for the design patterns of
electroactive MOF. Secondly, the comprehensive signaling transduction
strategies of MOF composites are highlighted in electrochemical, elec-
trochemiluminescent, and photoelectrochemical biosensing (Fig. 1).
The summary of MOF-based biosensors with different signaling princi-
ples is listed in Table 1. Finally, the perspectives and challenges for
future work have been proposed, providing the promising potentials in
MOF-based electrochemical devices.

2. Assembly of MOF composites

The use of the single-component MOFs as electrode materials for
electrochemical sensor construction usually results in narrow linear
range, low sensitivity, and insufficient stability due to their low elec-
tronic conductivity, and/or poor electrocatalytic ability. By virtue of the
advantages of MOFs, like tunable pores, diverse functional sites, and
large surface area, a variety of functional sites/groups can be introduced
into metal ions/clusters, organic linkers, or pore spaces through pre-
designing or post-synthetic approaches (Li et al., 2016; Ling et al.,
2018; Pan et al., 2018). Moreover, the introduction of biomolecules
including enzymes, nucleic acids, and peptides on the surface or in the
cavity of MOFs enables the highly versatile sensing platform with
enhanced sensitivity and specificity (Kempahanumakkagari et al.,
2018).

2.1. Modification with electroactive ligands

By taking advantage of their synthetic tunability and structural
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Fig. 1. Schematic illustration of the functionalization of electroactive MOF
composite and its applications in electrochemical (EC), electro-
chemiluminescent (ECL), and photoelectrochemical (PEC) biosensing.
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regularity, MOFs can hierarchically integrate catalytic components into
a single porous material through the use of pendant functional groups
from the linker moiety of MOF (Mao et al., 2018; Wang et al., 2018a).
Particularly, MOFs constructed with porphyrin subunits are interesting
since porphyrins have the strong catalytic ability for signal readout.
These porphyrin-based materials such as MOF-525 have high specific
surface areas, and the electrochemical activity of the porphyrin subunit
that can be tuned for different electrochemical sensing applications. A
nanoscaled porphyrinic MOF was designed with iron porphyrin as linker
and zirconium ion as node, and demonstrated excellent electrocatalytic
activity toward Oy reduction (Ling et al., 2016b). Interestingly, the
organic building units, in the form of cobalt-metalated tetrakis(4-car-
boxyphenyl)porphyrin (TCPP), are assembled into a three-dimensional
(3D) MOF (Fig. 2A), which was selected to construct the MOF-based
electrochemical CO, reduction system with a per-site turnover number
of 1400 (Kornienko et al., 2015). Furthermore, PtPd NPs were decorated
on the electroactive Co-MOFs, which were not only used as nanocarriers
but also acted as signal labels, and promoted the conversion of Co?* to
Co®>" on the frame, leading to excellently electrochemical signal
amplification (Yang et al., 2017b).

Ruthenium (Ru) complexes could be properly treated to combine
with the functional MOF (Ru-MOF) through metal ion chelation
(Kozachuk et al., 2014). Ru-MOF nanoflowers were prepared by a
one-step solvothermal method at low temperature (Fig. 2B). Since
Ru-MOF was more accessible for efficient electron transfer based on its
well-ordered structure, good stability and high catalytic efficiency, an
enhanced ECL system was constructed with the aid of quantum dots
(QDs) as coreactants (Zhu et al., 2017).

Interestingly, the developed metal-ligand-fragment co-assembly
strategy could effectively work to introduce a wide variety of functional
groups into MOFs, in which the primitive ligand and the ligand fragment
were co-assembled to generate a series of the isostructural MOFs. For
example, a mixed-ligand MOF was afforded via a solvothermal reaction
between  H,DBP-Pt, H,QPDC-NH,, and HfCl; in N,N-
dimethylformamide at 80 °C and then applied in intracellular oxygen
biosensing (Xu et al., 2016). It worth mentioning that boronic acid
functionalized ligand was co-assembled into Material of Institute Lav-
oisier (MIL)-100(Cr) as an efficient immobilization matrix of horse-
radish peroxidase for electrochemical detection of HyO5 (Dai et al.,
2017).

In addition, a single-atom catalyst, Cu/UiO (University of Oslo)-66
was prepared by a covalent attachment of Cu atoms to the defect sites
at the zirconium oxide clusters of the MOF UiO-66 (Fig. 2C). Density
functional theory (DFT) calculations in combination with experimental
data show that Cu binds to the MOF by -OH/—OH,, ligands capping the
defect sites at the Zr oxide clusters. This catalyst is highly active and
stable under realistic reaction conditions with an excellent selectivity of
about 100% for CO oxidation (Abdel-Mageed et al., 2019). Mirkin’s
group reported a coordination chemistry-based strategy for the surface
functionalization of the external metal nodes of MOFs with terminal
phosphate-modified oligonucleotides (Wang et al., 2017a). A series of
uniform nanometer-sized MOFs, including monometal and bimetal
(CoZn-ZIF), can be readily synthesized onto hierarchically structured
flowerlike MgAl-layered double hydroxide supports with high disper-
sion and precision, which are beneficial to materials utilization and mass
transport (Li and Zeng, 2016).

