
Chemical
Science

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

7:
31

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Applications of m
V
o
n
n
U
a
N
s
B
l
s
d
M

a research project based on nanom
She has been a nalist in the N
Challenge 2020. Her main areas o
frameworks, nanomaterials, biose
targeting. She is highly motivated
lational research with the aim of c
care and innovative medicine.

aNanobioelectronics Laboratory, Departmen

University, Shahbad Daulatpur, Delhi 11

gmail.com
bDepartment of Applied Chemistry, Del

Daulatpur, Delhi 110042, India. E-mail: ban

Cite this: Chem. Sci., 2022, 13, 8727

Received 20th June 2022
Accepted 4th July 2022

DOI: 10.1039/d2sc03441g

rsc.li/chemical-science

© 2022 The Author(s). Published by
etal–organic framework-based
bioelectrodes

Vidushi Aggarwal,a Shipra Solankiab and Bansi D. Malhotra *a

Metal–organic frameworks (MOFs) are an emerging class of porous nanomaterials that have opened new

research possibilities. The inherent characteristics of MOFs such as their large surface area, high porosity,

tunable pore size, stability, facile synthetic strategies and catalytic nature have made them promising

materials for enormous number of applications, including fuel storage, energy conversion, separation,

and gas purification. Recently, their high potential as ideal platforms for biomolecule immobilization has

been discovered. MOF-enzyme-based materials have attracted the attention of researchers from all

fields with the expansion of MOFs development, paving way for the fabrication of bioelectrochemical

devices with unique characteristics. MOFs-based bioelectrodes have steadily gained interest, wherein

MOFs can be utilized for improved biomolecule immobilization, electrolyte membranes, fuel storage,

biocatalysis and biosensing. Likewise, applications of MOFs in point-of-care diagnostics, including self-

powered biosensors, are exponentially increasing. This paper reviews the current trends in the fabrication

of MOFs-based bioelectrodes with emphasis on their applications in biosensors and biofuel cells.
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1 Introduction

Molecule-based porous compounds have successfully found
utility in diverse areas, including gas adsorption/storage, sepa-
ration, catalysis, environmental remediation, energy, optoelec-
tronics, and health. Metal–organic frameworks (MOFs), zeolites
and covalent organic frameworks (COFs) are the three most
common types of 3D porous covalent polymers (PCPs) reported
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in the literature. Compared to zeolites, MOFs and COFs can be
readily tuned in terms of their pore size, aperture shape and
functionality.1 COFs constitute versatile networks constructed
using covalent bonds (B–O, C–C, C–H, C–N, etc.) between the
organic linkers and MOFs. These can be formed via coordinate
bonding between metal ions and organic ligands.2 Both classes
of compounds have offered nanoporous materials with high
surface areas and diverse pore dimensions, topologies and
chemical functionalities. We will only discuss MOFs-based
applications in this review.

Generally, d-block transition elements with high coordina-
tion numbers such as Zn, Cu, Co and Fe are chosen as metal
ions, while multi-dentate organic ligands with a rigid backbone
such as benzene-1,4-dicarboxylic acid (BDC), benzene-1,3,5-
tricarboxylic acid (BTC), naphthalene-1,4-dicarboxylic acid and
2-ethyl-1H-imidazole are used as linkers. The main attraction of
MOFs is their well-dened and tunable pore sizes conferring
large internal pore volumes, which serve as a hub for guest
molecules like proteins, nucleic acids, and carbohydrates. More
recently, the concept of secondary porosity in MOFs has been
explored by engineering its surface chemistry in terms of
particle size, shape and texture.3 Another captivating feature of
MOFs is their ultrahigh specic surface area (possibly up to
7000 m2 g�1), which is measured using Brunauer–Emmett–
Teller (BET) analysis. Their high BET area makes MOFs prom-
ising candidates for application in hydrogen storage, carbon
capture and drug delivery. Mechanical exibility is another
lucrative property of MOFs, which allows them to be sized and
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structured according to specic applications.4 A myriad of
MOFs have been used for applications in gas storage,5 electro-
catalysis,6 biosensing,7 drug delivery8 and environmental
remediation.9

In this sense, MOFs have emerged as suitable materials in
the fabrication of electrodes due to their rigid and malleable
structure with redox activity and low cost. They have been
extensively explored as anodes, cathodes and electrolyte mate-
rials in electrochemical systems. The high porosity and surface
area of MOFs-based electrodes are highly favorable for an
electrocatalytic role in oxygen reduction reaction (ORR) with
great control over structural and chemical properties. Recently,
the application of MOFs-based bioelectrodes in electrochemical
biosensors and biofuel cells has ourished. Their advantageous
properties such as tunable structure, ultrahigh porosity along
with stabilizing host–guest interactions adeptly t the design
criteria of bioelectrodes. The characteristic porous framework
favors high enzyme loading with improved structural and
functional stability. MOFs serve as an ideal microenvironment
to protect an enzyme from denaturation and also reduce
leaching through hydrophobic interactions and covalent link-
ages. MOFs pores act as mini-reaction cells, optimizing the
mass and charge transfer in biocatalysis. MOFs-based bio-
electrodes are suitable for high electrocatalytic current density
and low charge resistance as well. Some typical examples
include zeolitic imidazolate frameworks (ZIFs),10 and porous
coordination networks (PCNs),11,12 Fe-based MOFs13 Mn-based
MOFs,14 Co-based MOFs,15 and Ni-based MOFs16 as promising
electrode materials in electrochemical biosensors and enzy-
matic biofuel cells (EBFCs).

In this paper, we discuss the application of MOFs and their
derivatives and various components of EBFCs followed by brief
applications in biosensors. Fig. 1 shows a summary of the
different properties and applications of MOFs. We expect to
promote knowledge transfer from the previous studies of MOFs
as electrocatalysts, electrolyte membranes, candidates for
biomolecule retention, and fuel storage. We present an overview
and discuss the recent advances in the development of MOFs in
bioelectrocatalytic applications to generate new thoughts.
2 Synthesis and modification of MOFs
for electrochemical applications

More than 90 000 MOFs have been reported worldwide while
around 500 000 more are predicted to be synthesized. Common
routes adopted for the synthesis of MOFs include solvothermal,
hydrothermal, and solvent-free techniques,17 as summarized in
Fig. 2.17 The conventional solvothermal synthesis is based on
the dissolution of the metal precursor and organic ligand in
a suitable solvent such as N,N-dimethylformamide (DMF) and
ethanol while water is used in case of hydrothermal synthesis.
The structure and properties of MOFs are carefully governed by
a combination of metal ion, organic ligand, solvent as well as
synthesis method. Some of the advantages of the different
synthetic methods used in MOF synthesis are summarized in
Table 1.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03441g


