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Small biomolecules play a critical role in the fundamental processes that sustain life and are essential for the
proper functioning of the human body. The detection of small biomolecules has garnered significant interest
in various fields, including disease diagnosis and medicine. Electrochemical techniques are commonly
employed in the detection of critical biomolecules through the principle of redox reactions. It is also a very
convenient, cheap, simple, fast, and accurate measurement method in analytical chemistry. Zeolitic
imidazolate frameworks (ZIFs) are a unique type of metal-organic framework (MOF) composed of porous
crystals with extended three-dimensional structures. These frameworks are made up of metal ions and
imidazolate linkers, which form a highly porous and stable structure. In addition to their many advantages in
other applications, ZIFs have emerged as promising candidates for electrochemical sensors. Their large surface
area, pore diameter, and stability make them ideal for use in sensing applications, particularly in the detection

Received 29th May 2023, of small molecules and ions. This review summarizes the critical role of small biomolecules in the human
Accepted 20th August 2023 body, the standard features of electrochemical analysis, and the utilization of various types of ZIF materials
DOI: 10.1039/d3tb01221b (including carbon composites, metal-based composites, ZIF polymer materials, and ZIF-derived materials) for

the detection of important small biomolecules in human body fluids. Lastly, we provide an overview of the
rsc.li/materials-b current status, challenges, and future outlook for research on ZIF materials.
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properties, such as extensive surface areas, controllable mor-
phology and pore sizes, varied structures, and unsaturated
coordination sites.>*” Zeolitic imidazolate frameworks (ZIFs)
are a well-known branch of the MOFs family that are composed
of inorganic metal nodes connected by imidazole ester bridges
or imidazole ligands. These porous hybrid materials exhibit
excellent properties, including high thermal and chemical
stability, tunable pore sizes, and exceptional gas separation
and storage capacities.*” Moreover, compared to many other
MOFs, ZIFs exhibit remarkable properties that make them
highly attractive for a wide range of applications, such as
ultra-high surface areas, increased micropore volume, inher-
ently low bulk density, various controllable pore geometry, and
sizes, plenty accessible metal sites, varied topological structure
and easily performed electrostatic interactions with different
grafting functional groups.>®° In addition, ZIFs have attracted
widespread attention and have undergone explosive develop-
ment in various fields, including gas storage and separation,
catalysis, drug delivery, chemo-sensors, luminescence, colori-
metric sensing, surface-enhanced Raman scattering (SERS)-
based sensing, and biomedicine.®'® In addition to their
numerous applications in various fields, ZIFs and ZIF-derived
materials have also been extensively studied for their potential
use in electrochemical sensing applications. ZIFs offer several
advantages in the design of electrochemical sensors. Their
molecular-level channels enable the transport of small mole-
cules and the doping of nanoparticles or molecules to create
composites that enhance conductivity, among other properties.
Moreover, ZIFs can serve as promising precursors that can be
readily functionalized with active materials to generate porous
nanocarbon composites that exhibit enhanced electrochemical
performance.®'° Qut of all the ZIF materials, ZIF-8, and ZIF-67,
as well as their derivatives, are commonly employed as electro-
chemical sensors for detecting important small biomolecules
in human body fluids. ZIF-8 (Zn-based) is composed of zinc
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nitrate and 2-methylimidazole and is known for its stable
skeleton and uniform internal pore size."™* In contrast, ZIF-
67 (Co-based) is made up of cobalt nitrate and 2-
methylimidazole, and is characterized by its large surface area,
high porosity, and biocompatibility.'*"?

Biomolecules, including carbohydrates, proteins, lipids, and
nucleic acids, are organic molecules that are produced by living
organisms.’**® Human body fluids contain many types of
important small biomolecules, such as dopamine (DA), uric
acid (UA), ascorbic acid (AA), glucose, amino acids, and
adrenaline."®® The detection and analysis of these small
biomolecules is of great importance in the field of clinical
diagnostics and treatment, as it provides valuable information
on their electrochemical reactions and allows for the quantifi-
cation of their concentrations in human body fluids.’” DA is
often found alongside other molecular substances such as AA
and UA in biological fluids within the human body.'® As a
result, many researchers have focused on developing methods
for the simultaneous detection of AA, UA, and DA using
voltammetry measurements. Studies have shown that DA exhi-
bits oxidation/reduction peaks at voltage potentials similar to
those of UA and AA on conventional solid-state electrodes. This
can make it challenging to use traditional electrodes for the
individual and simultaneous detection of these biomolecules,
as electrode contamination and overlapping voltammetric
responses can occur.'”>' To address these challenges, there
is a need for electrode materials with much higher electrocata-
Iytic activity for the simultaneous detection of DA, AA, and UA,
thus providing an electrochemical sensor with good selectivity,
high sensitivity, and greater stability, simplicity, and conveni-
ence compared to other commercial detectors.*'

It has been known that there are many different methods for
the determination of small biomolecules, such as electro-
chemical methods,"*"'®"7?* capillary electrophoresis,>>® high per-
formance liquid chromatography (HPLC),”*?*> fluorimetry,* >
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chemiluminescence,**** colorimetry,”™*° and optical sensing.
Electrochemical detection is a straightforward and convenient
technique for detecting various biomolecules in human body
fluids, and it has attracted growing interest unlike other
methods.”® So far, electrochemical sensors have been rapidly and
continuously developed to detect various analytes by combining
different electrochemical technologies with aptamer-based signal
conversion strategies.”” As reported, several well-known electroche-
mical analysis techniques have been proposed for the selective
determination of small biomolecules, including cyclic voltammetry
(Cv), differential pulse voltammetry (DPV), chronoamperometry
(CA), and square wave voltammetry (SWV),"*>"8

This article presents a review of the medical research and
biological detection of biomolecules using ZIFs materials as
electrochemical sensor electrodes in human body fluids.
Firstly, the review discusses the synthesis methods of ZIFs for
electrode fabrication, including various reaction parameters
that may affect the electrochemical performance when detect-
ing small biomolecules. Additionally, the electrochemical pro-
cesses of ZIFs are discussed in detail, including how
parameters such as scan rate, electrode type and area, electro-
lyte types, and ZIF material types can impact the performance
of ZIF-based electrodes for the detection of different target
analytes, with a focus on ensuring quality assurance. In addi-
tion, this review explores enzymatic and non-enzymatic electro-
chemical sensing techniques for evaluating the electrochemical
abilities of ZIFs against various small biomolecules. The article
aims to summarize the medical research and biological detection
of biomolecules in human body fluids using ZIFs materials as
electrochemical sensor electrodes. The synthesis methods of ZIFs
for electrode fabrication are discussed, along with the electroche-
mical process of ZIFs and how various parameters can affect
outcomes against different target analytes. Enzymatic and none-
nzymatic electrochemical sensing techniques are explored, and
detection methods for small biomolecules in actual samples using
modified electrodes made of ZIF materials are also summarized.
The proposed electrochemical sensors with modified ZIF electrodes
have real application potential and can provide a reasonable
recovery rate in actual samples.>'>>°

2. Importance of small biomolecules in
the human body

Biomolecules are fundamental organic compounds with basic
structural units that occur naturally in living cells or organisms
and play a critical role in initiating and carrying out essential
biochemical reactions in the human body.'*'®> DA, UA, AA,
glucose, amino acids, and epinephrine are among the small
biomolecules that are crucial components found in human
body fluids, particularly in blood and urine. These bio-
molecules play a vital role in several physiological activities
and are considered promising candidates for various
applications.**®°

DA is considered the most significant and representative
candidate among the small biomolecules as a neurotransmitter

This journal is © The Royal Society of Chemistry 2023
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due to its crucial role in the central nervous, cardiovascular, renal,
and hormonal systems of mammals and humans. As a result, it has
garnered significant attention in the scientific community.>'® Low
levels of DA have been linked to various neurological disorders and
may result in pathological conditions such as Parkinson’s disease,
schizophrenia, Tourette’s syndrome, HIV infection, cancer, and
hyperprolactinemia.'>*"*" Furthermore, UA is an important end-
product of metabolism and is excreted in urine.>° Abnormal levels
of UA can lead to various disorders, including gout, hyperuricemia,
Lesch-Nyan disease, and pneumonia.*®> AA is a crucial and
ubiquitous nutrient that is essential for various biochemical and
physiological processes. It plays a critical role in numerous biolo-
gical activities, including cell division, gene expression, and the
activation of natural defense mechanisms.®*™*° Severe AA deficiency
can lead to adverse symptoms such as weak joints, bleeding gums,
and skin discoloration caused by ruptured blood vessels.®

Glucose is a small and simple sugar that is a vital compo-
nent of the human body. It plays a particularly crucial role in
the metabolic process and serves as an energy source in living
systems to support the proper functioning of humans.®” More-
over, glucose has practical value in various fields, including
medical applications such as blood glucose analysis, biotech-
nology, food industries, and environmental monitoring.®®® It
is well known that uncontrolled glucose levels in human fluids
such as serum, urine, and saliva can cause chronic hyperglyce-
mia, which can lead to various diseases such as heart disease,
blindness, kidney failure, hypertension, and cancer.>***7° As a
result, glucose sensors have gained significant attention and
interest from many scientists due to their potential benefits.

Amino acids are essential for the survival, growth, develop-
ment, reproduction, and overall health of all organisms, and
they play multiple roles in human physiology.”"”* Deficiencies
in certain amino acids can lead to various diseases. For
instance, a deficiency in tyrosine may induce depression,
dementia, and hypothyroidism, while an elevation in tyrosine
can cause Parkinson’s disease and hyperthyroidism. Addition-
ally, abnormal concentrations of tryptophan in the blood may
lead to autism and schizophrenia.®'® Moreover, adrenaline is a
critical component of the acute stress response system in the
human body, and a low concentration of adrenaline can also
lead to Parkinson’s disease.”® In other words, amino acids, and
adrenaline, as neurotransmitters, are crucial components pre-
sent in our human body fluids. Therefore, the following sec-
tions will discuss the electrochemical detection of small
biomolecules in human body fluids using ZIFs or ZIFs-
derived materials.