2.2. In situ synthesis of NP@MOF composites

To enhance their conductivity and catalysis ability, an applicable
strategy was to construct MOF-based heterostructure with a customized
selection of functional nanoparticle such as metal NPs, metal oxide (Koo
et al., 2016; Lu et al., 2012), and carbon-based nanomaterials
(Micheroni et al., 2018). According to the dimensionality of the MOF
complex, NP@MOF composites were classified into four types such as
zero-dimensional, one-dimensional, two-dimensional (2D), and 3D
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Table 1

Summary of various signaling strategies for the electroactive MOF composites.
MOF composite for signaling strategy Analyte Linear range Detection limit ~ Reference
EC strategies
Fe-based-MOFs deposited with Au NPs as active sites to capture primary antibodies Galectin-3 100fgmL ' to50ngmL™!  33.33fgmL! Tang et al.

and accelerate the electron transfer (2018)
Electrocatalysis of Pd/PCN-224-SA toward the oxidation of NaBH,4 DNA 100 fM to 100 nM 33.6 M Yan et al.
(2018a)

Fe-MOFs/PdPt NPs bioconjugate to catalyze HyO, Lead ions 0.005-1000 nM 2 pM Yu et al. (2018)
PANPs@Fe-MIL-88NH; for peroxidase-like activity of TMB MicroRNA 0.01 fM to 10 pM 0.003 fM Li et al. (2018b)

Electrocatalysis of Au@CeMOF toward HQ oxidation

MOF-derived materials as effective immobilization matrixes of acetylcholinesterase

Pd/NH,-ZIF-67 as a carrier and synergistic catalyst to decompose Hy04

Electrocatalytic activity of MOF-derived Ni,P/graphene composites

CdS@ZIF-8 as signal tags by HCI leaching

Steric hindrance caused by the ZnZr bimetallic MOFs

Electroactive Co-MOFs as nanocarriers and signal labels to promote the oxidation of
H,0,

ECL strategies

Luminescence-functionalized Ru-MOF as ECL emitter

Dual-quenching ECL of Ru(bpy)3*/zinc oxalate MOFs

Ru(bpy)(mepbpy)** coordinated PCN-777

Self-enhanced ruthenium polyethylenimine doped ZIF-8

MoS; quantum dots-combined porphyrinic MOF-545
N-(aminobutyl)-N-(ethylisoluminol) functionalized Fe-MIL-101 as ECL indicator

Co**-based ZIF-67 catalysis-enhanced luminol-AgNPs

PEC strategies
Charge recombination suppression strategy based on PCN-222

Efficient electron-hole separation of PCN-224/rGO nanocomposite

Nitrogen-doped porous carbon-ZnO nanopolyhedra derived from ZIF-8

Synergistic effect of MOF-derived porous hollow carbon nanobubbles@ZnCdS cages
Ru@UiO-66 sensitized Bi,O3/B-TiO»/ITO

[Ru(bpy)3]>* @Ui0-66 probes as anchorages for phosphate groups and sensitizer

Telomerase activity 2% 10 to 2 x 10° cells 27 cells mL ™! Dong et al.
mL~! (2019)

Methyl parathion 0.1 to 0.005 pgmL~! 0.058pgmL~'  Dong et al.
(2018)

Prostate-specific 100 fgmL™ to 50 ng mL™! 0.03 pgmL! Dai et al. (2019)

antigen

Glucose 5pM to 1.4 mM 0.44 uM Zhang et al.
(2018¢c)

E. coli 0157:H7 10-10° CFUmL! 3CFUmL™! Zhong et al.
(2019)

Tyrosine kinase-7 0.001-1.0 ng mL™* 0.84 pgmL ™! Zhou et al.
(2019)

Thrombin 1 pM to 30 nM 0.32 pM Yang et al.
(2017b)

Tryptophan 1.0nM to 1.0 mM 0.33nM Zhu et al. (2017)

enantiomer

Amyloid- 100fgmL ' to 50ngmL™'  13.8fgmL~! Zhao et al.
(2019)

MUC1 100 fgmL ! to 33.3fgmL"! Hu et al. (2018)

100 ngmL ™!

Telomerase activity 5 x 10! to 10° Hela cells 11 cells Xiong et al.
(2017)

CEA 0.18-1000 ng mL~* 0.45 pgmL ! Xin et al. (2018)

Mucinl 1fgmL! to 1 ngmL! 0.26 fgmL! Jiang et al.
(2017)

Cardiac troponin I 1fgmL ™' to 1 pgmL~! 0.58 fgmL ™! Wang et al.
(2019a)

Phosphoprotein 0-2pgmL ! 0.13 pgmL ™! Zhang et al.
(2016b)

p-arsanilic acid 10ngL~! to 10mgL~! 5.47ngL?! Peng et al.
(2019)

Alkaline phosphatase ~ 2-1500 U L™ 1.7U0L7? Yang et al.
(2017a)

CEA 0.00005-500 ng mL ! 2.28 fgmL ! Zhang et al.
(2019)

NO-methyladenine 0.05-30 nM 0.0167 nM Wang et al.
(2019b)