Fig. 1 Various properties and applications of MOFs.
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While MOFs have been the front runners in gas storage,
separation, and catalysis, applications harnessing their elec-
tronic capabilities have been recently realized. Sincemost MOFs
do not have free charge carriers and have low-energy barriers,
MOFs were believed to be inherently insulating, limiting their
electrochemical applications. Despite having conductivity lower
than 10�10 S cm�1, whichmakes amaterial insulating in nature,
MOFs can be tailored to achieve superior ionic and protonic
conductivity by use of appropriate redox-inactive nodes and
short linkers.18 Many methods, including in situ and post
synthetic modications, have been adopted to improve their
electrical conductivity, which include composite formation, use
of functional linkers, doping,19 and carbonization. Most meth-
odologies include introducing functionality into MOFs via
direct synthesis approaches. However, these may not be
perhaps suitable sometimes because of challenges like insolu-
bility of the linker, thermal and chemical stability, functional
group compatibility, and interference between metal ions and
linkers during the assembly of MOFs. To overcome these
problems, post-synthetic approaches have been suggested.
These can be via three modes, including post-synthetic modi-
cation (PSM), post-synthetic deprotection (PSD), and post-
synthetic exchange (PSE).20 Doping with nitrogen, sulfur, and
phosphorus on MOF precursors is found to increase charge
delocalization, catalytic centers, and electron transfer, thereby
improving overall ORR performance.21 Another approach
commonly used is the carbonization of MOFs with great scope
in electrochemical storage devices.22 It has the advantage of no
additional requirement of primary carbon source as it is ful-
lled by the organic ligand. Carbonized MOFs demonstrate
remarkable surface area and electrochemical performance with
facile synthesis techniques. Different synthetic approaches
© 2022 The Author(s). Published by the Royal Society of Chemistry
adopted to synthesize MOFs for electrochemical applications
are summarized in Fig. 3.

Precisely functionalized MOFs can accelerate the electro-
chemical processes as compared to CNT, graphene, or other
nanomaterials based electrodes by also acting as active redox
centres.18 In MOFs, electrical conductivity depends on its metal-
cation nature and coordination chemistry while internal ionic
conductivity depends on ligand–ion interactions, hydrophi-
licity, functional groups, and interactions with guest mole-
cules.23 The nature of counter ions also elicits the
electrochemical response of MOFs known as the ion-size effect.
As observed in cyclic voltammetry (CV), smaller anions and
cations provide stronger response through a series of faradaic
reactions.24 Electrochemical stability and reversibility are other
important parameters to be considered in MOF-based systems.
Stability is measured as the retained electrochemical response
aer repeated cycles, whereas reversibility is rapid electron
transfer at the interface of electrode and electrolyte, both are
crucial for good electrochemical performance. Charge transfer
in MOFs can take place through three routes, namely in-plane
p-conjugation,25 through-bond26 and through-space27 charge
transfer approaches. In-plane p-conjugated MOFs demonstrate
high charge mobility and efficient charge delocalization that
can be benecial for many electrochemical applications. On the
other hand, the through-bond approach increases electrical
conductivity by the participation of delocalized electrons of
metal/linker in charge conduction while through-space by p–p
interaction or electron hopping with guest molecules. These
approaches allow better orbital overlapping and thus small
band gaps, which results in superior electrical conductivity of
MOFs.

Despite all the advantages, pristine MOFs display superior
electrochemical properties only when combined with conduct
Chem. Sci., 2022, 13, 8727–8743 | 8729
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Fig. 2 Different synthetic methods, possible reaction temperatures, and final reaction products in MOFs synthesis.17

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

7:
31

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
materials. Conducting MOFs is an upcoming eld of research
with high expectations in electrochemical applications. While
there are limited studies on the commercial potential of con-
ducting MOFs, promising outcomes of MOFs as electro-
chemical sensors and energy storage are being extensively
explored.
3 MOFs and biomolecule retention

Immobilization of biomolecules is an important aspect in the
fabrication of ideal bioelectrodes to minimize leaching and
functional stability. The ultrahigh porosity and surface area of
MOFs have been exploited for biomolecule retention. A wide
range of biomolecules such as proteins (enzymes, antibodies),
carbohydrates, and nucleic acids can be accommodated in
MOFs pores as well as linked to their outer surface.28 Various
MOFs are immobilized on the surface of bioelectrodes through
covalent, electrostatic, hydrophobic, and van der Waals forces.29

It results in increased loading of biocatalysts due to increased
8730 | Chem. Sci., 2022, 13, 8727–8743
surface area. The four common approaches used for the
retention of biomolecules in MOFs are adsorption, bio-
conjugation, encapsulation, and diffusion, as discussed below.

3.1 Adsorption

Surface attachment of biomolecules to the MOFs can be
accomplished in two ways – through surface bonding and by
general adsorption. It is a common method for preparing
biomolecule-MOFs composites. Biomolecules are anchored to
the MOFs surface through weak interactions with no require-
ment of specic functional groups. Recently, Ma et al. used
a series of ZIFs as adsorption matrices for immobilization of
electrocatalysts, namely glucose dehydrogenase (GDH) and
methylene green (MG) in glucose biosensor.30 ZIF-70, with the
largest pore size, was the most efficient matrix for co-
immobilization amongst ZIF-7, ZIF-8, ZIF-67, and ZIF-68, in
the fabricated bioelectrode as shown in Fig. 4(a). ZIF-70
demonstrated outstanding adsorption capacities towards elec-
trocatalysts and therefore higher sensitivity and selectivity
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of the synthetic methods of MOFs along with their features, temperature-duration and advantages

S. no. Synthetic methods Features Temperature-duration Advantages

1 Solvothermal
(hydrothermal)

Solvents such as water, DMF
used

At 353–453 K for 2–3 days � High yield of MOF
� High surface area and
porosity of MOF
� Highly crystalline MOF

2 Non-solvothermal Under the boiling point of
solvent

At 298 K for several days to
months

� Carried out at room
temperature or simple
heating
� Simple equipment
required

3 Electrochemical Through anodic dissolution
or cathodic deposition

At 273–303 K for 10–30 min � Suitable for synthesis of
large quantity of MOF
�No formation or separation
of anions required

4 Mechanochemical Chemical transformation
through milling or grinding

At 298 K for 30 min�2 h � No washing or activation
required
� Suitable for metal
precursor with low solubility

5 Microuidics Reaction in microuidic
channel

At 323–423 K for fewminutes � Fast crystallization rate
� Great control over
morphology of MOF crystal

6 Microwave-assisted Interaction between
reactants and radiation

At 303–373 K for 4 min�4 h � Good efficiency in short
duration
� Great control over reaction
parameters and morphology
of MOF crystals

7 Ionothermal Ionic liquids used as solvent
and template

At 333–373 K for 6 h � Environmentally-friendly
method
� Great control over
morphology of MOF crystals

8 Sonochemical Ultrasonic waves used for
acoustic cavitation effect

At 272–313 K for 30–180 min � Fast crystallization rate
� Suitable for small particle
size

9 Spray drying Atomization of MOF
precursor solution using
spray drier

At 423–453 K for 5–10 min � Fast and simple technique
� Suitable for multi-metallic
MOFs