3. General aspects for electrochemical
assays of small biomolecules using ZIFs

This section provides a summary of various electrochemical
sensors fabricated from ZIFs and ZIF-derived materials, and
their properties are presented in Tables 1-3. The tables show
that most researchers aim to detect small biomolecules in
human body fluids, such as DA, UA, AA, glucose, amino acid,
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Table 1 Summary of sensors fabricated from ZIFs and ZIF-derived materials for detection of DA

Linear LOD Sensitivity Simultaneous Real
SBs Sensor Modification Method range (M) (M) (LA mM ' em™?) detection sample Ref.
DA ZIF-8@Co-TA/CPE DC DPV 0.02-0.44 0.0034 — UA, AP, Trp Serum 6
ZIF-8 derived N-CF@N, PCF/GCE DC DPV 0.05-7.5 0.0222 205400 UA, AP, HQ, Urine, serum 8
catechol
ZIF-8 derived Nafion-NGR-NPC/GCE DC DPV 0.08-350 0.011 — UA, AA Urine 59
DA-imprinted CS film/ZnONPs@C/3D- ED DPV 0.00012-152 0.000039 757 — DA 74
KSC/IE
MIPs/CuCo,0,@carbon/3D-KSC/IE ED DPV 0.51-1950 0.16 720.8 — — 75
CoP@C/NCS/GCE DC CA 5.0-400 0.03 9.4 pA pM ! — Serum 76
HP-ZIF-8/3DCNTs/GCE DC DPV 0.1-100 0.027 — — — 77
Ag-ZIF-67p/GCE ED DPV 0.1-100 0.05 — AP DA 78
Au@ZIF-8/GCE DC DPV 0.1-50 0.01 93.7 — — 79
ZIF-67/rGO/GCE DC CA 0.25-1216.25 0.05 6.452 H,0, — 80
Ni-ZIF-8/N S-CNTs/CS/GCE DC DPV 8-500 0.93 — UA, Trp Urine, serum, 81
amino acid

ZIF-67/GCE DC DPV 2-22 1.3 — PA DA 82
Pt41Rh59 alloy/ZIF-90/GCE DC cA 0.001-0.01, 0.001 214AM 'cem ? — — 83

0.025-5
ZIF-67 derived CN@Co/Pt/Co/GCE ED CA 0.002-1.04, 0.00276, 17380 — Living Cs 84

cells
DPV 1-200 0.0213 2076

PPy/ZIF-67-MIPs/Nafion/GCE DC DPV 0.08-100, 100- 0.0308 1656 — DA, serum 85

500
GO-ZIF-67/GCE ED DPV 0.2-80 0.05 1387 UA Urine 86
Co/CoN@NPC/CPE DC DPV, 0.01-50, 50-500 0.006 12400 + 300 — Urine, DA 87

CA
Nafion/PANI/ZIF-8/GCE DC DPV 0.1-100 0.012 — — Serum 88
NCCNPs800/GCE DC DPV 2-196.1 0.34 1.1303 pA qu1 UA — 89
RGO/ZIF-8/GCE DC DPV 0.1-100 0.03 0.1527 pA qul — Serum 90
ZIF8@ZnO@GO/GCE ED CA 0.0005-0.002 — — — 91
ZIF-8/GCE DC DPV 0.05-20 0.195 — — — 92
G-ZIF8/GCE DC CA 3-1000 1 0.314 pA pmol ' — Cow serum 93
-

Fe;0,@ZIF-8/RGO/GCE DC DPV 0.002-10 0.000667 — — Serum, urine 94
ZIF-8 derived N-PCNPs O-/GCE DC DPV 0.5-30 0.011 — UA, AA Urine 95

ED = electrodeposition, DC = drop-coating; AP = Acetaminophen, HQ = hydroquinone, Trp = tryptophan.

and adrenaline, using ZIFs and ZIF-derived materials for elec-
trochemical sensing applications. This article provides a sum-
mary of various electrochemical methods, and the most used
detection techniques are CV, DPV, and amperometry (AMP) or
chronoamperometry (CA), which exhibit high sensitivity and
selectivity for small biomolecule detection using ZIFs and ZIF-
derived materials. Among these sensors, the most used mod-
ification method is drop-coating, which involves modifying the
surface of a glassy carbon electrode (GCE) with the ZIF or ZIF-
derived materials for the electrochemical detection of small
biomolecules. Electrochemical sensors with high sensitivity are
fabricated using better electrode materials, such as ZIFs, which
facilitate increased electron transfer and mass transfer, leading
to improved sensing performance. Based on Table 1, it is
evident that the majority of electrochemical sensors have LODs
(limit of detection) below 1 uM, with the lowest LOD recorded
as 0.039 nM for the DA-imprinted CS film/ZnONPs@C/3D-KSC
integrated electrode (IE), which exhibited excellent catalytic
activity for DA detection.”* Furthermore, the electrochemical
sensor for DA detection based on MIPs/CuCo,0,@carbon/3D-
KSC integrated electrode exhibited the widest linear range of
0.51-1950 uM, covering a broad range of DA concentrations,
while maintaining high sensitivity in electrode reactions.”®

9102 | J Mater. Chem. B, 2023, 11, 9099-9127

Table 1 shows that the majority of electrochemical sensors
demonstrated excellent anti-interference ability and stability,
and their application potential was confirmed by their out-
standing recoveries in real samples such as serum, urine, and
DA injection. Table 2 highlights that most of the electrochemi-
cal sensors have LODs below 1 uM, with the lowest recorded
value of 7.35 nM achieved by gt-NiCo,0, NSs/GCE for the
detection of glucose (GLC), demonstrating its exceptional cat-
alytic activity.”® In addition, the GLC electrochemical sensors
presented a much wider detection range compared to DA
electrochemical sensors, and they exhibited good recoveries
in real samples, with most of the samples being serum. In
addition, as shown in Table 3, there are lesser ZIFs materials
for detecting UA, AA, amino acid, and adrenaline, indicating
that it is a good challenge for scientists can find much better
ZIFs materials as electrochemical sensors, which can be
applied to more fields in the future.

3.1 Synthesis methods of ZIFs for electrodes fabrication

In recent decades, there has been growing interest in the
development of various synthesis methods for ZIFs. ZIFs are
typically synthesized using solvothermal and hydrothermal
methods. However, other synthesis methods have also been

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of sensors fabricated from ZIFs and ZIF-derived materials for detection of GLC

Linear
SBs Sensor

Modification Method range (UM)

Sensitivity Simultaneous

LOD (uM) (A mM ' ecm™2) detection Real sample Ref.

GLC C03;0,/MWCNTSs/Au/GCE DC CA 0.1-1100 0.1 1138.4 — Sports drink 68
rGO@C0;0,-NC/ITOE DC CA 0.5-20 0.0504 2563 — Serum 69
gt-NiC0,0, NSs/GCE DC CA 0.15-8860 0.00735  729.72 — Urine, serum 70
NiCo NSs/GNR-GCE DC CA 5-800, 1-1000 0.6 344 — Serum 9%
GC/MW/PB/ZIF-8@GOx DC CA 1000-10000 50 — — Serum 97
Co@NCD/GCE DC CA 0.2-1200 0.11 125 — Serum 98
C0;0,@CCCH NWs/CF DC CA 1-2000 0.48 16010 — Serum 99
Ag@TiO,@ZIF-67/GCE DC CA 48-1000 0.99 788 — — 100
CoFe-PBA/Co-ZIF/NF DC CA 1.4-1500 0.02 5270 — Serum 101
Cu@HHNSs/GCE DC CA 5-3000 1.97 1594.2 — Serum 102
HierarchicalCo;0,/NiC0,0,/CCE ED CA 1-1127 0.64 0.012835 — Serum 103
NiCo0,0, HNCs/GCE DC CA 0.18-5100 0.027 1306 — Serum 104
ZIF-67derived C0;0,/NCNTs/GCE DC CA 5-2650, 5 87.40 H,0, — 105

4650-13 650
ZIF-67 derived CoP/Co-BP/SCE ~ DC CA 0.5-1800 0.2 6427 — Serum 106
Au@NiCo LDH/GCE DC CA 5-12 000 0.028 864.7 — — 107
Cu-Co-ZIFs/GCE DC CA 20-800 2 0.01868 — — 108
Nis(PO,),@ZIF-67/GCE DC CA 1-4000 0.7 2783 — Serum 109
C00-Co-NC-rGO/GCE DC CA 0.5-10 0.34 3172 — Serum 110
GS@ZIF-67/GCE DC CA 1-805.5 0.36 1521.1 — Serum 111
Gox@ZIF-8 (Ti0,)/GCE DC CA 0.08 — — Sweat, saliva 112
GOx/Fe;0,/PPy@ZIF-8/GCE DC CA 1-2000 0.33 — — Serum 113
Gox@ZIF-8(AuNPs)/GCE DC CA 0.05 — — Sweat/saliva 114
Ni/NPC/GCE DC CA 1-7940 0.3 3753.78 — Serum 115
Ag@ZIF-67/GCE DC CA 2-1000 0.66 379 — — 116
GOx-CHIT/C0;0, NPs/Au DC CA 0.1 — UA Tears 117
GOx/H-ZDPC/SPCE DC CA 500-2900, 141.6 10.86, 3.65 — — 118
3850-14 500
C050,/NiC0,0, DSNCs@G/GCE ~ DC CA 10-3520 0.384 0.000196 — Serum 119
C0;0,-HND/GCE DC CA 2-6060 0.58 708.4 — — 120
Cu-in-ZIF-8/SPCE DC CA 0-700 2.76 0.000412 — Rat serum 121
GOXx/PDA/ZIF-8@rGO/GCE DC CA 1-1200, 0.333 — — Serum 122
1200-3600
Ag@ZIF-67/MWCNT/GCE DC CA 33-400 0.49 13014 — Serum 123
ST-C0304/CCE DC CA 1-1300 0.19 2860 — Serum 124
ZIF-67 HNPs/GCE DC CA 5-3300, 0.96 445.7 — Serum 125
3300-42100

derived from these, such as son-chemical, mechanochemical,
and ion-thermal synthesis.” The synthesis of ZIF-8 in high
purity can be achieved using various routes, with solvothermal
synthesis being one of the most common and environmentally
friendly methods.’” The typical synthesis method of ZIF-8
involves a solvothermal process at room temperature for a
short duration, using zinc nitrate hexahydrate and 2-
methylimidazole, as shown in Fig. 1a.