Kinase activity 0.005-0.0625 U mL ! 0.0049 UmL? Wang et al.
(2017¢)

structures, which exhibited the synergic effect to improve the biosensing
performance. Fabrication of nanoparticle-functionalized MOFs
(NP@MOFs) was usually divided into three different strategies: one-pot
method to induce the NPs within the cavities of the MOF,
post-absorption of NPs onto the MOF surfaces and in situ growth of MOF
on pre-synthesized NPs (Bhardwaj et al., 2015; Wang et al., 2016b).
The in situ preparation of NP/MOFs benefits to the uniform distri-
bution of NPs. Combining the benefits of both the nanoparticles and
MOFs effectively, NP@MOFs have exhibited various application po-
tentials in biosensing (Shen et al., 2018). For example, an electro-
chemical sensor based on electrocatalysis was constructed by one-pot
encapsulation of platinum nanoparticles into a prototypal MOF for the
detection of telomerase activity (Ling et al., 2016a). A MOF-based
electroactive nanocomposite containing graphene fragments and
HKUST-1 (Hong Kong University of Science and Technology-1) was
synthesized via a facile one-step solvothermal method using GO,
benzene-1,3,5-tricarboxylic acid (BTC), and copper nitrate (Cu(NO3)2)
as the raw materials (Fig. 3A). Electrochemical assays showed that the
synergy of graphene and HKUST-1 in the nanocomposite led to high
electrocatalysis, fast response, and excellent selectivity toward the
reduction of Hp0 (Wang et al.,, 2016a). These high analytical

performances are attributed to the synergic effects of GO with the high
conductivity and HKUST-1 MOF with suitable structure and electro-
chemical response. What’s more, a Fe304/g-C3N4/HKUST-1 composite
was synthesized by a solvothermal reaction, which combined HKUST-1
with g-C3Ny4 to improve its chemical stability (Hu et al., 2017).
Interestingly, the electrochemically driven cooperative reaction of

Ru(bpy)3* as an ECL probe and structure-directing agent, trimesic acid
as a ligand, and Zn(NOs3); as the Zn>" source led to a one-step and in situ
synthesis and deposition of the MOF at a glassy carbon electrode surface.
The Ru-MOF thin film modified electrode as a sensing platform showed
excellent ECL behavior because massive Ru(bpy)3™ molecules encap-
sulated in the cavity of the frameworks can be easily electrooxidated
(Qin et al., 2018).

2.3. Post-modification of MOF structure

Usually, the immobilization of metal nanoparticles on frameworks
through electrostatic adsorption can provide potential electrochemical
candidates for biochemical sensor due to the strong catalysis sites,
enlarged active surface area, and high conductivity. AuPt alloy doped
hollow nanobox-MOFs were prepared as electroactive matrix toward the
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Fig. 2. (A) Illustration of the structure of a cobalt-porphyrin MOF,
Al>(OH),TCPP-Co (reproduced from (Kornienko et al., 2015) with permission
from The American Chemical Society), (B) the preparation of the Ru-MOF
(reproduced from (Zhu et al., 2017) with permission from Elsevier), and (C)
DFT calculated structure of a Cu/UiO-66 catalyst (reproduced from (Abdel--
Mageed et al., 2019) with permission from The American Chemical Society).

reduction of Hy0; to yield an excellent electrochemical signal response
(Xu et al., 2018a). Based on silver nanoclusters embedded UiO-66, an
electrochemical biosensor was constructed with sensitive and selective
detection capacity of trace carcinoembryonic antigen (CEA) (Guo et al.,
2017).

As a mesoporous MOF featuring 3.8 nm cages, a porous coordination
network (PCN)-777 is an ideal platform to incorporate functional mo-
lecular components through postsynthetic modification. The PCN-777
was chosen as the carrier to immobilize Ru(b]:oy)z(mcpbpy)2+ through
the solvent-assisted ligand incorporation approach and successfully
prepared a highly stable mesoporous luminescence-functionalized MOF
(Ru-PCN-777) (Hu et al., 2018). The MOF UiO-66, constructed from
[ZrgO4(OH)4] clusters with 1,4-benzenedicarboxylate struts has a high
porosity that allows accommodation of various photosensitive mole-
cules for PEC biosensor (Wang et al., 2019b).

To improve the conductivity, the calcining of MOFs is an efficient
way. Among MOF-derived materials, the carbon matrix-supported metal

Biosensors and Bioelectronics 146 (2019) 111743

oxide hybrid nanomaterials enable a high degree of homogenous
dispersion of metal oxide species with large pore volume and superior
conductivity. A series of metal ions, including Fe3t, 7r**, and La®", were
respectively connected with 2-aminoterephthalate to form three MOFs
and then three MOF-derived materials were obtained by annealing them
at 550 °C under N atmosphere (Fig. 3B). These MOF-derived materials
were all successfully used as effective immobilization matrixes of
acetylcholinesterase to construct biosensors for the detection of methyl
parathion (Dong et al., 2018). A CeO5_y/C/reduced GO (rGO) nano-
composite has been synthesized through the pyrolysis of Ce(1,3,5-BTC)
(H20)¢ with GO. The CeO2_4/C/rGO nanocomposites exhibited excel-
lent catalytic properties towards HyO; due to the coexistence of Ce>*
and rGO (Peng et al., 2018). A unique “particle on a stick” approach was
used to grow a single ZIF-67 nanoparticle on a nanoelectrode surface,
and exhibited high catalytic activity toward the oxygen evolution re-
action with a high turnover frequency of 29.7s'at 540mV over-
potential (Aiyappa et al., 2019).