10 Flow chemistry Continuous MOF synthesis
in tube reactors

At 353 K for 5–10 min � Low material and energy
consumption
� Ease in down streaming
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towards glucose with a linear range of 0.1–2 mM. The approach
was highly benecial due to various advantages offered by
highly porous ZIF-70, such as better adsorption capability and
chemical stability due to interaction with functional groups.
Interestingly, MOFs have also been used in the development of
biosensors for SARS-COV-2 detection.31 MOF surface could
provide an efficient adsorption platform for uorophore-labeled
probes through electrostatic interactions, hydrogen bonding,
and p–p stacking. Moreover, there is possibility of increased
recovery of uorescence due to the weak affinity of hybridized
DNA towards MOFs. MOFs as adsorption and uorescence
quenching platform could therefore increase the sensitivity and
rapidity of detection in SARS-COV-2. The adsorption technique
is quicker and easier as compared to other techniques with no
strict requirement on MOF's pore size. This technique also
allows reaction parameters to exceed the denaturizing limits of
biomolecules as it could be adsorbed aer MOFs synthesis.
Adsorption also enables better recovery and recyclability of
biomolecules in repeated cycles. However, due to the weak
© 2022 The Author(s). Published by the Royal Society of Chemistry
protection effect of MOFs, exposed biomolecules could easily
detach from the MOFs surface and are prone to leaching.
Therefore, there is a growing need for alternative immobiliza-
tion methods using porous nanomaterials.
3.2 Conjugation with linker

Bioconjugation refers to either covalent linkage or electrostatic
force of attraction to anchor biomolecules on the MOFs surface.
The bio-functionalized MOFs synthesised through this
approach are advantageous for simplistic electrochemical bio-
sensing and signal amplication. Biomolecules covalently
attached with MOFs functional groups are highly stable and
exhibit improved catalytic activity. A porphyrin-functionalized
MOFs bioconjugated with streptavidin (SA) named as
FeTCPP@MOF-SA using HKUST-1(Cu) as shown in Fig. 4(b) was
fabricated for DNA sensing.32 The setup enabled highly sensitive
and specic recognition through the allosteric switch of hairpin
DNA. The LOD of 0.48 fM was recorded with the linear range of
10 fM to 10 nM. HKUST-1(Cu) supported a label-free detection
Chem. Sci., 2022, 13, 8727–8743 | 8731
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Fig. 3 Different approaches to synthesize electrochemically active MOFs.
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approach by working as a signal probe for mediating recogni-
tion between SA and aptamer. BioconjugatedMOFs present new
avenues for mimetic catalysis as a promising signal
Fig. 4 Different immobilization strategies using MOFs. (a) Adsorption of g
FeTCPP@MOF with streptavidin (SA).32 (c) Encapsulation of horseradis
Diffusion of Cyt c into the cavities of Tb-mesoMOF.35

8732 | Chem. Sci., 2022, 13, 8727–8743
transduction platform. In another work by Kumar et al., MOF-5
was bioconjugated with anti-bovine serum albumin (anti-BSA)
for electroluminescence biosensing.33 The pendent (side)
lucose dehydrogenase (GDH) at ZIF-70 surface.30 (b) Bioconjugation of
h peroxidase (HRP) and magnetic nanoparticles (NPs) in ZIF-8.34 (d)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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group on MOF-5 surface was activated through simple organic
reactions followed by covalent protein conjugation with anti-
BSA. The pendent group of the organic linker was activated
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).
Despite strong bioconjugation of anti-BSA on MOF-5, no loss of
enantioselectivity was observed. This study further encouraged
the application of MOFs in molecular sensing and immuno-
histochemistry assays. One major advantage of using this
approach is strong interaction between biomolecule and MOFs,
which guarantees structural stability. The formation of robust
peptide bonds between amino group of enzyme and carboxylate
group of MOFs is highly feasible in bioconjugation. Moreover,
higher recyclability of biomolecules is assured since there are
minimal chances of leaching. However, in this particular
approach, the biomolecule linked to the surface is susceptible
to denaturation under harsh conditions, which can be over-
come by encapsulation, as discussed in the next section.

3.3 Encapsulation

Encapsulation involves capturing the biomolecule within
MOFs, which can be in situ or ex situ. The in situ encapsulation
has emerged as a powerful tool wherein MOFs grow around
biomolecules leading to high loading efficiency and negligible
leaching. Encapsulation, being a rapid and low-cost approach,
is likely to accelerate the application of important industrial
biomolecules in the commercial sector. However, the in situ
strategy is limited to only operation under mild conditions in
aqueous solutions due to the risk of denaturation of biomole-
cules, greatly restricting the diversity of MOFs. ZIFs can be
adopted as suitable nanomaterials for biomolecule encapsula-
tion. Recently, magnetically and catalytically active ZIFs have
been proposed as recyclable MOF-based biocatalysts. Ricco
et al. reported a one-pot synthesis method for dual encapsula-
tion of horseradish peroxidase (HRP) and magnetic NPs in ZIF-
8, as shown in Fig. 4(c).34 A ve-fold increase in HRP activity was
observed along with improved reusability and specic activity of
the enzyme. Encapsulation offers various advantages over other
immobilization techniques with respect to stability and
prevents the leaching of biomolecules from the host matrix.
Additional benets of size selectivity and substrate specicity
can be achieved due to the specic pore size of MOF, which is
not possible in surface immobilized biomolecules. MOF surface
acts as a protective shell against competitive inhibitors and
denaturation agents. Moreover, it physically separates biomol-
ecules, thereby preventing aggregation. However, a major
drawbacks of encapsulation are the inability to accommodate
large biomolecules, hindrance in mass transfer efficiency, and
accessibility to the biomolecule. Efforts should be made to
study the underlying mechanisms and host–guest interactions
to develop standard procedures for MOF encapsulation to
remediate these limiting issues.

3.4 Diffusion

Diffusion is dened as the inltration of biomolecules within
the MOF pores. This technique is especially useful for the
immobilization of large biomolecules such as proteins inside
© 2022 The Author(s). Published by the Royal Society of Chemistry
MOFs with relatively small pores. For example, cytochrome c
(Cyt c) has been successfully diffused through partial folding
within Tb-mesoMOF, as shown in Fig. 4(d).35 An interesting
observation was made regarding the translocation of enzymes
through unique conformational changes in enzyme structure at
the MOF surface during immobilization. It mimics the activity
of proteins undergoing conformational changes during trans-
location in organelles with narrow pores. This strategy can
further open new avenues for MOFs in protein translocation
research. Nevertheless, this approach is greatly limited due to
concerns over the slow rate of diffusion and enzyme leaching.
Unfortunately, limited biomolecules could be immobilized in
MOFs through the diffusion process. Therefore, a growing need
for better alternatives to overcome these limitations is felt.