ZIF-8 can be synthesized by various methods, including
solvothermal, microwave-assisted, son-chemical, mechano-
chemical, dry-gel conversion (DGC), microfluidic, and electro-
chemical methods."? It can be observed from Fig. 1b that all the
ZIF-8 samples synthesized using different methods have uni-
form crystal facets, with particle sizes ranging from 200 nm to 2
um. Additionally, the BET surface area of the ZIF-8 samples
range from 1249 to 1580 m” g, indicating that ZIF-8 has high
porosity and a large surface area.’” From Fig. 1b, it can be
observed that all these ZIF-8 samples have well-defined hex-
agonal morphologies, except for ZIF-8 synthesized by the
electrochemical method, which had irregular shapes. The
particle size also varies due to the different synthesis methods;
for example, ZIF-8 synthesized using dimethylformamide
(DMF) solution produced the largest particle size of ZIF-8

This journal is © The Royal Society of Chemistry 2023

(150-200 um).® When using sono-chemical and DGC methods,
ZIF-8 had the smallest particle size, between 0.3-0.5 um. It is
known that he smaller the size of the particle, the larger its
surface area. Therefore, ZIF-8 synthesize via the sono-chemical
and DGC methods provides a larger surface area which is
beneficial to be introduced in electrochemical sensors.

The synthesis route for ZIF-67 shown in Fig. 1c is the
solvothermal method at room temperature with a synthesis
duration of 6 hours, using cobalt nitrate and 2-methy-
limidazole. This method is widely used and similar to the
synthesis of ZIF-8."*"*® Another work utilized the hydrothermal
method to synthesize ZIF-67 nanocrystals with a particle size
ranging from 78 to 385 nm (average size = 228 nm) and a
surface area of 316 m* g~ '. It was reported that the average
particle sizes could be increased from 689 nm to 5.2 pm when
the concentration of pure aqueous solutions was decreased.™®
The small particle size and larger surface area of ZIF-67 make it
a promising material for various electrochemical sensor
applications.

The microwave-assisted method was used to synthesize pure
ZIF-67 nanocomposite, which showed excellent electron trans-
fer efficiency, good electrocatalytic activity, and high adsorption
capacity.?> The previously mentioned electrochemical sensor

J. Mater. Chem. B, 2023, 11, 9099-9127 | 9103
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Table 3 Summary of sensors fabricated from ZIFs and ZIF-derived materials for detection of UA, AA, amino acid, and adrenaline

Linear LOD  Sensitivity Simultaneous
SBs Sensor Modification Method range (uM) (uM) (LA mM ' cm?) detection Real sample Ref.
UA ZIF-8@Co-TA/CPE DC DPV 0.02-0.44 0.0012 — DA, AP, Trp Serum 6
ZIF-8 derived N-CF@N, PCF/GCE  DC DPV 0.0245 205000 DA, AP, HQ, Urine, serum 8
catechol
ZIF-8 derived Nafion-NGR-NPC/ DC DPV 0.5-100 0.088 — DA, AA Urine 59
GCE
Ni-ZIF-8/N S-CNTs/CS/GCE DC DPV 1-600 0.41 — DA, Trp Urine, serum, 81
amino acid
GO-ZIF-67/GCE ED DPV 0.8-200 0.1 482 DA Urine 86
NCCNPs800/GCE DC DPV 5-370.4 0.98 610.7 A mM~' DA — 89
ZIF-8 derived N-PCNPs/GCE DC DPV 4-50 0.021 — DA, AA Urine 95
GOx-CHIT/Co30, NPs/Au and BSA DC CA 0.1 — GLC Tears 117
CHIT/C0;0,/Au
Z-11/GCE DC DPV 20-540 0.48 174 — Urine 126
Au/Co@HNCF DC DPV 0.1-25, 25— 0.023 48400 — Serum 127
2500
ZIF-67/g-C3N,/GCE DC DPV 0.2-6.5 0.052 — AP Urine 128
CNCo/GCE DC DPV 2-110 0.83 — — Serum 129
Z-1000/GCE DC DPV 1-300 0.014 — Catechol, HQ Serum 130
AA ZIF-8/Pt NPs/GCE ED DPV 10-2500 5.2 959.9 — Serum 131
MIPs/ZIF-67/CCE ED CA 0.057- 0.019 — — Serum 132
11400
ZIF-65@ CNTs electrode DC DPV 200-2267 1.03 — — — 133
Fc (COOH)2/ZIF-8/3D-KSCs ED cv 0.06-5010 0.017 — — — 134
Trp ZIF-8@Co-TA/CPE DC DPV 0.02-0.44 0.0067 — UA, AP, DA Serum 6
Ni-ZIF-8/N S-CNTs/CS/GCE DC DPV 5-850 0.69 — DA, UA Urine, serum, 81
amino acid
PDMS@cZIF/GCE DC DPV 0.5-72 0.17 — Adrenaline, Rat blood 135
serotonin samples
Cys C03;0,-NPCN@GCE DC CA 0.05-5200  0.0069 63.4 — Serum 136
Tyr MIP/pTH/Au@ZIF-67/GCE DC DPV 0.01-4 0.00079 — — Serum 13
Adrenaline PDMS@cZIF/GCE DC DPV 0.3-65 0.09 — Trp, serotonin Rat blood 135
samples
ZIF-67/NC/3DG ED Ccv 0.06-95 0.02 0.011 — Serum 137
Fiber electrode 95-5900

Tyr = tyrosine, Cys = L-cysteine.

for the detection of DA and paracetamol has been reported to
have high sensitivity, a low detection limit, and good reprodu-
cibility. Another study reported the rapid synthesis of pure ZIF-
8 nanocrystals via the ultrasonic-assisted solvothermal method
for the electrochemical detection of DA. It was found to be a
suitable candidate for excellent electrode materials and demon-
strated good anti-interference ability and long-term stability as
an electrochemical sensor.”> The results indicate that the
distinct electrochemical reaction of pure ZIF-8 or ZIF-67 to
DA molecules is due to their planar geometric structure and
particular pore property. Additionally, these two types of sen-
sors detected DA linearly over a smaller concentration range
with a lower detection limit compared to other ZIFs sensors.
However, more sensitive ZIFs sensors can be developed by
incorporating electrically conductive components such as car-
bon, polymers, or metal nanoparticles, to create new nanocom-
posites with improved electrical conductivity compared to pure
ZIF materials.

There are two types of deposition methods commonly used
for the preparation of ZIF materials electrodes for the detection

9104 | J Mater. Chem. B, 2023, 11, 9099-9127

of small biomolecules in human body fluids: drop-coating (DC)
and electrochemical deposition (ED). The drop-coating method
is considered the most useful and general method for prepar-
ing modified electrodes with ZIFs materials. This method
involves the formation of a thin solid film by dropping a
solution containing ZIFs onto the electrode surface, followed
by evaporation of the solvent at room temperature. The drop-
coating method is a simple, convenient, and fast technique that
is widely used to prepare modified electrodes. The modifying
layer is composed of nanocomposites, which enables a uniform
distribution of these nanoparticles across the electrode area
and is commonly applied in electrocatalytic analysis and elec-
trochemical sensing."*® The most used electrodes in electro-
chemical sensors are typically graphene-modified glassy carbon
electrode (GCE), screen-printed carbon electrode (SPCE), and
carbon paste electrode (CPE). The GCE is a widely used carbon
electrode material in electrochemistry due to its many advan-
tages, such as its exceptionally smooth and homogeneous
surface, ease of polishing and reusability, low cost, small test
area and high sensitivity, resistance to interference, larger

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

(a) Crystal structure synthesis route of ZIF-8. (b) SEM images of the ZIF-8 samples prepared using different synthesis methods. Reproduced with

permission from ref. 12. Copyright (2015) Elsevier. (c) Crystal structure synthesis route of ZIF-67. Reproduced with permission from ref. 138. Copyright

(2009) ACS.

electrochemical window, as well as impressive mechanical
properties and chemical resistance. However, it has slow elec-
tron transfer kinetics."*' Additionally, Nafion (NF) is an excel-
lent binder to modify the GCE of ZIFs materials. Also, the
negatively charged hydrophilic sulfonate groups in the NF
polymer structure help accumulate the positively charged
molecules via electrostatic interaction, resulting in enhanced
sensitivity of the measurements.'*> Compared to the drop-
casting method, the electrodeposition method offers more
stability and better electrochemical performance for detecting
important small biomolecules in human body fluids.*® The
modified electrodeposition method has been shown to signifi-
cantly enhance the electrocatalytic performance of ZIFs nano-
composites. Electrodeposition is a fascinating phenomenon
and a flexible, low-cost method of fabricating ZIFs materials.
It is a suitable method for modifying electrode surfaces in
nanoscience and nanotechnology, as it can produce excellent
effects on the characteristics and functionalities of ZIFs materi-
als at the nanoscale level.***

3.2 Electrochemical detection methods using ZIFs as
electrode materials

Conventional techniques in analytical chemistry, such as spectro-
scopy and chromatography, rely on distinct principles for analysis,
which involve optical or physical measurements."**'*> Unlike
conventional techniques, the electrochemical method is a common