3. Electrochemical strategies

MOF’s permanent porosity and high chemical stability enable their
inherent superiority to confine guest species for improving catalytic
performance and/or the expansion of reaction scope (Li et al., 2019).
Especially, the rational integration of metal nanoparticles and MOFs
effectively synergizes their respective strengths and offsets their draw-
backs. Moreover, the long-term chemical stability of MOF in low pH
environment and the protease resistance provided the protective cage
around the encapsulated biomolecules for specific biorecognition (Feng
et al., 2015; Lian et al., 2017). Thus, upon these advantages, a range of
EC biosensors have been designed as expected.

3.1. Electrochemical/biomimetic catalysis

To develop porous MOFs as platforms for biomimetic catalysis,
porphyrinic ligands have been extensively explored because of their
multifunctionality. The rigid structures of porphyrinic MOF (PorMOF)
with high surface area and porosity can not only make each porphyrin
accessible by substrates but also prevent the dimerization of reaction
centers. Apparently, the nanoscaled MOF material in the electro-
chemical biosensor could be more suitable as a signal transduction
platform for electrocatalysis. By integrating the electrocatalysis of
nanoscale PorMOF toward oxygen reduction and the telomerase trig-
gered conformation switch, a simple and reliable strategy is developed
for detection of telomerase activity (Ling et al., 2016b). The signal

(B)
Fe-MOF-NH, [Fe-MOF-NH, |\

Calcining
N,

—_—
550 ‘C,2h

La-MOF-NH, [LaMOF-NH, g

Zr-MOF-NH, [Z:-MOF-NH, |y,

Fig. 3. (A) Illustration of the preparation of shaped GO@HKUST-1 and its application as a nonenzymatic electrocatalyst for HoO» (reproduced from (Wang et al.,
2016a) with permission from The American Chemical Society), and (B) the fabrication processes of three MOF-templated carbon nanocomposites (reproduced from

(Dong et al., 2018) with permission from The American Chemical Society).
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nanoprobe was prepared using porphyrin as linker and zirconium ion as
node and sequentially functionalized with streptavidin (SA) as recog-
nition element (Fig. 4). Afterward, through the biotin—streptavidin
recognition, the PorMOF@SA nanoprobe was introduced to the elec-
trode surface, leading to an enhanced current of electrocatalytic
reduction toward oxygen for signal readout. The biosensor could detect
telomerase with a detection limit of 30cell mL™* and evaluate the
telomerase activity even in single HeLa cancer cell.

These porphyrin-based MOFs still have limited sensitivity in elec-
trochemical assays because individual MOF regions suffer from slow
charge transport. An integration of porphyrin-based MOFs into a con-
ducting polymer would be a solution. A hybrid nanocomposite was
proposed to synthesize by composing a conductive polymer poly(3,4-
ethylenedioxythiophene) with porphyrin-based MOF-525 nanocrystal.
Interestingly, the MOF-525 served as an electrocatalytic surface, while
the polymer acted as a charge collector to rapidly transport the electron
from MOF nanocrystals (Huang et al., 2017). The composite electrode
also exhibited excellent selectivity for dopamine against common
interferents and retained long-term sensing ability.

Due to the tunable pore voids and functional pore walls, MOF pro-
vides a new opportunity for mimetic catalysis. In fact, a carbon paste
electrode modified with a MIL-101(Fe) exhibited high electrocatalysis
toward citric acid oxidation, and was successfully applied to the deter-
mination of citric acid in commercial beverages (Valizadeh et al., 2019).
The ultrathin Ni-Co MOF sheets were reported to efficiently catalyze
oxygen evolution reaction with high turnover frequency (0.86 s"l) at low
onset potential (Zhao et al., 2016). Moreover, a series of iron porphyrin
derivatives can be readily functionalized as suitable components for the
construction of MOFs, showing interesting peroxidase activity compa-
rable to that of the heme protein. For example, a
porphyrin-encapsulated MOF material was achieved through a one-pot
incorporation of porphyrin into the cage of HKUST-1(Cu) as catalyst.
By coupling with peroxidase activity of porphyrin-encapsulated MOF
toward o-phenylenediamine (0-PD) oxidation in the presence of Hy0o, a
label-free electrochemical strategy for DNA detection was designed
through the allosteric switch of hairpin DNA (Fig. 5A). The “signal-on”
electrochemical sensor can detect target DNA down to 0.48 fM with the

(A)
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linear range of 10 fM to 10 nM (Ling et al., 2015). This strategy opens up
a new direction of porphyrin-functionalized MOF for signal transduction
in electrochemical biosensing.

Furthermore, an AuNP@PorMOF signal tag was designed by using
porphyrin as linkers and Fe> as nodes, and then the AuNPs were
immobilized on the surface of MOF through animation of silicon diox-
ide. Based on the peroxidase-like catalytic performance of AuNP@Por-
MOF for oxidation of 3,3,5,5'-tetramethylbenzidine (TMB) by H20»
(Fig. 5B), a highly sensitive electrochemical biosensor combined with a
3D origami device for detection of Pb%* was developed (Wang et al.,
2017b). This method showed a good linear relationship between the
current response and the Pb?>' concentration ranging from 0.03 to
1000 nM with a detection limit of 0.02nM, providing potential appli-
cation of real-time Pb2" detection in both environmental and biological
samples. In our group, a ratiometric electrochemical technique was
constructed based on the catalytic properties of MOFs toward hydro-
quinone oxidation to p-benzoquinone and the electroactive methylene
blue-labeled hairpin DNA for rapid and sensitive detection of telomerase

activity (Dong et al., 2019).
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Fig. 5. (A) FeTCPP@MOF-SA composite for electrochemical DNA sensing via
allosteric switch of hairpin DNA (reproduced from (Ling et al., 2015) with
permission from The American Chemical Society), and (B) Peroxidase-like
catalytic performance of AUNP@PorMOF toward TMB oxidation (reproduced
from (Wang et al., 2017b) with permission from Elsevier).
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Fig. 4. Schematic illustration of (A) the preparation of nanoscaled PorMOF and (B) the electrochemical detection strategy for telomerase activity via a telomerase

triggered conformation switch (reproduced from (Ling et al.,

2016b) with permission from The American Chemical Society).
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3.2. MOF:s as supporters and nanocontainers