All the approaches mentioned above provide better stability
to biomolecules. MOFs serve as ideal hosts for biological guests
attracting applications in drug delivery, biosensing, bioimag-
ing, bioremediation, genetic manipulation, and preservation of
biological specimens.36–38 With promising applications in
biomolecule detection, immunoassays, and tumour detection,
various researches focus on achieving technical excellence
through size, cost, and materials. Fine tuning of structure and
porosity of MOFs for specic applications is also a challenging
task. Since high outcomes are anticipated in this eld of
research, a deeper understanding of internal interactions and
mechanisms should be explored. Some bottlenecks such as
stability in water and mass transfer limitations also hinder the
industrial production of MOFs. Therefore, efforts should be
directed to replicate the results from lab to pilot scale.
4 MOF-based bioelectrodes for
biosensors

Electrochemical biosensors utilize working electrodes with
biological recognition elements (BRE) attached for their func-
tion. Bioelectrodes act as an interface between biological and
electrochemical phenomena, which ultimately determines the
overall performance of the biosensor.39 With the paradigm shi
towards point-of-care diagnostics, there is a growing need to
achieve exceptional structural and functional stability, bio-
catalysis, sensitivity, and specicity in bioelectrodes through
the use of superior nanomaterials.8,40 MOFs can be explored as
host matrix, biocatalyst, and BRE in bioelectrodes for biosen-
sors as discussed. Table 2 provides a summary of recently re-
ported MOFs-based bioelectrodes in electrochemical
biosensors.
4.1 MOFs as host matrix

Enzyme-based biosensing devices require optimum thermal,
chemical, and mechanical environment for proper action and
tend to denature under harsh conditions. Therefore, there is
a need to provide a suitable working environment for enzymes
for their optimum functioning. MOFs have emerged as suitable
host matrices for enzyme immobilization due to their remark-
able surface area, crystalline nature, porous framework, and
high exibility. MOFs with a large free volume easily
Chem. Sci., 2022, 13, 8727–8743 | 8733
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Table 2 MOFs-based bioelectrodes used in electrochemical biosensorsa

S. no. MOF Biological recognition element Target analyte LOD Linear range Reference

1 Co-MOF, ZIF-67 Cobalt oxide hollow
nanododecahedra
(Co3O4-HND)

Glucose 0.58 mM 2.0 mM to 6.06 mM 88

2 Cr-MOF (MIL-53-CrIII) — H2O2 3.52 mM 25 to 500 mM 89
3 Cu-MOF Hemin H2O2 0.14 mM 10 to 24 400 mM 90
4 Cu-MOF GOx Glucose 14.77 mM 44.9 mM to 4.0 mM

and from 4.0 to 19 mM
91

5 Cu-MOF Tyrosinase BPA 13 nmol l�1 5.0 � 10�8 to
3.0 � 10�6 mol l�1

92

6 Cu-MOF — miRNA 0.35 fM 1.0 fM to 10 nM 93
7 Fe-MIL-88-NH2 Hemin ADRB1 gene 0.21 fM 1 fM to 10 nM 46
8 Fe-MOF Pb2+-specic DNAzyme Pb2+ 2 pM 0.005 to 1000 nmol L�1 94
9 Ni-MOF — Urea 3 mM 0.01 to 1.12 mM 95
10 Ni-MOF — Glucose 4.6 mM 20 mM to 4.4 mM 96
11 Pb-BDC-NH2

and Cd-BDC-NH2

anti-CEA Carcinoembryonic
antigen (CEA)

0.03 pg mL�1 0.3 pg mL�1 to 3 ng mL�1 97

12 Pb-BDC-NH2

and Cd-BDC-NH2

anti-AFP Alpha-fetoprotein (AFP) 0.1 pg mL�1 0.3 pg mL�1 to 3 ng mL�1 97

13 PCN-333(Al) Microperoxidase-11 (MP-11) H2O2 0.127 mM 0.387 mM to 1.725 mM 11
14 Y-1, 4-NDC-MOF AgNPs H2O2 0.18 mM 4 to 11 000 mM 98
15 Y-1, 4-NDC-MOF CuNPs H2O2 0.43 mM 4 to 8500 mM 98
16 ZIF-67 — Glucose 0.99 mM 48 mm to 1 mM 99
17 ZIF-67 — Glucose 0.66 mM 2 to 1000 mM 100
18 ZIF-8 HRP H2O2 0–800 mM 1 mM 101
19 ZIF-8 LAC and GOx Glucose 5.347 mM 1 to 10 mM 42
20 ZIF-8 BPA LAC 5.347 mM 1 to 20 mM 41

a GDH – glucose dehydrogenase, GOx – glucose oxidase, HRP – horseradish peroxidase, ADH – alcohol dehydrogenase, LAC – laccase, BPA –
bisphenol A.
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accommodate large as well as small enzymes with great control
over surface topology. The enzymes adsorbed or entrapped
inside MOFs have increased stability and display great tolerance
to dynamic pH changes.

Li et al. constructed a ZIF-8@LAC (LAC ¼ laccase) based
bioelectrode (cathode as well as anode) through encapsulation
and surface immobilization techniques for the detection of
bisphenol A (BPA).41 ZIF-8 was combined with bacterial cellu-
lose (BC)/carboxylated multi-walled carbon nanotubes (c-
MWCNTs) to provide exibility. ZIF-8@LAC showed improved
biocatalysis, structural stability, and enzyme recyclability. No
hindrance in the diffusion process of substrate and product
through ZIF-8 was encountered upon loading of LAC. The ZIF-
based bioelectrode exhibited LOD of 5.347 mM and
a maximum power density of 3.68 W m�3. It was successful in
removing 98% of BPA within 6 h. In a similar work by the same
group, they proposed an EBFC-based self-powered biosensor
using ZIF-8 as the host matrix, as shown in Fig. 5(a).42 They
adopted in situ growth of ZIF-8 encapsulated with glucose
oxidase (GOx) and LAC on cellulose acetate (CA) membrane,
followed by MWCNTs and AuNPs absorption. CA/ZIF-8@GOx/
MWCNTs/Au was used as bioanode and CA/ZIF-8@LAC/
MWCNTs/Au as biocathode in a dual chamber biosensor to
monitor glucose levels with LOD of 5.347 mM. The electrodes
showed large surface area, porosity, exibility, and thermal
stability due to the use of ZIF-8. The study presents promising
8734 | Chem. Sci., 2022, 13, 8727–8743
results as a non-invasive glucose biosensor with continuous
detection and structural stability of up to 15 h.