This journal is © The Royal Society of Chemistry 2023

analytical technique that uses a measurement of charge, potential
or current to investigate or evaluate the relationship between the
analyte’s concentration and its chemical reactivity. The use of
electrochemical sensors for the detection of biomarkers in body
fluids displays promising diagnostic technologies and can be
applied to various fields.'*®'"” Therefore, electrochemical sensors
or biosensors can be defined as analytical devices that convert the
information of the oxidation/reduction reaction between the elec-
trode and target molecules into a measurable electronic output
signal in response to a biological or chemical analyte. A simple
electrochemical sensor system consists of three components: the
sample analyte, the transducer, and the measurable signal.>” There
are three main types of electrochemical techniques that can be
used in sensors for the detection of important small biomolecules
in body fluids: voltammetric, amperometric, and potentiometric
methods.'*” Voltammetric sensors are modified-electrode-based
sensor systems widely used in various fields, for instance, inor-
ganic, physical, and biological sciences. Furthermore, voltammetric
sensor systems can be applied in various types of sensors, and
many of them are based on GCE modified with ZIFs materials that
enable rapid and accurate detection of important small
biomolecules.'*® Different voltammetric techniques can be distin-
guished by the modes of the applied potential to the working
electrode and the type of ZIF material used as the working electrode
modifier. These techniques can be described as follows: cyclic
voltammetry (CV), differential pulse voltammetry (DPV),
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electrochemical impedance spectroscopy (EIS), chronoampero-
metry (CA), and square wave voltammetry (SWV).*'7*"?% Cv
and DPV are common electrochemical detection methods used
to measure the current response of redox reactions. These
methods can quickly determine response signals related to
the thermodynamics of redox processes, the energy levels of
the analyte, and the kinetics of electronic transfer reactions. In
addition, the electrochemical properties of important small
biomolecules can be analyzed, and the selectivity, reproduci-
bility, repeatability, and stability of ZIFs-based electrochemical
sensors can be investigated. Use right sentence.””’”**° Mainly,
they can be utilized for the simultaneous determination of DA,
AA, and UA with activation overpotentials.**® The EIS technique
can be used to investigate the capability of ZIF-modified
electrodes to transfer and convert electric charge with target
molecules, and to obtain impedance signals from the modified
electrodes."” Chronoamperometry is a technique in which the
potential of a working electrode is held constant, and the
resulting current is measured as a function of time. This
method is often used to determine the concentration of a
specific species in a solution, and its sensitivity and selectivity
can be affected by the choice of electrode material, solution
composition, and experimental conditions."**>* In addition,
SWV is a powerful electrochemical technique that effectively
separates faradaic processes from charging currents by apply-
ing a series of square-shaped potential pulses on top of a
staircase potential sweep."”?

An amperometry sensor system is a type of electrochemical
sensor that measures the current produced by a chemical
reaction in the analyte at a fixed potential, often using a
reference electrode. The voltage applied between two electrodes
during amperometric measurement can be utilized in various
fields, including biology, medicine, industry, energy produc-
tion, safety, health, defense, sport, environment, and agricul-
ture. Amperometric electrochemical sensing was initially
developed in the 1970s as an amperometric detector in the
analytical system."”*'*> Amperometric techniques have been
widely used to determine glucose levels and are commonly
employed in small, minimally invasive devices such as glucose
meters for diabetes management.'*® Potentiometric sensors
usually measure the potential difference between two electro-
des in the absence of current flow. This sensor has been widely
used in ion-selective electrodes (ISEs) and ion-selective field-
effect transistors (ISFETs) for physiological testing of primary
electrolytes. Potentiometric sensors measure the potential
change of one electrode relative to a reference electrode or a
ground electrode in the absence of current flow."**™” Addi-
tionally, the potentiometric technique has been routinely used
for physiological testing and can measure different substances
like some ions or other small biomolecules.*®

3.3 Enzymatic and non-enzymatic electrochemical sensors
based on ZIFs

The rapid, sensitive, and accurate detection of important small
biomolecules using enzymatic and non-enzymatic electroche-
mical sensing techniques has attracted enormous interest due
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to fast developments in medical science and technology
fields."**"**> Enzyme-based electrochemical sensors are con-
structed by immobilizing enzymes on the substrate materials
to create a high-performance bio-electrocatalytic system based
on biological recognition. These sensors adjust the enzyme
orientation on conductive vehicles, allowing for the transfer of
electrons between active sites of enzymes and electrodes to
catalyze a specific biochemical reaction."*®'*” It has been
reported that some biosensors use oxidase enzymes to catalyze
the reaction between the analyte and oxygen as a natural
electron acceptor, producing detectable molecules."*" The
development of high-performance electrochemical enzymatic
sensors requires substrate materials with a large surface area
and good conductivity. Some ZIFs materials have been shown
to meet these requirements and are used in the fabrication of
such sensors."'® Enzyme-based electrochemical sensing devices
have many advantages, such as increasing electrochemical
communication, high sensitivity, and high selectivity.”” How-
ever, these biosensors also have some intrinsic disadvantages,
such as higher fabrication cost than non-enzymatic biosensors,
sensitive to environmental factors, low stability, poor reprodu-
cibility, and complicated modification procedure.>*'** The
immobilization of electrocatalysts and dehydrogenase on the
surface of the electrode using ZIFs as a matrix has facilitated
the development of integrated electrochemical biosensors for
glucose detection via enzymatic electrocatalysis.'® Enzymatic
electrochemical glucose sensors typically utilize glucose oxi-
dase (GOx) or glucose dehydrogenase (GDH).>* Other small
biomolecules mostly use non-enzymatic electrochemical sen-
sors based on ZIFs materials.

Non-enzymatic electrochemical sensors are considered as pro-
mising analytical devices due to their essential advantage of enzy-
matic invariance, which has attracted significant attention from
scientists. The key is that the electrode materials are based on
nonenzymatic material, which can catalyze and promote the
electrochemical reaction. Therefore, exploring electrode materials
based on ZIFs is considered an important research direction and
challenge in the field of electrochemistry.®® In recent years, many
scientists have devoted significant effort to developing various
electrode materials based on ZIFs for use in non-enzymatic
detection.®® An example of this is the development of a novel
electrochemical sensor that utilizes porous carbon derived from
bimetallic ZIFs, which has demonstrated good analytical perfor-
mance and successfully detected UA in human serum samples.'*
Researchers have fabricated a new sensor for AA based on a ZIF-
65@CNTs nanohybrid with a designable structure and high sen-
sory performance.”*® A non-enzymatic glucose sensor was devel-
oped using a three-dimensional copper foam-based supporter
decorated with Co;0, hierarchical nanostructure, which exhibited
high electrocatalytic properties for actual applications.”® Compared
with enzymatic sensors, non-enzymatic sensors have many advan-
tages, such as being hardly affected by oxygen, having a simple
manufacturing process, good thermal and chemical stability,
low cost, good reproducibility, rapid response, excellent selectivity,
high sensitivity and accuracy, continuous monitoring, and high
throughput.'®'*®
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Most electrochemical sensors based on ZIFs are non-enzymatic
devices that rely on direct oxidation.>* On the one hand, a novel
proof-of-concept DA molecular imprinting sensor based on Cu/Co-
ZIF-derived CuCo,0O4@porous carbon/3D-KSCs nanocomposites
exhibited good stability and excellent anti-interference ability.”> A
composite material consisting of a DA-imprinted chitosan film/
ZnONPs@carbon nanosphere/3D kenaf stem-derived microporous
carbon nanocomposite was prepared, which exhibited better selec-
tivity for DA detection.”* However, the use of ZIFs for indirect non-
enzymatic detection of small biomolecules is still rare. Additionally,
designing and synthesizing cost-effective novel electrocatalytic
sensors based on ZIF materials still face many difficulties and
challenges in the future.

3.4 Reaction mechanism for electrochemical detection of
small biomolecules using ZIFs

The reaction mechanism of enzymatic electrochemical sensors
is complex. For example, an electrochemical UA biosensor was
prepared using a modified hollow nonporous carbon frame-
work with ultrafine gold/cobalt nanoparticles (Au/Co@HNCF)
synthesized by the pyrolysis of an Au(im)-etching zeolitic imida-
zolate framework-67 (ZIF-67) as an enzyme to fabricate the
electrode. The article reported that ZIF-67 includes imidazole
rings with sp*-conjugated bonds (n-r interaction), and that the
n-7 stacking interaction between the phenyl structures of UA
and the three-dimensional imidazolate structure of ZIF-67/g-
C;N, makes it conducive for the imidazolate structure to adsorb
on the surface of the modified electrode. The cooperation
between the nitrogen atoms in the analytes and Co(u) ions
adopted UA to the surface of the modified electrode, and the
oxidation mechanism is proposed in Fig. 2.
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There have been many ZIF@enzyme-based amperometric glu-
cose sensing approaches, and the reaction mechanism is also
intricate. Various enzymes have been used in these approaches,
including glucose oxidase (GOx), organophosphate degrading
enzyme A (OpdA), o-chymotrypsin, glucose dehydrogenase, tyrosi-
nase, and others.”” GOx is one of the most widely studied enzymes
and is susceptible to pH and temperature. It catalyzes the reaction
of B-p-glucose to gluconic acid, and the oxidation reaction results in
the formation of hydrogen peroxide.””"'* A good example utilizes
GOx enzyme to catalyze the oxidation of glucose to yield hydrogen
peroxide, which further oxidizes dianisidine in the presence of
horseradish peroxidase, resulting in a colored product that is
monitored at 460 nm. The reaction equations for this process are
eqn (1) and (2).”

B-D-glucose + O, + H,O Gox D-glucono-1, 5-lactone + H,O,
@)

Peroxidase
=

H,0, + O-Dianisidine(reduced) O-Dianisidine (oxidized)

2
Another example involves the oxidation of glucose by GOx
enzyme to generate gluconate and H,0,, which can be
absorbed by 4-aminobenzophenone (chromogenic oxygen
acceptor) and react with phenol to produce peroxidase quinone
dye. The dye then turns red after the reaction. The reaction
equations for this process are eqn (3) and (4).""*

B-D-glucose + O, + H,O GOy gluconate + H,O, (3)

Peroxidase
—

H,0, + phenol + 4-aminophenazone red quinone

+ H,0 (4)
.* S G o
| i
NH NZSNPSNH r\)tr\ NH NZSNZSNH ONOON
- Al A J) M &J\“)l‘%'/)\
‘ Co2+ y\J\\y\ NN NN
i A A
.
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ZIF-67

ZIF-67/g-C5N,

Fig. 2 Reaction mechanism of UA oxidation at the ZIF-67/g-CsN4-modified electrode. Reproduced with permission from ref. 128. Copyright (2020)

Hindawi.
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Two papers utilized the GOx enzyme to catalyze the oxida-
tion of glucose-to-glucose acid and H,0,; once H,O, flowed out,
the peroxidase-like ZIFs nanocomposites outside the electrode
catalyzed H,O, to H,O, causing the simultaneous receiving and
losing of electrons.'*®'** Their mechanism is shown in
Fig. 3a.""® Compared with enzymatic electrochemical sensors,
non-enzymatic electrochemical sensors have a simpler reaction
mechanism. The negatively charged ZIFs composites acted as
electrocatalysts and selective reagents simultaneously. The
positively charged DA, UA, 1-Trp or AA were attracted and
electro-catalyzed on the sensor, enhancing the electron transfer
rates and manifesting excellent electrocatalytic activity toward
the redox reaction. The possible electrochemical reaction
mechanism for oxidation is shown in Fig. 3b.