Due to the porous properties, the MOFs can load large amount of
electroactive molecules for enhancing the electrochemical performance.
For example, a Pd/PCN-224-SA as signal tag was synthesized by in situ
reduction of Pd nanocrystals on porphyrinic metal—organic frameworks
(PCN-224), followed by conjugation with SA. By integrating signal
amplification of DNA walker, the electrocatalysis of Pd/PCN-224-SA tag
toward NaBH,4 oxidation was used to produce a large electrochemical
signal for DNA analysis (Fig. 6). The electrochemical biosensor
demonstrated an excellent detection performance such as 6 orders of
magnitude linear range, femtomolar detection limit, and single
mismatch differentiation ability. The tandem signal amplification of
MOFs and DNA walkers provided a new avenue in trace electrochemical
biosensing (Yan et al., 2018a). Since the electroactive ZIF-67 with
lamellar structures served not only as a carrier of Pd NPs but also as a
synergistic catalyst of palladium to decompose Hy0,, the
Pd/NH,-ZIF-67 nanocomposite was conducted to achieve the quantita-
tive determination of prostate specific antigen (PSA), featuring favor-
able selectivity, repeatability and stability (Dai et al., 2019).

Owing to their periodic topology structure, variable metal site, and
tunable open-framework, MOFs have been considered as ideal pre-
cursors for synthesizing metal compounds with porous structures.
Interestingly, an efficient and facile MOF-template strategy for prepar-
ing carbon nanocomposites has been developed. With Ni-MOF-74 as a
precursor, NipP nanoparticles were grown in situ on graphene (NiaP/G),
and showed even metal distribution, massive exposure of active sites,
and spatially ordered structure. Benefiting from the synergistic reaction
of NiyP particles and graphene, this MOF-derived composite exhibited
high electrocatalytic activity and specificity toward glucose electro-
oxidation with a detection limit of 0.44 pM (Zhang et al., 2018c).
Ni-MOF/Ni/NiO/carbon frame nanocomposite was formed by combing
Ni and NiO nanoparticles and a C frame with Ni-MOF using an efficient
one-step calcination method. Ni-MOF/Ni/NiO/C nanocomposites were
immobilized onto glassy carbon electrodes with Nafion film to construct
high-performance nonenzymatic glucose and HyOy electrochemical
sensors (Shu et al., 2017).

Furthermore, it is well established that MOFs could be used as
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nanocarriers to encapsulate organic molecules and release them through
specific stimuli. When MOFs was introduced into a homogeneous elec-
trochemical biosensor, such a developed biosensor not only avoids the
drawback of weak conductivity but also achieves the label-free and
enzyme-free ultrasensitive detection of target analytes. Typically, a
nucleic acid-functionalized MOF-based homogeneous electrochemical
strategy was established with label-free and enzyme-free features for
ultrasensitive and simultaneous detection of multiple tumor biomarkers
(Chang et al., 2019). The two functionalized MOFs (MB@UIO and
TMB@UIO) were fabricated by using porous UIO-66-NH; as nano-
container to load electroactive dyes and double-strand DNA as a gate-
keeper to cap MOFs (Fig. 7). The proposed DNA-capped MOFs showed
specific response toward target analytes based on target-initiated elec-
troactive dye release, and were applied to simultaneous detection of
let-7a and miRNA-21 with detection limits down to 3.6 and 8.2fM,
respectively. Therefore, the proposed strategy was expected to provide
more information for early and accurate cancer diagnosis.

In addition, based on the blocking effect of MOFs, a ZnZr bimetallic
MOF was prepared via the MOF-on-MOF method and exploit it as an
aptasensor platform for detecting the cancer marker protein tyrosine
kinase-7 (Zhou et al., 2019). Next, a nanohybird of Co-based MOF and
terephthalonitrile-based covalent organic framework was synthesized,

WG

TVIB@UIO

Fig. 7. Schematic representation of the principle of the MOF-based homoge-
neous electrochemical biosensor for multiple detection of miRNAs (reproduced
from (Chang et al, 2019) with permission from The American Chemi-
cal Society).