MOFs can be utilized to obtain increased recovery and
reusability of enzymes for long term usage. MOFs provide
a biocompatible microenvironment for enzymatic biosensing of
a wide range of analytes. Despite major advantages, leaching
out of toxic metal ions poses a great risk to the safe application
of MOF-based bioelectrodes. Therefore, there is a great demand
for biocompatible MOFs with synergistic effects of both MOFs
and enzymes. The biocompatibility of MOFs is determined by
factors such as the nature of metal ions and organic linkers
along with some physical parameters. Several metals such as Zr
and Ti are non-toxic to humans and are suitable for the
synthesis of biocompatible MOFs. Likewise, many organic
ligands naturally present in the human body, such as aspartate
and adenine, could be explored as linkers. Physical properties of
MOFs, including shape, size, and charge, also inuence their
biocompatibility. Moreover, the water stability and biodegrad-
ability of MOFs are of utmost importance for ensuring their
biocompatibility. On the biomedical front, biocompatible
MOFs have the potential to augment drug delivery and trans-
lational research as smart nanocarrier systems. The intelligent
application of MOFs as an ideal host matrix is expected to open
new avenues for the synthesis of robust bioelectrode for
biosensors.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Applications of MOFs in biosensors (a) ZIF-8 as a host matrix for GOx.42 (b) PCN-333(Fe) as a synergistic biocatalyst.44 (c) ZIF-8 as
a biological recognition element for exosome detection.45
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4.2 MOFs as electrocatalysts

MOFs not only serve as ideal host matrices but also contribute
to synergistic biocatalysis along with enzymes. Several MOFs
such as ZIF-8, ZIF-70, andMIL-100(Fe) have been explored to act
as catalysts and facilitate electron transfer without compro-
mising the enzyme activity. They help establish electrical
communication between the redox enzymes and the bio-
electrodes, thereby promoting biocatalysis at low over poten-
tials and high anodic current densities. As an excellent example,
a water stable iron-based MOF known as PCN-333(Fe) was
employed in the electrochemical biosensing of H2O2.43 It
demonstrated an LOD of 0.09 mM in the detection range of 0.5
mM to 1.5 mM. PCN-333(Fe) immobilized with HRP showed
synergistic catalytic properties of both MOF and enzyme. PCN-
333(Fe) proved to be advantageous in many aspects (i) the size
similarity of PCN-333(Fe) and HRP ensured highly effective
© 2022 The Author(s). Published by the Royal Society of Chemistry
enzyme loading (ii) strong interactions prevented conforma-
tional changes of HRP and eliminated the risk of aggregation
and leaching (iii) ultrahigh porosity and surface area of PCN-
333(Fe) easily accommodated the enzyme without restricting
its activity and (iv) most importantly, the presence of Fe3+ ions
in PCN-333(Fe) with intrinsic peroxidase-like activity acted as
biocatalyst further improving the sensitivity of electrochemical
biosensing. It was observed that PCN-333(Fe) not only ensured
more effective shuttling of electrons between the electrode and
HRP redox centers but also increased the collision frequency
between the analyte and enzyme, thereby contributing to
improved biocatalysis. Moreover, the HRP@PCN-333(Fe)
modied electrode functioned well in harsh environments
(extreme temperature and pH), showing improved operational
stability. In another example, ZIF-67 immobilized with HRP was
used to increase the sensitivity of electrochemical biosensing of
H2O2, as shown in Fig. 5(b).44 The MOF-enzyme system
Chem. Sci., 2022, 13, 8727–8743 | 8735
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witnessed a 1.3-fold increase in sensitivity recorded as 315 mA
mM�1 cm�2 with a greater affinity towards H2O2. The LOD was
recorded as 0.09 mM in the linear range of 0.5 mM to 1.5 mM.
The researchers have emphasized the synergistic biocatalysis of
MOF and enzyme, rendering superior performance to electro-
chemical biosensors.

Hence, the role of MOFs is quite evident in improving the
catalytic efficiency of enzymes and as a result, the sensitivity of
electrochemical biosensors. MOFs not only confer structural
benets but also the presence of a metal center fastens the rate
of electron transfer further increasing the biocatalytic efficiency
of bioelectrodes. The positive impact of MOFs on electro-
chemical biocatalysis is commendable and holds a great future
for advancements in biosensing technologies. Therefore, MOF-
based bioelectrodes are gaining increased interest for feasible
applications in miniaturized and highly stable biosensors.
4.3 MOFs enhancing the sensitivity and selectivity of
bioelectrodes

In addition to improving the stability and sensitivity of
biosensors, MOFs such as ZIF-8, HKUST-1, Cu-MOF, and Ru-
MOF have been reported to function as BRE for capturing and
sensing diverse biomolecules such as DNA, RNA along with
cancer biomarkers such as exosomes andmicroRNAs (miRNAs).
MOFs are commonly used as a sensing unit to amplify electro-
chemical signals exploiting their biomimetic catalytic feature. It
has been observed that MOFs simultaneously provide enhanced
sensitivity and selectivity through strong covalent bonding,
electrostatic attractions, hydrogen bonding, and hydrophobic
interactions between the analyte and metal node/linker.

Recently, a self-powered biosensor based on dual MOFs
bioelectrodes for the detection of exosomes, a cancer
biomarker, has been reported. A GDH@ZIF-8 modied anode
and a [Fe(CN)6]

3�/UiO-66 modied cathode were fabricated in
order to achieve more stable and sensitive exosome biosensing,
as shown in Fig. 5(c).45 It was observed that ZIF-8 provided
better catalytic efficiency and stability to GDH. On the other
hand, [Fe(CN)6]

3�/UiO-66 served as nano-enrichment carriers
by accepting electrons from the anodic oxidation, generating
electrical power. Dual MOF-based bioelectrodes enabled addi-
tional sensitivity through the formation of Zr–O–P bonds
between the metal node of UiO-66 and phosphate groups of an
exosome phospholipid bilayer. The LOD was noted to be 300
particles per mL. The aforementioned dual MOFs bioelectrodes
based SPB was also successful in identifying exosomes from
different cell lines conferring specicity. Further improvement
in the anti-interference ability of the biosensor by use of
nanomaterials holds great promise in the early diagnosis and
treatment of cancer.9 Yuan et al. modied glassy carbon elec-
trode attached with Fe-MIL-88-NH2 probe loaded with Cu(II)
ions, hemin, and PtNP.46 The fabricated bioelectrode Pt/Hemi-
n@Fe-MIL-88-NH2/Cu

2+ not only assisted in the synergistic
electrocatalytic oxidation of H2O2 but also improved binding
affinity towards the substrate. The LOD was noted to be 0.21 fM
in the range of 1 fM to 10 nM. The technique proved promising
from a clinical point of view, with no longer needing to label or
8736 | Chem. Sci., 2022, 13, 8727–8743
pre-amplify samples. However, the fabrication process is quite
long. There is thus a need to achieve a consistent methodology
for better stability of biosensors.