Different ZIFs materials exhibit different electrochemical

mechanisms electrochemical glucose
99,101-103 For

in non-enzymatic
sensors to catalyze glucose to gluconolactone.
example, two previous studies have reported that during anodic
scanning, the cobalt based ZIFs material formed Co (OH)x for
the oxidation reaction. The Co(u) species were successively
oxidized to Co(m) and Co(iv) species. Subsequently, the
Co(wv) species oxidized the glucose while the Co(iv) species
were reduced to Co(ur). The redox peaks I/II and III/IV corre-
spond to the reversible conversion between [Co(i)(mim),],
and [Co(ur)(mim),(OH)],, and [Co(ur)(mim),(OH)], and [Co(wv)-
(mim),(OH),],,, respectively."** The electrode process is shown
in eqn (5) and (6)."*""""

[Co(u)(mim),], + HOH™ — [Co(m)(mim),(OH),] + ne™

View Article Online
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There is a minor paper on non-enzymatic electrochemical
adrenaline sensors. The electrocatalytic reaction mechanism is
similar to that of DA, UA, and AA, and the oxidation reaction is
shown in Fig. 3¢."*®

3.5 Selective detection and simultaneous detection of small
biomolecules

Selectivity is another critical factor in evaluating the perfor-
mance of sensors for target analytes, either enzymatic or non-
enzymatic electrochemical sensing systems, especially in actual
samples. Tables 1-3 show that most researchers studied the
selectivity of these as-prepared electrochemical sensor plat-
forms, they conducted the interference experiments by record-
ing the electrochemical response.’' There are possibilities of
interfering issues by various interferences in the detection of
different small biomolecules, the examples of interferences are
inorganic positive ion (Na*, K*, Mg®*, Cu”"), inorganic anion
(Cl™, NO;~, SO,*7), amino acid (i-cysteine, leucine, glutamic
acid), saccharides (sucrose, fructose, lactose, glucose), acids
(citric acid, salicylic acid), some organic and biological mole-
cules (DA, UA, AA, starch, urea, ethanol), and biogenic amines
(tyramine, tryptamine, phenethylamine). It is well-known that
DA, AA, and UA are small biomolecules that coexist in the
biological matrix simultaneously. Therefore, any two of the
compounds in DA, UA, or AA will be the interference com-
pounds for the detection of the specific compound. Meanwhile,
DA, AA, and UA will also be the main interference compounds
in the detection of glucose. Therefore, it is needed to eliminate

(5) . . ) .
interference for an accurate detection process. The first step in
[Co(r)(mim),(OH)],, + "OH™ — [Co(wv)(mim),(OH),], + ne™ developing a selective electrochemical sensor for DA is to
(6) identify suitable ZIFs materials that exhibit selective reactivity
HO. O,
2H*, 2¢
a) Gluconic acid b) L m .
HO’ o
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H
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Fig. 3 (a) The mechanism of glucose detection used GOx enzyme. Reproduced with permission from ref. 113. Copyright (2018) Elsevier. (b) Reaction

mechanism for DA, UA, L-Trp and AA. Reproduced with permission from ref.

Reproduced with permission from ref. 135. Copyright (2019) ACS.
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81. Copyright (2019) Elsevier. (c) The reaction mechanism for adrenaline.
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towards DA. Anti-interference studies are also necessary, and
can be conducted using amperometry, to confirm the perfor-
mance of specific ZIFs for the selective detection of DA.”® ZIF-67
is a 3D porous MOF based on Co** clusters and 2-
methylimidazole that can easily be modified with different
metal nanoparticles (such as Ag and Au) or specific functional
groups (like carbon materials and conductive polymers) to form
hybrid composites. The resulting ZIFs composites possess
increased surface area and enhanced electron transfer
rates.”®®" The pH value is an important factor that affects the
surface charge of electrodes modified by ZIFs materials. DA
exists as a cationic form, while AA and UA exist as anionic
forms in PBS (pH 7), and the pK, values of DA, UA, and AA are
8.87, 5.40, and 4.10, respectively. The pK, is a measure of the
acidity of a molecule and represents the pH at which half of the
molecules are protonated and half are deprotonated. The lower
the pK,, the stronger the acid and the more readily it donates a
proton. This shows that the lower the pK,, the lower its ability
to donate an electron in an aqueous solution. Therefore, DA
can contribute much more electrons than UA and AA due to its
higher pK,. Besides, it is easier for DA to be absorbed on the
surface of the modified electrode due to the n-m stacking
interaction between phenyl structures of DA and the three-
dimensional imidazolate structure of ZIFs.*> Secondly, the
produced DA, UA, and AA during the physiological processes
might interfere with signals during glucose detection.’®

In principle, ZIFs contain a species with high electrical
conductivity that can provide high specific surface area and
abundant catalytic sites for electrocatalysis to selectively attract
glucose and exclude different interfering substances. For
instance, a novel electrochemical glucose sensor was fabricated
by using ZIF-67-derived Coz;0, shells on the surface of cobalt
copper carbonate hydroxide nanowires on copper foam, which
demonstrated excellent electrochemical performance due to
the catalytic properties of the Coz;O, matrix, the core-shell
hierarchical nanostructures, and the high electrical conductiv-
ity of the copper foam.’® Another example of enhancing con-
ductivity and active sites of target composites is by using nickel
foam (NF) as support, where leaf-like ZIFs are grown in situ and
covered on the surface of NF to form stable ZIF/NF composites.
These composites exhibit excellent electrochemical sensing
performance and high electrocatalytic activity.'®" Besides, a
molecularly imprinted electrochemical sensor for AA detection
was designed by coating the surface of modified electrodes with
molecularly imprinted polymers (MIPs). This sensor exhibited
good stability, low preparation cost, high selectivity, and a wide
application range. The use of MIPs is extremely helpful in
improving the selectivity and stability for the determination of
AA."? A dual-signal strategy was established in the developed
sensor, which includes an increase in current response of
tyrosine and a decrease in poly thionine. This strategy utilizes
n-n stacking interactions and hydrogen bonding to recognize
tyrosine and efficiently reduce potential interferences from
intrinsic background electrochemical signals, resulting in
improved sensitivity and accuracy. The sensor consists of Au
nanoparticles metal-organic framework/poly thionine loaded

This journal is © The Royal Society of Chemistry 2023
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with MIPs and is specifically designed for the recognition of
tyrosine."?

After analyzing Tables 1-3, it is evident that some ZIF-based
sensors have been developed for the simultaneous detection of
multiple small biomolecules. Notably, a limited number of
studies have reported ZIF-based sensors capable of detecting
DA, UA, and AA simultaneously. The likely reason for the
limited number of ZIF-based sensors capable of simultaneous
detection of DA, UA, and AA is their similar structures and
overlapping oxidation potentials. Therefore, finding appropri-
ate materials to fabricate modified electrodes that can differ-
entiate between these molecules is challenging. To address this
issue, a novel electrochemical sensor (Nafion-NGR-NPC/GCE)
was investigated.”® The Nafion-NGR-NPC/GCE sensor demon-
strated remarkable electrochemical activity for the simulta-
neous detection of DA, UA, and AA, owing to the synergistic
effects of NGR and NPC. This sensor exhibited not only good
conductivity but also high selectivity and low detection limit for
these molecules. In addition, several studies have focused on
the simultaneous detection of DA and medications such as
acetaminophen or paracetamol. One possible reason for the
interest in simultaneous detection of DA and medications like
acetaminophen or paracetamol is that some research suggests
long-term use of acetaminophen can lower the concentration of
DA and potentially protect the body from stress-induced
damage. This finding has significant implications for the
medical field. The electrochemical behaviors of the DA and
acetaminophen detection are depicted in Fig. 4a.”® Despite
extensive research in the field, very few ZIF-based sensors have
been developed for the simultaneous detection of DA, UA, and
L-tryptophan. The simultaneous determination of these mole-
cules is of great significance for both research and clinical
diagnosis. The electrochemical behaviors of the simultaneous
detection of DA, UA, and i-tryptophan are presented in
Fig. 4b.%" Moreover, an enzyme-free sensor was synthesized
by utilizing ZIF-67-derived Co3;0,/N-doped carbon nanotube
hybrids for the simultaneous detection of H,0, and
glucose.'® A highly sensitive detector based on ZIF-67-derived
porous Coz0O, hollow nano polyhedron was designed for the
simultaneous detection of glucose and UA. This detector holds
great potential for biological sciences.''” An electrochemical
sensor (PDMS@cZIF/GCE) was developed for the simultaneous
detection of adrenaline, serotonin, and tryptophan. This inno-
vative radiometric sensor was successfully applied to monitor
the three target molecules in biological samples."*® Thus,
developing suitable ZIF materials to detect different small
biomolecules simultaneously, especially those with similar
structures, remains a significant challenge for scientists.

4. ZIF-carbon composites for
electrochemical detection of small
biomolecules

Carbon-based materials, including carbon nanotubes, carbon
dots, porous carbons, graphene, and graphene oxide, have been
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Fig. 4 (a) DPV profiles on Ag-ZIF-67p/GCE for the mixture of DA (0.1-100 uM) and AP (0.5-200 pM). Inset: The plots of the anodic peak currents vs. the
concentrations of the analytes. Reproduced with permission from ref. 78. Copyright (2020) Elsevier. (b) DPV profiles on Ni-ZIF-8/N S-CNTs/CS/GCE for
simultaneous detetction of DA (6.0-320 uM), UA (6.0-400 pM) and L-Trp (6.0-500 pM). Insets: The plots of the anodic peak currents vs. the
concentrations of the analytes. Reproduced with permission from ref. 81. Copyright (2019) Elsevier.

the focus of materials research and have garnered widespread
interest in various fields over the past several decades.'”"® In
addition, carbon-based materials offer several advantages,
including low cost, rapid electron transfer, biocompatibility,
good thermal conductivity, high surface area, and high elec-
trical conductivity."”"*® While carbon-based materials offer
many advantages, they also have some deficiencies such as
poor conductivity, weak dispersibility and low solubility, which
make them wunsuitable for modifying electrode surfaces
alone.’®™'®" In contrast, ZIFs exhibit stronger hydrothermal
and physicochemical properties compared to most MOFs,
making them a promising choice for such applications.”
Despite their promising properties, some pure ZIFs exhibit
poor electrical conductivity, which limits their practical appli-
cations in electrochemical sensing.®® To address this issue, a
promising strategy is to combine high-conductivity carbon-
based materials with ZIFs to produce ZIFs@carbon-based com-
posites for modifying the working electrode surface. Recent
studies have demonstrated that ZIFs@carbon-based compo-
sites can overcome the shortcomings of each component and
enhance electrochemical performance, conductivity, and heat
transfer efficiency.'®® For instance, the addition of carbon
nanotubes into ZIFs can improve the mobility of charge
carriers and promote the delocalization of charges, thereby
enhancing electrochemical performance. Combining carbon
nanotubes with ZIFs can exhibit better synergistic catalytic
efficiency.”””'®> This review paper introduces various electro-
chemical sensors that utilize ZIFs@carbon-based composites,
as follows.