_Pdcl,
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9, e,
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Blocker QZQ Aptamer

Fig. 6. Schematic illustration of (A) synthesis of Pd/PCN-224-SA tags and (B) tandem signal amplification strategy based on DNA-walker-induced allosteric switch
and electrocatalysis of Pd/PCN-224-SA in electrochemical biosensing (reproduced from (Yan et al., 2018a) with permission from The American Chemical Society).
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and further explored its application in constructing a sensitive electro-
chemical aptasensor for ampicillin detection (Liu et al., 2019b).
Compared with MOFs containing divalent d-block metals, trivalent Al
(II1) MOFs with high specific surface area and physicochemical stability
provided a universal platform in designing desired electrochemical
biosensors (Liu et al., 2017). Interestingly, the reaction of Fe* in the
MOF with K4Fe(CN)g led to the formation of prussian blue on the elec-
trode surface and consequently the generation of a high electrochemical
signal, which achieved great signal amplification without the involve-
ment of any extra functional materials (Cui et al., 2018).

4. ECL strategies

Different from the conventional emitters, the MOF-based ECL emit-
ters can accelerate the electron transfer between ECL emitters and cor-
eactants due to their porous structures, and thus enhance the
performance of ECL biosensing. In particular, Ru(Il) ploypyridyl
(Rubpy) complexes are of specific interest in the synthesis of various
MOF-based ECL emitters, which can combine their merits together. The
Rubpy complexes usually, as the guest molecules, have been doped in
the frameworks and/or encapsulated in the pores of MOFs. For example,
the ECL-active MOF was prepared from {Ru[4,4’-(HO2C)2-bpy] gbpy}2+
and Zn?* (Fig. 8A). The designed MOF exhibited permselectivity, charge
selectivity, and catalytic selectivity along with a stable and
concentration-dependent ECL emission due to the ease of electron
transfer between the MOF and coreactants. The detection and recovery
of cocaine in the serum sample was used to validate the feasibility of
MOF-based ECL system (Xu et al., 2015). Based on CdS QDs as cor-
eactant, a luminescence-functionalized Ru-MOF nanoflower was
employed as a solid-state ECL “on-off” switch system for highly sensitive
detection of tryptophan (Zhu et al., 2017). Inspired by the 2D nano-
materials g-C3N4@AuNPs and Ru-MOF that could exhibit two strong and
stable ECL emissions at different potentials, a potential-resolved Faraday
cage-type ECL biosensor was designed and constructed for the simulta-
neous detection of miRNA-141 and miRNA-21 (Shao et al., 2018a).

Alternatively, a mesoporous luminescence-functionalized MOF
(Ru-PCN-777) was synthesized by immobilizing Ru—(bpy)z(mcpbpy)2+
on the Zrg cluster of PCN-777 via a strong coordination bond between
Zr** and -COO- (Fig. 8B). Consequently, the Ru(bpy),(mcpbpy)?* was
not only covered on the surface of PCN-777 but also grafted into the
interior of PCN-777, which greatly increased the loading amount of Ru
(bpy)z(mcpbpy)2+. Because of the mesoporosity of Ru-PCN-777, the Ru
(bpy)2(mepbpy)?™ on the surface and interior of Ru-PCN-777 could be
excited by the electrons, resulting in the increasing utilization ratio of
the Ru(bpy)z(mcpbpy)2+ to enhance the high ECL response (Hu et al.,
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2018). Compared with 3D bulk MOFs, ultrathin metal-organic layer
(MOL) could immobilize luminophores for effectively shortening the
ion/electron-transport distance and relieving the diffusional constraints
of ion/electron. Thus, the Hf-MOL was prepared as carrier to immobilize
Ru(bpy)o(mepbpy)®>*, and the ECL efficiency and intensity of
Ru-Hf-MOL were around 1.27 times and 14.5 times than those of
Ru-PCN-777, respectively (Hu et al., 2019). In the same group, a
self-enhanced ECL aptasensor utilizing Ru complex-grafted Zr-MOL as
an ECL tag was also developed for ultrasensitive Mucin 1 analysis (Yang
et al., 2019). Similarly, an ultrasensitive “off—on” ECL biosensor was
proposed for the determination of telomerase activity by using a
self-enhanced ruthenium polyethylenimine complex doped ZIF-8 as an
ECL indicator and an enzyme-assisted DNA cycle amplification strategy
(Xiong et al., 2017).

Metal nodes in MOF can accelerate the decomposition of reactant
H,0, to generate OH®, O3, and other radical derivatives for enhancing
the ECL performance of the luminol system. Luminol-capped AgNPs
(luminol-AgNPs) were decorated on the surface of ZIF-67 by electro-
static interaction (Fig. 8C). Because of the ordered crystalline structure,
porosity, and the atomically dispersed Co?*, the integrated MOF-based
luminol nanosystem can facilitate the generation of oxygen radicals
and greatly improve its ECL performance (with ~115-fold enhance-
ment). On the basis of this fascinating sensing platform, a label-free ECL
immunosensor was constructed for ultrasensitive detection of cardiac
troponin I, the main marker of myocardial infarction, with good stability
and a detection limit as low as 0.58 fg mL ™! (Wang et al., 2019a). It is
worth noting that the ECL signal of luminol derivate/MIL-101(Fe) could
be greatly heightened due to the intrinsic mimic peroxidase activity of
luminol derivate/MIL-101(Fe) that could accelerate the decomposition
of Hy05 and produce considerable numbers of reactive oxygen radicals
to participate in the ECL reaction of luminol derivate (Wang et al.,
2018Db). A sensitive ECL biosensor for protein kinase A activity analysis
was proposed based on bimetallic catalysis of Au and Pt nanoparticles on
AuPt@UiO-66 nanocomposite to enhance luminol emission (Yan et al.,
2018Db). Interestingly, based on Fe-MIL-88 MOF/Au NPs/G-quadruplex
as both quenchers and enhancers, a ratiometric ECL aptasensor exhibi-
ted high-sensitive and accurate analytical performance toward PSA with
a linear detection range from 0.5 to 500 ng mL ! (Shao et al., 2018b).