MOF-based biosensors are commercially promising in terms
of rapid detection and facile synthesis and present an exciting
method for real time and point-of-care diagnostics. Their
tunable properties, wide range of working conditions (extreme
temperature and pH), and low cost of fabrication make them
suitable for scale-up in the biomedical industry. However, some
limitations in the area of binding kinetics, electric communi-
cation between enzyme and electrode, multiplexed analyses,
and MOF-coupled transducers remain to be addressed. There
are limited studies regarding biocompatibility, toxicity, stability
in water, and false-positive results are some bottlenecks
limiting the mass production of MOF-based bioelectrodes for
biosensors. Nevertheless, efforts should be made to circumvent
these issues for improved performance of MOF-based bio-
electrodes in biosensors.
5 MOF-based bioelectrodes for
biofuel cells

Fuel cells are regarded as one of the best green renewable
technologies with the ability to harvest electrical energy from
the chemical energy of biological processes.47,48 Since its
invention in 1964 by Yahiro et al., EBFCs have witnessed
structural and functional advancements for the past six
decades.49 Nanomaterials such as carbon nanotubes and metal
NPs are the fore-runners and hence are the ideal choice for
various uses in EBFCs and biosensors. More recently, MOFs
have found versatile roles in EBFCs in and as bioelectrodes,
electrocatalysts, electrolyte membrane, biomolecule retention,
and fuel storage. Table 3 provides a summary of recently re-
ported MOFs-based bioelectrodes in biofuel cells.
5.1 MOFs as electrocatalysts

In the past decade, enzyme@MOFs combination has been
thoroughly explored as promising electrobiocatalysts. Lower
stability, reusability, and recovery of enzymes are limitations in
mass production. Enzymes such as lipase,12 hydrolase,50 cata-
lase,20 and GOx,51 when immobilized on MOF surface, offer
various advantages to overcome these limitations. The high
surface area of MOFs is perfect for high enzyme loading, and its
porous structure supports enzyme ingress and diffusion of
substrates and products. However, poor conductivity and
instability during solvent extraction in MOFs are some func-
tional limitations. With improved electrocatalytic activity and
stability, functionalized MOFs offer dual functionality in fabri-
cation as well as encapsulation of NPs.

In an effort to obtain superior properties of MOFs in MOF-
derived NPs, several researchers have used MOF templates as
precursors for the synthesis of transition metal/metal oxide
carbon and carbon NPs such as M–N–C, M–MOx–N–C, N-doped-
C and NP-C as electrocatalysts.22,52,53. ZIF-67, a Co-based MOF
was reported as a precursor for the fabrication of doped carbon
nanotubes of hollow frameworks (NCNTF-700).54 ZIF-67 has
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 MOF-based bioelectrodes in biofuel cellsa

S.
no. MOF

Function of MOF
used Fuel (oxidised) Power density/current density Reference

1 ZIF-8 Nanocarriers Glucose 23 mW cm�2 82
2 Al-PCP Immobilization of

GOx
Glucose 0.548 mW cm�2 102

3 IRMOF-8 Bioanode catalyst Alcohol 0.25 � 0.03 mA cm�2 (current
density)

103

4 MAF-7 Biocatalyst Glucose 119 mW cm�2 104
5 Co-MOF, ZIF-67 Electrocatalyst Glucose 0.3 mA cm�2 (current density) 88
6 MOF derived meso-CuCo2O4

microspheres
Template precursor Glucose 0.33 mW cm�2 105

7 ZIF-8 Electrocatalyst Oxygen — 106
8 MIL-100(Fe) Immobilization

matrix
2,20-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic
acid) (ABTS)

— 107

9 Cu-MOF Electrocatalysts H2O2 — 108

a GDH – glucose dehydrogenase, GOx – glucose oxidase, HRP – horseradish peroxidase, ADH – alcohol dehydrogenase, ABTS – 2,20-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid).
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been found to provide structural advantage over traditional Pt/C
electrocatalysts with improvement in ORR and OER. It exhibited
a current density of 10 mA cm�2 at 1.60 V. The bi-functional
electrocatalysts exhibited remarkable stability and function-
ality. It is also worth noting that pyrolysis temperature was
indirectly proportional to ORR activity of NCNTF-700, with the
best performance at low temperatures. Similarly, many
researchers have harnessed the structural advantage of MOFs to
produce transition metal/metal oxide based nanocarbon elec-
trocatalysts.55–57 Jahan et al. have reported a tri-functional
catalyst based on graphene oxide (GO)/Cu-MOF. It showed
stability and catalytic activity towards ORR, OER, and HER.58

The system had better charge transport and porosity due to
synergy between Cu-MOF and GO. The GO/Cu-MOF offered
a maximum power density of 110.5 mW cm�2, presenting itself
as an economical alternative to Pt/C catalyst. MOF-based carbon
nanotubes and graphene have also been studied several times
owing to their high electrocatalytic efficiency.59,60

A recent study addressed this issue by introducing
microperoxidase-11 (MP-11) into a recently discovered meso-
porous MOF named as Tb-mesoMOF, thereby introducing novel
MP-11@mesoMOF.61 MP-11 with a heme center is a key player
in peroxidase reactions and has been extensively used in
biosensors, energy conversion, and biofuel cells. The applica-
tion of MP-11 is limited due to its aggregation in solution, thus
hindering accessibility of the heme group. The 3.0 and 4.1 nm
pore size of Tb-mesoMOF easily accommodated MP-11 inside
its nanoscopic framework, which was conrmed through
decreased BET surface area from 1935 m2 g�1 to 400 m2 g�1.
Also, a color change from colorless to dark red was observed on
saturation. A signicant increase in the catalytic activity of MP-
11@mesoMOF was observed as 7.58 � 10�5 mM s�1 for
approximately 30 min along with a higher substrate conversion
of 48.7%. Furthermore, the recyclability of MP-11@Tb-
mesoMOF is tested at different cycles. The MOF-enzyme
system maintained its activity up to six cycles with no
evidence of leaching due to strong hydrophobic interactions
© 2022 The Author(s). Published by the Royal Society of Chemistry
between the MOF and enzyme, as shown in Fig. 6(a). This study
is the rst of its kind to use mesoporous MOF for enzyme
immobilization and shows the tremendous potential of meso-
porous MOFs as an ideal host matrix material for future use.

5.2 MOFs as electrolyte membranes

MOFs as electrolyte membranes is one of the largest research
areas of MOF's applications in fuel cells. Exceptional super
protonic conductivity as high as 7.89� 10�2 S cm�1 at 60 �C and
95% relative humidity (RH) with the help of MOF-808 has been
achieved.62 Conventionally, an ideal electrolyte membrane
should be proton conducting, electrically insulating, and
prevent fuel crossover. MOFs, despite their porous and crystal-
line structure, which contradicts proton-conducting
membranes in fuel cells, emerged as one of the most prom-
ising electrolyte membranes due to several reasons.63 A major
reason being the presence of counter ions in MOFs, which favor
proton conduction by both Grotthuss (proton hopping) and
vehicle (self-diffusion) mechanisms.64 Different counter ions
containing hydroxyl, carboxylic, and ammonium-based func-
tional groups have been used to functionalize MOFs for supe-
rior proton conduction through hydrogen bonding. Moreover,
MOFs present an additional advantage through loading of
suitable guest molecules in their pores in the prevention of fuel
crossover and thus voltage loss.65 It is also challenging to
develop anhydrous proton conducting materials operational
above 80 �C. To overcome this, imidazole has been encapsu-
lated in aluminum MOF to form a hybridized polymer with
superior proton conductivity in anhydrous conditions.66