4.1 ZIF-modified N-doped porous carbon materials

Nonporous carbon materials do not have porosity, which is one
of the essential features of porous carbon materials. However,
nonporous carbon materials do have other advantageous prop-
erties such as large specific surface area, excellent electrical

910 | J Mater. Chem. B, 2023, 11, 9099-9127

conductivity, low cost, and high chemical stability that make
them wuseful as a sensor substrate in various applica-
tions.?**”''° N-Doped carbon (CN) materials are promising
carbon-based supporting materials due to their unique
physical-chemistry properties, which exhibit outstanding sen-
sitivity in biosensors applications and excellent electrocatalytic
activity for the oxygen reduction reaction.’®?> On one hand, CN
materials offer various advantages such as diverse synthesis
methods, good electron delocalization, excellent electronic
transmission performance, simplicity, and diversity of prepara-
tion. These properties make them promising materials for
various fields such as photocatalysis, electrocatalysis, micro-
wave absorption, and potassium-ion storage. They also play a
crucial role in stabilizing nanomaterials and catalyzing
reactions.®>''® ZIF-67 is one of the most investigated MOFs
among the ZIF materials due to its large amount of active cobalt
sites. Further direct carbonization of ZIF-67 can produce por-
ous, cobalt-incorporated N-doped carbon composites.®” The
synthesis procedure of ZIF-67/Pt, ZIF-67/Pt, CN@Co/Pt and
CN@Co/Pt/Co nanocomposites are shown in Fig. 5a.%*
ZIF-modified N-doped porous carbon composites have been
reported for sensing small biomolecules. An electrochemical
sensor was designed by incorporating Co/Co-N nanoparticles
into N-doped nonporous carbon (Co/Co-N@NPC) nanostruc-
tures and modifying carbon paste electrodes, which exhibited
excellent performance for detecting DA.®” ZIF-67 possesses a
zeolitic structure with high porosity, allowing the Co>" ions in
ZIF-67 to be reduced to cobalt nanoparticles that catalyze the
graphitization of the resultant carbons during oxidation-
reduction reactions. Thus, the synergistic effects of combining
Co nanoparticles with Co bonded N can result in enhanced
sensitivity and selectivity for DA sensing, due to the conductive
carbon and porous architecture. In this case, the Co/Co>" redox
couple enhances the oxidation of dopamine to dopamine-o-
quinone. Moreover, the ZIF-67 derived Co/Co-N@NPC modified

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Schematic illustration of the typical synthesis procedure of ZIF-67/Pt, ZIF-67/Pt,CN@Co/Pt and CN@Co/Pt/Co nanocomposites. (b) SEM
images of (i) ZIF-67/Pt, (ii) ZIF-67/Pt/ZIF-67, (i) CN@Co/Pt, (iv) CN@Co/Pt/Co, and TEM images of (v) ZIF-67/Pt/ZIF-67, (vi) CN@Co/Pt, (vi) CN@ Co/Pt/
Co. (c) (i) DPV of different concentration (1-200 puM) of DA in N,-saturate PBS (pH 7.4) on CN@Co/Pt/Co-GCE, and (i) Corresponding peak currents
against DA concentrations (n = 3). (d) Amperometric response of CN@Co/Pt/Co-GCE (d) in PBS (pH 7.4) with the successive addition of 50 uM DA, 50 uM
UA, 50 uM AA, and 50 uM H,O,; and (e) in PBS (black), PBS containing 50 mM KCl (red), PBS with successive addition of 100 uL of C6 cells suspension
without K* stimulation (blue), PBS with successive addition of 100 pL of C6 cells suspension with K* stimulation (magenta). Applied potential: +0.185 V.

Reproduced with permission from ref. 84. Copyright (2019) Elsevier.

carbon paste electrode displayed two linear ranges (10 nM to
50 uM and 50-500 uM), with a LOD of 6 nM being the best when
compared to the previously reported cobalt-mediated sensors
for the detection of DA. It has been independently reported that
two nanocomposite materials of ZIF-67 with N-doped porous
carbon or its derivatives for the detection of DA and DA, UA
respectively: CN@Co/Pt/Co®* and NCCNPs.** Among them, Pt
nanoparticles and a hollow N-doped carbon framework were
prepared to synthesize CN@Co/Pt/Co nanocomposites to mod-
ify GCE through using the electrochemical deposition method,
which displayed good electron conductivity, high porosity, and
large specific surface area.** Moreover, the uniform adsorption
and dispersion of Pt nanoparticles in ZIF-67, as shown in SEM
and TEM image in Fig. 5b have significantly improve conduc-
tivity and electrocatalytic activity. In addition, a DA electroche-
mical sensor based on CN@Co/Pt/Co showed incredibly low
LOD of 2.76 nM (Fig. 5¢), good anti-interference (Fig. 5d), and
high-performance sensitivity and selectivity. This sensor was
successfully utilized to detect extracellular DA released through
Ce cells, providing a new feasible solution for real-time mon-
itoring of neuronal DA release, as shown in Fig. 5e.%* Further-
more, Co and N-doped carbon particles (NCCNPs) can directly
carbonize ZIF-67 to modify GCE by using the drop-casting
method and electrochemically detect DA and UA, which exhib-
ited the highest sensitivity and extremely low LOD.** Two
aspects have been organized to explain the form and content
of Co, N species can affect the detection performance,

This journal is © The Royal Society of Chemistry 2023

including a large amount of Co with high crystallinity and a
small amount of doped N with high electron acceptance ability,
which will help design the better-modified electrodes using
NCCNPs for the electrochemical detection of DA and UA. In
addition, N-doped porous carbon nano polyhedral (N-PCNPs)
were prepared using the direct carbonization of ZIF-8 nano
polyhedral with uniform morphology, narrow pore-size distri-
bution, high surface area, and good surface electrochemical
properties.”®> And then, the nanocomposites were used to
modify GCE by using the drop-casting method for the simulta-
neous determination of DA, UA, and AA, resulting in much
larger oxidation peak separation and higher peak currents on
the surface of the N-PCNPs/GCE and showing high electroca-
talytic activity.

A high-performance sensor was fabricated using a nanocom-
posite of N-doped carbon dodecahedron embedded with Co
nanoparticles (Co@NCD), which was drop-casted onto a GCE,
enabling the direct electrooxidation of glucose.’® Due to the
unique morphology, large surface area, N-doped active sites,
and embedded Co nanoparticles, the nanocomposite-based
sensor exhibited rapid response, LOD, broad detection range,
remarkable selectivity, repeatability, reproducibility, and long-
term stability. Besides, three nanocomposite materials of ZIF-
67 derived N-doped carbon embedded with Co3;0,4, or its
derivatives, have been independently reported by distinct
groups for detecting different small molecules: ZIF-67 derived
C03;0,/NCNTs,'% ZIF-67 derived ST-Co0;04,'** and ZIF-67
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derived Co;04-NPCN."*® The synthesis of ZIF-67 derived Co;04/
NCNTs composites and ZIF-67 derived Co30,-NPCN composites
involved similar steps. Both composites were obtained by
carbonizing ZIF-67 under an H,/Ar atmosphere and subse-
quently embedding Co;0, into ZIF-67-derived N-doped carbon
nanocomposites. The former composite was cooled down to
150 °C for 12 h in an oven, whereas the latter was cooled
naturally down to 300 °C for 1 h under oxidative atmosphere.
The ZIF-67-derived ST-Co;0, materials were synthesized by a
stepwise method that was proposed to construct the amor-
phous N-doped carbon matrix functionalized with Co;0, NPs
based on SiO, template. In addition, the amorphous carbon
formed by high-temperature calcination can provide more
active sites and improve the electron transport ability
and dispersibility of Coz;O, and prevent a large amount of
Co;0, from agglomerating, so the as-prepared composites
demonstrated good anti-interference, notable selectivity, high
repeatability, robust stability, long-term stability, excellent elec-
trochemical performance. Besides, the three sensors were
fabricated by the same procedures via the drop-casting method,
and they were all non-enzymatic sensors.

4.2 ZIF-graphene or graphene oxide materials

Graphene, a one-atom-thick planar sheet of sp>-bonded carbon
atoms arranged in a honeycomb crystal lattice, is a highly
durable material for modifying electrodes in the preparation
of electrochemical sensors or biosensors. Its remarkable prop-
erties make it an excellent candidate for a wide range of
applications in the field of electrochemistry.>*** Additionally,
graphene is a crucial carbon-based material with outstanding
electronic conductivity, high specific surface area, exceptional
electron transfer properties, high mechanical strength, and
excellent chemical stability.”*** Usually, graphene oxide (GO)
is prepared by treating graphite with strong oxidants and acids
to remove excess metals, with Hummers’ method being the
most commonly used synthetic route. GO is considered a
reliable candidate for modifying materials used in electroche-
mical analysis.?® Reduced graphene oxide (rGO), a typical two-
dimensional (2D) honeycomb-like carbon-based support
material, is obtained by rGO, and it can easily be combined
with other materials to enhance electrochemical performance.
Compared to GO, rGO exhibits superior electrical conductivity
and remarkable thermal stability due to the removal of oxygen-
containing functional groups during the reduction process. As
aresult, rGO is a promising candidate for electrode materials in
electrochemical sensing, with the potential to offer substantial
specific surface area and be suitable for a wide range of
applications.®®”® Hence, graphene-based materials hold signif-
icant promise as novel electronic devices, such as electroche-
mical sensors or biosensors. The review article summarized
several reports on the use of ZIF-graphene or graphene oxide
materials for detecting small biomolecules in human body
fluids.