ECL behaviours involving oxygen molecules have been previously
reported. The photoelectric active groups zinc tetrakis(carboxyphenyl)-
porphyrin (ZnTCPP) on the MOF-525-Zn frameworks could promote the
generation of singlet oxygen via a series of electrochemical and chemical
reactions, resulting in a strong and stable red irradiation at 634 nm
(Zhang et al., 2016a). The MOF-545-Zn@QDs was feasibly prepared
with the ultrasonic method through the interaction between MoS; QDs
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Fig. 8. (A) Preparation of redox-active MOF from
{Ru[4,4-(HO,C),-bpylobpy}?* and Zn?* (repro-
duced from (Xu et al., 2015) with permission from
Elsevier), (B) Schematic depiction of incorporating
Ru(bpy)2(mcpbpy)?*  inside the channels of
PCN-777 through the solvent-assisted ligand
incorporation approach (reproduced from (Hu
et al., 2018) with permission from The American
Chemical Society), and (C) Schematic illustration
of the integration of Co-based MOF and AgNPs for
the enhancement of luminol ECL (reproduced from
(Wang et al., 2019a) with permission from The
American Chemical Society).
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and MOF-545-Zn. The MoS, QDs increased ECL intensity of MOF-545-Zn
because of the Oy enrichment and electron transformation (Xin et al.,
2018).

Resonance energy transfer is a powerful method for monitoring
particular target molecules in fluorescence and ECL, which depends on
the overlap of absorption and emission spectral, as well as the distance
(10 £ 2nm) between the energy donor and acceptor. Inspired by this
thought, an ECL resonance energy transfer strategy between
AuNPs-doped MOF and Ru(bpy)%*/silica nanoparticle was reported for
the determination of insulin (Ma et al., 2016). For example, a gears ECL
aptasensing strategy for multiple selective determination of kanamycin
and neocycin was designed on the basis of MIL-53(Fe)@CdS as the ECL
luminophores and nanostructural metallic (AuNPs or PtNPs) functioning
as both ECL quencher and enhancer (Feng et al, 2019). A
dual-quenching ECL immunosensor based on Ru(bpy)3*/zinc oxalate
MOFs as luminophor and Au@NiFe MOFs as the dual quencher was
constructed for the ultrasensitive detection of amyloid-p (Zhao et al.,
2019).

5. PEC strategies

PEC is a promising analytical technique that employs current as a
detection signal with light as an excitation source. Thus, the PEC
detection possesses potentially high sensitivity and reduced background
signals compared with conventional electrochemical and optical
methods. For the PEC analysis, photoactive material plays a very
important role in improving the photoelectric conversion efficiency and
obtaining desirable analytical performance. Except for the conventional
photoactive material such as metal oxide semiconductors, the MOF
composites have anticipant structure used to construct PEC sensors. In
particular, porphyrinic MOFs, constructed from porphyrinic or metal-
loporphyrinic ligands, have attracted continuous research interest based
on the remarkable features, such as the small valence band (HOMO)-
conduction band (LUMO) energy gap of porphyrinic MOFs and the
prolonged electron—hole recombination time within the framework,
which can enhance the photoelectric conversion efficiency. For
example, the TCPP ligand involving PCN-222 is able to act as a visible
light-harvesting unit, and the high porosity and tunable structures might
facilitate the enrichment of oxygen and dopamine (DA) molecules
around the PEC-active TCPP ligands. Under light irradiation, the TCPP
in PCN-222 behaved as a visible-light-harvesting unit, and electrons
transformed from HOMO to LUMO of the semiconductor-like PCN-222,
and generated electron—hole pairs. Then electrons transformed from
LUMO of PCN-222 to O, to produce O3, realizing the electron circuit

Zr-O

clusters
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and thereby enhancing the photoelectric conversion efficiency (Zhang
et al., 2016b). Based on the steric hindrance effect from the coordination
of the phosphate groups and inorganic Zr-O clusters as binding sites in
PCN-222, the PCN-222 modified electrode could be applied for the
label-free detection of phosphoproteins with the limit of detection down
to 0.13pgmL™' (Fig. 9A). Based on the DNA-mediated nanoscale
zirconium-porphyrin MOFs, an enzyme-free PEC immunoassay was
developed for the ultrasensitive detection of PSA (Zhang et al., 2018a).
Furthermore, a porphyrinic MOF/reduced grapheme oxide
(PCN-224/rGO) nanocomposite with simultaneously excellent photo-
electric activity and strong binding characteristics was prepared and
used to fabricate a PEC sensor for p-arsanilic acid detection avoiding the
modification of bio-recognizers (Peng et al., 2019).