Two MOFs with a common metal ion as aluminum but
different organic linkers, namely NDC (1,4-naph-
thalenedicarboxylate) and BDC, were studied for proton
conductivity with imidazole as a guest molecule. Imidazoles
have an intermolecular proton transport pathway due to the two
tautomeric forms alternating between two nitrogen atoms.
Al(m2-OH)(ndc) showed a higher proton conductivity of 2.2 �
10�5 S cm�1 that of Al(m2-OH)(bdc), which is 1.0 � 10�7 S cm�1
Chem. Sci., 2022, 13, 8727–8743 | 8737
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Fig. 6 Applications of MOFs in enzymatic biofuel cells. (a) MP-11@mesoMOF as an electrocatalyst.61 (b) DNA@ZIF-8 as an electrolyte
membrane.70 (c) Anode-driven cathodic fuel release via pH-responsive ZIF-8 nanocarriers.82
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at 120 �C. This can be explained by the hydrophobic pore
surfaces of Al(m2-OH)(bdc), leading to increased host–guest
interaction and hence decreased mobility. Similarly, histamine
has been used as a guest molecule to achieve excellent proton
conduction due to its unique structural behavior.67 Al(OH)(ndc)
encapsulated with histamine showcased proton conductivity of
3.0 � 10�3 S cm�1. This is due to intramolecular proton
exchange in histamine facilitating reorientation, thereby
increasing the rate of the Grotthuss mechanism. High concen-
tration, approximately one histamine per aluminum ion, and its
dense packaging in MOF contributed to increased proton
conductivity. Better electrode kinetics and lower electrode
poisoning can be achieved at higher temperatures but since
many existing fuel cells rely on water for proton conduction, one
major limiting factor in electrolyte membrane is their dehy-
dration temperature. Based on Naon, the gold standard of
polymer electrolyte membrane, a sulfonated MOF called Na3(-
thbts) (thbts ¼ 2,4,6-trihydroxy-1,3,5-benzene trisulfonate) was
synthesized for potential anhydrous operation.63 It was similar
to Naon, which is a sulfonated tetrauoroethylene based u-
oropolymer–copolymer having proton conductivity of 2.0 �
10�3 S cm�1. To make it operational at a high temperature of
about 150 �C, water molecules in its structure were replaced
with 1H-1,2,4-triazole (Tz) that achieved proton conduction in
the range of 2 to 5 � 10�4 S cm�1.

Interestingly, the proton-conducting metal–organic frame-
work 2 (PCMOF2) has been fabricated as a gas separator to
prevent fuel crossover. Recently, a hybrid membrane of Zn-
MOF/Naon has been synthesized to improve the electro-
chemical performance of Naon electrolyte membrane.68 Better
proton conductivity of 7.29 � 10�3 S cm�1 has been achieved
with 5% doping and 58% RH at 80 �C. The 1.87 times increase
as compared to pristine Naon membrane can be attributed to
the host–guest hydrogen bonding, uncoordinated carboxyl
8738 | Chem. Sci., 2022, 13, 8727–8743
oxygen atoms, and sulfonic acid groups to enhance the acidity
and hydrophilicity. Further, NH3 as a guest molecule was
incorporated into this hybrid membrane to study its promotion
effect. Zn-MOF-NH3/Naon-5 exhibited nearly 5.47 times proton
conductivity of the pristine Naon membrane, which was 2.13
� 10�2 S cm�1. In addition to forming hydrogen bonds with the
guest 1,2-bis(4-pyridyl)ethane molecule, Zn ions combined with
intercalated water, resulting in the formation of different types
of hydrogen bonds. Good single cell performance was recorded
with a maximum power density of 212 mW cm�2 and a current
density of 630 mA cm�2, making it a promising high-
performance Naon hybrid membrane. Despite advancements
in this eld, the preparation of cost effective, non-toxic, and
long-term structural stable electrolyte membranes is still
a challenge.

Biocompatible MOFs are gaining interest due to their low
toxicity, facile synthesis, and outstanding stability.
Biomolecules/MOFs have been recently explored for their
intrinsic proton conduction properties. Proteins and DNA
found in the lipid bilayer are known to play an important role in
proton and ion transmembrane transport. Inspired by this
natural phenomenon, biomolecules have been used as proton
carriers and proton donors for the successful generation of
hydrogen bonds and coordination networks. Wang et al. have
synthesized an amino acid-based Zr-MOF using L-aspartate
spacer.69 The MIP-202(Zr) had proton conductivity up to
0.011 S cm�1 at 363 K with 95% RH. This can be explained by
accessible NH3 groups on aspartate linker acting as a proton
source and mesoporous structure favoring hydrogen bond
formation. The robust 3D microporous framework displayed
good hydrolytic and chemical stability suitable for commercial
production. Moreover, the tunable properties such as particle
size and biocompatible linkers have opened up new avenues in
the biotechnological and pharmaceutical industries. Similarly,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a DNA@ZIF-8 proton conducting membrane was developed by
solid connement conversion process.70 The hydrophilic nature
of DNA due to the presence of amidogen and phosphate groups
improved the proton conductivity under 97% RH up to 3.40 �
10�4 S cm�1 at 25 �C and 0.17 S cm�1 at 75 �C. Additionally,
methanol crossover was signicantly prevented due to
a decrease in pore size upon loading of ssDNA (Fig. 6(b)). The
system was successful in the construction of direct methanol
fuel cells (DMFC) as MOFs-based PEM with a maximum power
density of 9.87 mW cm�2. Therefore, biomolecule modied
MOFs as electrolyte membranes have encouraging results for
improving electrochemical performance and stability. Besides
this, the eco-friendly synthesis approaches should be explored
for commercial outreach.
5.3 MOFs for fuel storage

Various porous materials like zeolites, ammonium phosphates,
and coordination polymers have been extensively studied for
application in fuel storage and transport. However, challenges
in the development of robust synthesis methods and structur-
ally stable porous networks over a wide range of temperature
and pressure are still faced. Also, it is of key importance to
maintain the interpenetrating network of porous materials that
do not disintegrate upon the removal of guest molecules. MOFs
present one such promising class of materials for the storage of
fuels such as hydrogen, ethane, and methane with unique
features of porous structure, high surface area, low density, and
large-scale exibility in comparison to the conventionally used
zeolites71–73 [{[CuSiF6(4,4-bipyridine)2]$8H2O}n] was the rst
MOF to be reported as a novel methane adsorbent in 2000.74

Based on argon adsorption, it had a specic surface area of 1337
m2 g�1, micropore volume of 0.56 mL g�1 and was successful in
similar adsorption capacity to that of zeolites and activated
carbon.

MOFs have started to gain popularity as an ideal candidate
for hydrogen storage in fuel cell technology due to their high
energy density capability. The hydrogen uptake in MOFs largely
depends on the heat of adsorption at low pressure, surface area
at moderate pressure, and free volume at high pressure.75 MOF-
5 consisting of Zn4O(BDC)3 was the rst to achieve reversible
hydrogen adsorption up to 4.5 weight percent at 78 K, which is
equivalent to 17.2 hydrogen molecules per formula unit.76 At
a pressure of 20 bar, 1.0 weight percent hydrogen adsorption at
room temperature was observed, and increased loading
capacity was found owing to two well dened hydrogen binding
sites formed with zinc and the BDC linker. Similar experiments
were replicated at room temperature and 10 bar pressure with
IRMOF-6 and IRMOF-8, which interestingly gave doubled and
quadrupled hydrogen uptake results, respectively, comparable
to the highest capacity attained for carbon nanotubes at cryo-
genic temperatures.