Numerous research groups have developed environmentally
friendly and straightforward methods to synthesize nanocom-
posite materials comprising ZIFs with graphene (G) or
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graphene oxide (GO) for modifying electrodes in the detection
of various small biomolecules: GO/ZIF-67,%® ZIF-67/rGO,”° rGO/
ZIF-8,°° G/ZIF-8,°° and GS@ZIF-67.'! In contrast, GO/ZIF-67%°
and rGO/ZIF-8%° were synthesized using an approach similar to
that described for the synthesis of ZIF-67/rGO,”® which involves
the 2D rGO in situ growth of ZIFs (Fig. 6a). Similarly, G/ZIF-8%
and GS@ZIF-67'"" were also synthesized using a similar
method, which involves the 3D graphene in situ growth of ZIFs
(Fig. 6b). Furthermore, these composites were fabricated on a
GCE using the drop-casting method, while only GO/ZIF-67%°
was electrodeposited onto the GCE surface. The GO/ZIF-67/
GCE®® was used to simultaneously detect DA and AA using
voltammetry; the ZIF-67/rGO/GCE”® was used for the simulta-
neous determination of DA and H,0,; rGO/ZIF-8°° and G/ZIF-
8% were used to detect DA; GS@ZIF-67'"" was used to detect
glucose. rGO/ZIF-8 nanocomposites exhibit tight particle size
distribution and homogeneous particle size, which reveal the
anchoring and growth of ZIF-8 nanocrystals on the RGO
surfaces, as illustrated in Fig. 6c.°° Meanwhile, the SEM
images of GS@ZIF-67 manifested that 300 nm diameter of
ZIF-67 crystals were uniformly coated on both sides of the
GS."'" TEM images also confirmed that graphene played the
role of the substrate material and was stuck in the middle of
ZIF-67 crystals with intimate contact (Fig. 6d)."** These factors
contribute to increased electron transfer and facilitate mass
transfer, making them ideal for electrochemical sensing appli-
cations. The electrochemical behavior of small biomolecules at
different modified electrodes was studied using the CV and CA
method (Fig. 6¢e(i) and f(i)). The results showed that the activity
of the new composites is higher than that of ZIFs, graphene, or
rGO materials alone. Besides, ZIF-8 and ZIF-67 have a similar
structure. Co and Zn are divalent metals, which may display
similar electrocatalytic activities and electron transfer. In con-
nection with different small biomolecules, the GO/ZIF-67/
GCE,*® ZIF-67/rGO/GCE,” and rGO/ZIF-8/GCE*® have similar
LODs (0.03-0.05 um), and the G/ZIF-8/GCE*® and GS@ZIF-67/
GCE'" have similar LODs (0.34-0.36 um), with linear regres-
are all non-enzymatic electrochemical devices.

In addition, some sensors have been developed using ZIFs
as precursors loaded onto N-doped carbon, graphene, or rGO,
or their derivatives to modify GCE or indium tin oxide (ITO)
electrodes for the detection of small biomolecules. A glucose
sensor was designed using the reduced graphene oxide@
Co030,-N-doped carbon (rGO@Co0;0,-NC) composite, which
was synthesized by an in situ preparation method on an ITO
electrode. This was achieved by utilizing ZIF-67 as a precursor
and coating rGO, followed by the template-directed growth of
ZIF-67 in a confined preparation process. The non-enzymatic
glucose sensor based on rGO@Co03;0,-NC/ITO exhibited good
performance due to the structural and compositional advan-
tages of the ternary materials. The first reason is that the NC
layer embedded sufficient Co;O, nanoparticles as active centers
and provided an excellent supporting platform for glucose
oxidation. The second reason is that the conductive rGO layer,
as a supporting material, increased the reduction of internal

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Schematic diagram of the preparation procedure of the (a) RGO/ZIF-8/GCE and (b) GS@ZIF-67. (c) SEM images of (i) GO, (ii) RGO, (iii) ZIF-8 and
(iv) RGO/ZIF-8. (d) SEM images of GS@ZIF-67 at (i) low and (i) high-magnification, and TEM images of GS@ZIF-67 at (jii) low and (iv) high-magnification.
(e) (i) CV curves of different modified electrode of RGO/ZIF-8/GCE in 0.1 M PBS solution (pH 7.0) containing 1.0 x 10~* M DA. (ii) DPV curves for different
concentrations of DA on the RGO/ZIF-8/GCE in 0.1 M PBS solution with pH 7.0. Inset: The linear calibration plots. (f) I-t curves of (i) different modified
electrode of GS@ZIF-67 in 0.1 M NaOH containing 25 puM glucose, and (ii) different concentrations of glucose at GS@ZIF-67 in 0.1 M NaOH. Inset: The
linear calibration plots. Reproduced with permission from ref. 90 and 111. Copyright (2017) Elsevier. Copyright (2019) ACS.

resistance, resulting in fast charge transfer during the electro-
chemical reaction. Consequently, the rGO@Co3;0,-NC/ITO
composite provided abundant active sites and wide contact
areas for the adsorption and diffusion of glucose molecules,
resulting in a highly efficient electrochemical reaction.®®
Additionally, the ZIF-67 was decomposed to form Co;0, and
NC and understanding the structure-function relationship
between rGO and NC is beneficial for the design of future
nanocomposites.”® Two types of nanocomposites, one derived
from ZIF-8 and consisting of N-doped porous carbon and N-
doped graphene materials, and the other derived from ZIF-67
and consisting of CoO-Co-N-doped carbon and rGO materials,
were synthesized and used by two distinct groups to modify
GCEs for the detection of different small biomolecules.>® The
Nafion-NGR-NPC/GCE and the CoO-Co-NC/GCE were both
prepared using drop-casting methods with two-dimensional
nanosheets.”® Furthermore, the NPC was prepared by

This journal is © The Royal Society of Chemistry 2023

annealing ZIF-8 under a stream of N, at 900 °C for 3 hours in
a tube furnace, while ZIF-67-GO was pyrolyzed at 750 °C under
N, for 2 hours. Both methods utilized exceedingly high tem-
peratures to obtain the desired N-doped carbon structure. In
the composites, the NPC was dispersed over N-doped graphene
(NGR),* resulting in an adjustable physicochemical property
and induced regional changes. This is due to the nitrogen
element having a similar nuclear size to carbon, which can
include five bonding electrons to form stable covalent bonds
with the carbon element. The pyrolytic product of ZIF-8 has
several advantages, including ease of manufacture, high sur-
face area, good electrochemical activity, and a consistently
distributed N-content in the carbon layer. The most prominent
oxidation peak current (I,,) was observed on the Nafion-NGR-
NPC/GCE.* This suggests that an NPC-NGR nanocomposite,
due to the coexistence of NGR and NPC with a micro and
mesoporous structure, high surface area, and excellent
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electrical conductivity, is beneficial for promoting electroche-
mical signals.”

However, the electronic transmission performance of CoOx
is poor. Adding rGO and NC (as shown in morphology image of
Fig. 7a) as support materials can improve the electrocatalytic
property of CoOx nanostructures to obtain high-performance
materials for electrochemical detection of glucose. This is
because rGO and NC have excellent electronic transmission
performance and excellent physical chemistry properties. In
Fig. 7b, the CVs of bare GCE, CoO-Co-NC/GCE, and CoO-Co-NC-
rGO/GCE electrodes in the presence and absence of glucose are
shown. Notably, the current response intensity of the CoO-Co-
NC/GCE electrode for 2 mM glucose is lower than that of
Co00-Co-NC-rGO/GCE. This phenomenon indicates that the
Co0-Co-NC-rGO has better sensing performance than CoO-
Co-NC for electrochemical detection of glucose due to the
presence of rGO, which improves the electro-catalytic activity
of CoO-Co-NC and facilitates the electron transfer kinetics. The
unique material structure of CoO-Co-NC-rGO nanosheets
enables high-performance non-enzymatic electrochemical
detection of glucose.''® Also, the presence of CoOx nanostruc-
tures in the CoO-Co-NC-rGO/GCE has an impact on the electro-
nic transmission performance of the entire sensor. Additi-
onally, a novel amperometry glucose biosensor was designed
based on the GOx/PDA/ZIF-8@rGO composites, and its synth-
esis route was overly complicated."** The synthesis process for
the GOx/PDA/ZIF-8@rGO composites involved the construction
of CaCO;@PDA/ZIF-8 microcapsules using CaCO; templates,
followed by the addition of reduced graphite oxide nano-sheets
(rGO) to remove CaCO; microparticles and obtain PDA/ZIF-
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8@rGO microcapsules. The GOx/PDA/ZIF-8@rGO composites
were obtained by immobilizing GOx into PDA/ZIF-8@rGO
microcapsules, thereby creating a mimetic multi-enzyme sys-
tem. The GOx/PDA/ZIF-8@rGO/GCE was prepared using the
drop-coating method, with the following mechanism: glucose
was first infiltrated into the PDA microcapsules, and then
catalyzed by GOx to produce glucose acid and H,0,. Next,
ZIF-8 catalyzed the H,O, to H,O by receiving and losing
electrons when in contact with the electrode. The addition of
rGO enhanced the electrochemical activity, accessible surface
area, and conductivity of ZIF-8 by promoting electron exchange
from ZIF-8 to the electrode through cooperative interactions,
such as n-n stacking and hydrogen bonding, between rGO and
ZIF-8. Finally, the PDA/ZIF-8@rGO/GCE exhibited higher oxida-
tion current than the bare GCE and PDA/ZIF-8/GCE, indicating
that the combination of rGO and ZIF-8 can improve sensitivity
and provide excellent electrocatalytic activity towards H,O,. The
combination of rGO and ZIF-8 is a promising strategy for the
development of highly sensitive, selective, stable, and anti-
interferential electrochemical biosensors for glucose detection.
In addition, a novel non-enzymatic sensor for the detection of
adrenaline (Ad) was developed using a nitrogen-rich carbon-
coated ZIF-67 embedded three-dimensional graphene (ZIF-67/
NC/3DG) fiber.**® Firstly, polypyrrole was used as a precursor
for NC, which was then connected to ZIF-67 and the 3DG fiber
electrode. ZIF-67 was able to adsorb Ad through hydrogen
bonding and electrostatic interactions. Moreover, the ZIF-67/
NC/3DG fiber electrode was prepared using a facile one-pot
electrodeposition self-assembly method. Thus, the addition of
highly conductive NC improved the sensitivity of the
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CoO-Co-NC-rGO/GCE. Reproduced with permission from ref. 110. Copyright (2018) Elsevier.
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constructed fiber sensor, while the use of 3DG enhanced the
surface area, conductivity, and electrochemical stability of the
complete system. Furthermore, Polypyrrole (PPy) is a type of
conjugated polymer that exhibits good affinity between MOFs
and graphene. The ZIF-67/NC/3DG fiber electrode showed the
most extensive oxidation peak current towards Ad, which was
higher than that of the bare 3DG, ZIF-67/3DG, and NC/3DG
fiber electrodes. Thus, the ZIF-67/NC/3DG fiber was a promis-
ing electrode material for micro-detection systems.