A turn-on PEC biosensor based on the surface defect recognition and
multiple signal amplification of MOFs was proposed for highly sensitive
protein kinase activity analysis and inhibitor evaluation (Wang et al.,
2017c¢). In this strategy, based on the phosphorylation reaction in the
presence of protein kinase A, the Zr-based MOFs (UiO-66) accommo-
dated with [Ru(bpy)s]%* photoactive dyes in the pores were linked to
the phosphorylated kemptide modified TiO2/ITO electrode through the
chelation between the Zr*t defects on the surface of UiO-66 and the
phosphate groups in kemptide (Fig. 9B). Under visible light irradiation,
the excited electrons from [Ru(bpy)g]2+ adsorbed in the pores of UiO-66
were injected into the TiO, CB to generate photocurrent, affording a
highly sensitive PEC analysis of kinase activity. Interestingly,
ZnO@ZIF-8 core—shell heterostructures display distinct PEC response to
hole scavengers with different molecule sizes (e.g., HoO2 and ascorbic
acid) owing to the limitation of the aperture of the ZIF-8 shell. Such
ZnO@ZIF-8 nanorod arrays were successfully applied to the detection of
H50> in the presence of serous buffer solution (Zhan et al., 2013).

To improve the electrical conductivity of MOFs and to make better
for their applications in PEC sensor. A photoactive material, nitrogen-
doped porous carbon-ZnO (NPC-ZnO) nanopolyhedra, was prepared
by direct carbonization of ZIF-8 nanopolyhedra in a nitrogen atmo-
sphere. The interaction between NPC and ZnO may change the band gap
of ZnO and broaden the light absorption range from ultraviolet to visible
light, showing better PEC performance than ZnO nanorod and the ZIF-8
nanopolyhedra in aqueous media with dissolved oxygen and ascorbic
acid (Fig. 9C). Taking alkaline phosphatase as a model, a NPC-ZnO
nanopolyhedra-based PEC sensor showed good performance for alka-
line phosphatase assay with a wide linear response range from 2 to 1500
U L7 ! and a low detection limit of 1.7 U L1 (Yang et al., 2017a).
Interestingly, as novel photoactive materials, MOF-derived porous hol-
low carbon nanobubbles@ZnCdS multi-shelled dodecahedral cages

Fig. 9. Schematic illustration for (A) the mecha-
nism of charge recombination suppression-based
photoelectrochemical strategy for the detection of
phosphoprotein (reproduced from (Zhang et al.,
2016b) with permission from The American
Chemical Society), (B) the configuration of [Ru
(bpy)s]>*@Ui0-66 PEC probe for kinase activity
detection (reproduced from (Wang et al., 2017c)
with permission from Elsevier), and (C) the
cathodic photocurrent generation mechanism of
the ITO/NPC-ZnO electrode (reproduced from
(Yang et al., 2017a) with permission from The
American Chemical Society).
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were synthesized via continuous chemical etching, sulfurization,
cation-exchange and calcination strategies. Due to the synergistic effect
between the porous shells and the carbon-layer coating, the
MOF-derived composite displayed superior PEC performance (Zhang
et al., 2019).

6. Conclusion and future perspectives

MOFs have become a promising candidate to immobilize various
nanoparticle and/or biomolecules owing to the modular nature and mild
synthesis conditions (Baek et al., 2018). There are three different stra-
tegies to modify MOFs easily for the great potential in electrochemical
application: dopant modification, in situ entrapping functional mole-
cules or nanoparticles within the framework, and post-modification
methods. To facilitate the applications of MOFs in electrochemical
biosensing, the current researches mainly focused on the functionali-
zation of MOFs with the electroactive nanoparticles/biomolecules. By
integrating functional materials at nanometer scale, MOF heterogeneous
nanohybrids demonstrated the collective properties for designing an
ideal sensing platforms (Diercks et al., 2018): (i) MOFs’ porous struc-
tures make all the active sites accessible and their open channels render
the diffusion of the substrate and products easily; (ii) The high surface
area of MOFs materials is beneficial to enable novel EC systems and
protocols due to the increasing areal density of electroactive sites; (iii)
MOF-based hybrid materials with other functional materials greatly
improve the conductivity of MOFs and exhibit the synergic effect among
individual components for signal transduction in electrochemical
biosensors.

Actually, the research on electroactive MOF-based biosensors is at an
initial stage. For example, only few MOF structures are involved in the
fields of electrochemical biosensing. To further expand its application
and enhance its sensing performance, some aspects should be explored
for further work: (1) One of the challenges for MOF-based EC systems is
the design of redox-active ligands such as aggregation-induced emission
molecules and Ru nodes in MOFs with high electron transfer capacities
and electrocatalytic ability, for enhancing the electrochemical perfor-
mance; (2) the 2D MOF’s immobilization amount of electroactive spe-
cies should be higher than these of bulk MOFs because MOLs possess
more accessible postmodification sites for the electroactive species with
minimal diffusion barriers (Cordova Wong et al., 2019); (3) Utilization
of MOFs as templates to synthesize metal oxide/carbon nanocomposites
is a facile and efficient method to improve the electrochemical perfor-
mance of MOF composites; (4) MOFs are often transparent single crys-
tals, which allow for light to penetrate through the whole materials, and
thus give the great potential for developing ECL and PEC biosensing; (5)
By combination of several emerging techniques, the great progress and
major technological breakthroughs can be achieved in current and
future work. For example, the core-shell MOF@MOF and MOF@cova-
lent organic frameworks could enable the new properties for enhancing
their sensing applications (Ma, et al., 2018). In a word, with the rational
design and post-modification, the MOF composites could be more suit-
able as a signal transduction platform for electrochemical biosensing
with a wide range of applications in disease monitoring and clinical
diagnosis.
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