There is a growing need to optimize hydrogen interactions,
gravimetric (mass), and volumetric (size) surface area densities.
It has been found that smaller pores in MOFs have higher
hydrogen uptake capacity. In the case of large pores, the large
voids may be reduced by interpenetration or catenation for
© 2022 The Author(s). Published by the Royal Society of Chemistry
better efficiency. Strategies such as synthesis like topological
modication in pore size,77 framework catenation,78 usage of
additional adsorbate surfaces,79 open metal sites,80 and light
metal MOFs81 are being adopted to upscale the hydrogen
affinity. Recently, ZIF-8 was explored for application in a smart
membrane-less EBFC for the controlled release of cathodic fuel,
as shown in Fig. 6(c).82 The cathodic acceptor [Fe(CN)6]

3� was
encapsulated within ZIF-8 to form [Fe(CN)6]

3�@ZIF-8, func-
tioning as a pH responsive nanocarrier. ZIF-8 provided excellent
pH sensitivity, stability and also decreased the internal resis-
tance from the membrane. The LOD was recorded to be 1.6 mM
with a maximum power density of 23 mW cm�2. The EBFC was
driven by the production of gluconic acid up on glucose anodic
oxidation. [Fe(CN)6]

3�@ZIF-8 nanocarriers were degraded due
to a change in pH to acidic, resulting in the regulated release of
[Fe(CN)6]

3� into the electrolyte, thereby driving the electro-
chemical reaction between the anode and cathode. Further
upgrades in the structure of the smart energy conversion
devices could make a positive impact on the point-of-care
technologies. Membrane-less systems are particularly attrac-
tive due to their low cost, high scalability, and superior power
densities. However, care must be taken to ensure high reaction
selectivity and maintain the optimum efficiency of
bioelectrodes.

The porous structures can be utilized for advancements in
fuel-cell powered vehicles and next generation clean energy
storage. However, further studies are needed to balance
between pore size and surface area of MOFs for maximum fuel
storage at room temperature in fuel cells. Also, the complexity of
synthetic modications, poor stability, and narrow range of
parameters limit the industrial applicability of MOFs.

6 Challenges and future prospects

MOFs have been explored extensively as promising materials for
future EBFCs and self-powered biosensors. Researchers have
concentrated their efforts to maximize the structural and
functional advantages of MOFs into potential solutions for
green energy production. Signicant milestones regarding the
use of MOFs and their derivatives in and as various components
of EBFCs such as electrocatalyst, electrolyte membrane,
biomolecule retention, and fuel storage have been achieved.
MOF composites have shown tremendous potential in a variety
of bioelectrochemical applications, as shown in Fig. 7. MOFs
not only contribute to structural stability but also improve
charge transfer and overall EBFC performance. MOFs estab-
lished a strong foundation as substitutes for bioelectrode
materials with superior biomolecule immobilization, fuel
storage, and electrobiocatalysis to yield exceptional power
output. The envisioned approaches are currently limited due to
the high cost of commercially available MOFs. To address this,
polyethylene terephthalate waste is hydrolyzed to obtain ter-
ephthalic acid for high value-added and cost-effective MOF
synthesis. Few examples of MOFs such as UiO-66, MIL-101, and
MOF-5 have already been synthesized through this approach.83

It is noteworthy that MOFs can be used to deliver the utmost
performance with facile synthesis. However, it is still
Chem. Sci., 2022, 13, 8727–8743 | 8739
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Fig. 7 Bioelectrochemical applications of MOFs and their composites.
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a challenging task to carefully regulate their ne structure
according to specic applications without affecting their
advantageous properties. Advanced synthesis techniques are
highly desirable in order to expand their industrial scalability by
exploring MOFs with high hydrothermal stability. Post
synthesis techniques such as solvent exchange and vacuum
activation are commonly practiced that can be switched to less
demanding and moderate condition requirements. In the case
of characterization, the some techniques such as FTIR spec-
troscopy require the shaping of MOF powder into pellets, which
can impact their surface texture and therefore, there is a need
for further studies and improvements. From an application
point of view, it is imperative to maintain the stability of MOFs
in different solutions and prevent photodegradation. The
behavior of MOF in water is an important parameter in dening
their chemical stability.84 For example, MIL-53 has been popular
as an adsorbent due to its remarkable water stability.85 With
respect to the photostability of MOFs, it has been observed that
terephthalate MOFs are more photostable than trimesate
MOFs.86 Recent development in the eld of surface chemistry
and nanobioelectronics have made signicant contributions to
expand MOF knowledge base. A better understanding of struc-
ture–property relation, enzyme-MOF interaction, and structural
defects should be prioritized. More focus should be given to the
application of MOFs in portable electronics for boosting their
economic importance in the worldwide industry. More efforts
are required for the translation of MOFs and MOF-based
materials in implantable medical devices should be made.
7 Conclusions

Research and development of novel materials for bio-
electrochemical applications have become a major thrust area
in the energy sector. The pioneering work on MOFs catalyzed
efficient energy conversion and storage, especially in EBFCs and
8740 | Chem. Sci., 2022, 13, 8727–8743
biosensors. MOF attracted a lot of attention in the fabrication of
bioelectrodes for superior structure and function. Harnessing
the inherent properties of MOF, such as high porosity, surface
area, exibility, and tenability, enables unique prospects in
electrobiocatalysis, fuel storage, and biomolecule retention. In
this review, MOFs have been highlighted as promising porous
nanomaterials for application in EBFCs and biosensors.
Various synthetic strategies, including post synthetic modi-
cation, have accelerated their applicability in diverse elds.
Recent advances in MOF-based bioelectrodes to improve elec-
trochemical performance and the long-term stability of EBFCs
have been discussed. Remarkable outcomes have been achieved
for the application of MOFs in and as host matrix to support
biomolecule immobilization, synergistic biocatalyst to facilitate
improved electron transfer, and BRE to increase the sensitivity
and selectivity of bioelectrodes. This further enables more
opportunities for the fabrication and miniaturization of energy
devices. However, research on electroactive MOFs and their
application are currently in the nascent phase. Despite
encouraging theoretical results, it is of fundamental impor-
tance to achieve similar performance of MOF-based bio-
electrodes in practical application. Also, the dynamic stability of
MOFs in changing environments of pH and temperature for
long durations is a prime concern. Efforts should be directed
towards the facile and robust synthesis of bio-functionalized
MOFs. MOF-based composite materials with high conductivity
have been designed using metals as guest materials. These
composites have surpassed the drawbacks of single component
MOFs. However, poor cycle performance and conductivity of
MOFs pose some challenges, which can perhaps be overcome by
various techniques. Incorporation of ionic molecules or mobile
counter ions within the MOF framework via post-synthetic
modication can used to boost the charge transport.87 In-
depth studies regarding host–guest interactions, biomimetic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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MOFs and recyclability of these systems should be conducted
for value-driven industrial scalability.
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