4.3 ZIF-derived carbon nanotubes (CNTs) materials

Carbon-supported materials, especially carbon nanotubes
(CNTs), have garnered significant interest in electrochemical
sensing owing to their exceptional chemical and mechanical
properties, high thermal and mechanical stability, large surface
area, unique electronic structures, excellent electronic conduc-
tivity, good biocompatibility, and ultra-light weight.””"3
CNTs are particularly suitable for enhancing electrical activity,
serving as high-conductivity carbon materials, and providing
structural support for nanocomposites in sensing applications.

CNTs

HP-ZIF-8

GCE

I (nA)

a bare GCE (DA)
b HP-ZIF-8/GCE (No DA)

¢ HP-ZIF-8/GCE (DA)

d HP-ZIF-8/3DCNTs/GCE (No DA)
e HP-ZIF-8/3DCNTs/GCE (DA)

T T T T T T
-0.4 0.2 0.0 0.2 0.1 0.6

E (V)

HP-ZIF-8/3D CNTs

View Article Online

Review

When doped in ZIFs to form composite materials, they increase
conductivity and provide high sensitivity for electrochemical
sensing. The addition of CNTs to ZIFs resulted in composite
materials that exhibited the characteristics of each component,
with CNTs providing high conductivity and structural support,
and ZIFs providing enhanced sensitivity for electrochemical
sensing. They showed the synergistic effect because of the
interfacial interactions in various parts through compact bond-
ing and conjugation. It has been reported that carbon
nanotube-doped electrode materials can increase the electro-
chemical peak intensity and reduce the detection limit of some
small biomolecules. For example, an electrochemical sensor
was designed for the detection of DA based on HP-ZIF-8/
3DCNTs nanocomposites using a facile method. The method
involved polymerizing zinc ions and 2-methylimidazole in the
aqueous phase of a micelle formed by a sodium dodecyl sulfate
(SDS) and diethylene glycol monoethyl ether (DEGEE) aqueous
solution to grow HP-ZIF-8 in situ on the 3DCNTs template.”’
The compound consists of ZIF-8 and three-dimensional carbon
nanotubes (3DCNTs) and fabricated a GCE through drop-
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Fig. 8 (a) Preparation process diagram of the HP-ZIF-8/3DCNTs/GCE. (b) CV test patterns of HP-ZIF-8/3DCNTs/GCE modified electrode with and
without 50 uM DA. (c) DPV curves of the HP-ZIF-8/3DCNTs/GCE at several concentrations of DA in 0.1 M PBS solution (pH 6.0). Inset: The linear relation
between the response currents and the content of DA added. Reproduced with permission from ref. 77. Copyright (2020) Elsevier.
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casting methods (Fig. 8a). It is clearly obvious that the curve of
HP-ZIF-8/3DCNTs composite has obvious redox pairs and the
peak current performance (curve d) is better than HP-ZIF-8,
which is attributing to electrocatalytic performance enhance-
ment synergistically through the recombination of 3DCNTs and
ZIF-8 (Fig. 8b). With the unique structure, high conductivity,
large surface area of CNTs, and extensive hierarchical porosity
of HP-ZIF-8, the synthesized HP-ZIF-8/3DCNTs composite elec-
trode exhibited better electrocatalytic activity and higher cur-
rent intensity than the HP-ZIF-8 electrode for the detection of
DA due to the synergistic effect of 3DCNTs and HP-ZIF-8. The
response current of DA increases with the aggrandizement of
DA concentration, and there is an excellent linear dependence
between the current intensity and DA content, as depicted in
the inset of Fig. 8c, with the LOD of 2.7 x 10 ® M (S/N = 3).

A simple electrochemical sensor was fabricated based on the
ZIF-65@CNTs nanohybrid,"** and a novel Ni-ZIF-8/NS-CNTs/CS
sensing device®! was constructed to modify electrode through a
simple physical ultra-sound method. The ZIF-65@CNTs nano-
hybrids were synthesized using an in situ synthesis method,
where ZIF-65 was immobilized onto the surface of carboxylate
CNTs. The resulting nanocomposites were then drop-coated
onto a GCE to form a modified electrode. This electrode
exhibited a lower LOD and wider linear range and showed
sensitive detection performance for the detection of AA com-
pared to other similar composites. Different research groups
have prepared Ni-ZIF-8/N S-CNTs/CS composites, where Ni-ZIF-
8 was used to provide excellent surface area, and N S-CNTs and
CS were used to improve conductivity and stability. These
composites exhibited superior electrocatalytic activity, lower
detection limit, and broader linear range for the simultaneous
determination of DA, UA, and t-tryptophan. In addition, it can
be concluded that CNTs are an excellent carbon material and
can enhance the sensitivity of the electrochemical sensor.
However, it has been reported that the design and preparation
of ZIF-CNTs composite materials have not been widely explored
for the electrochemical detection of small biomolecules. An
electrochemical sensor was developed using multi-walled car-
bon nanotubes (MWCNTs)-based buck paper (BP) as a high-
conductivity and mechanically robust material. The CoP/Co-BP/
SCE electrode was fabricated by electrodepositing a uniform
layer of ZIF-67 onto the surface of BP and immersing BP into
ZIF-67 through a slow crystal growth process, which is a more
complex approach compared to a simple drop-casting method,
and provides better coverage of the electrode surface.'®® One
plausible reason for the successful synthesis of uniform ZIF-67
layer on the surface of MWCNTs-based buck paper (BP) is that
the carboxyl groups of MWCNTS can coordinate freely with Co>*
to form a center, thereby triggering the growth of ZIF-67 to
obtain a uniform layer. Therefore, CoP and BP can be combined
powerfully to synthesize better CoP/Co-BP composites via the
above method, and these composites can show excellent elec-
trocatalytic performance for glucose sensing due to the super-
ior electrical conductivity and catalytic performance of the CoP.
And then, the CoP/Co-BP materials synthesized using the above
method were found to have a larger surface area and more
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active sites, making them a promising candidate in the field of
implantable biosensors in the future.

4.4 ZIF-derived porous carbon materials

The use of porous carbon as a sensing platform and in electro-
analytical chemistry has attracted considerable interest due to
its low cost, high electron conductivity, extremely high specific
surface area, strong chemical stability, abundant availability,
ease of surface functionalization, high sensitivity, wide detec-
tion range, and good catalytic performance.®****** Two kinds
of ZIFs-derived porous carbon (PC) nanocomposites have
been reported for the detection of glucose: Ni/NPC''> and H-
ZDPC."'® Ni/NPC/GCE was successfully obtained via electrode-
position method, which was used to put nickel nanoparticles
deposition on N-doped porous carbon modified GCE surface,
and it was a non-enzymatic biosensor (Fig. 9a). It is clearly
visible from the SEM images that NPC evidently thicker and
smooth before the nickel deposition and after existing sheeted
(Fig. 9b(i)). Fig. 9b(ii) performed that Ni/NPC hold its original
shape with rough surface. However, for H-ZDPC/SPCE, it was
prepared using a drop-casting method, where ZIF-67 precursors
were used to synthesize ZIF-67-derived porous carbon, which
was then treated with hydrochloric acid (HCl) to remove Co
nanoparticles. Afterwards, glucose oxidase (GOx) was immobi-
lized on the H-ZDPC modified SPCE through physical adsorp-
tion to create an enzyme sensor platform. Compared with bare
GCE, NPC/GCE, and NiNPs/GCE, Ni/NPC/GCE exhibited super-
ior electrocatalytic behavior towards the oxidation of glucose
(Fig. 9c). Compared to ZDPC/SPCE, H-ZDPC/SPCE exhibited
larger redox peaks, provided a stable platform for enzyme
immobilization, and preserved the enzyme’s bioactivity. How-
ever, Ni/NPC/GCE displayed higher sensitivity, lower detection
limit, and wider linear range for glucose sensing than GOx/H-
ZDPC/SPCE, indicating that the electrochemical performance
of glucose is affected by the type of ZIF material, the type of
electrode, the testing theory of non-enzymatic sensors, and the
immobilization of enzymes.

There are two types of electrochemical sensors mentioned:
one is a nanozyme biosensor that is based on bimetallic
nanoparticles decorated with hollow nonporous carbon (Au/
Co@HNCF/GCE),"”” and another one was a non-enzymatic
sensor based on bimetallic ZIFs derived porous carbon
(CNCo/GCE)"*® for the detection of UA. The two sensors were
fabricated by the drop-casting method. At the same time, Au/
Co@HNCF/GCE was constructed by pyrolysis of the Au(m)-
etching ZIF-67, and CNCo/GCE was prepared via direct carbo-
nization of a BMZIF nanocrystal. Although the two sensors both
detected the same small biological molecule (UA), their com-
posites with porous carbon presented different electrochemical
behaviors and LODs (0.023 vs. 0.83 uM). Mainly because of the
electrocatalytic activity of the nanozyme biosensor was better
than that of the non-enzymatic sensor, another critical reason
was that the bimetallic nanoparticles Au NPs and Co NPs
combined with the porous carbon framework, enhancing
higher activity for UA oxidation, and generating superior
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signals compared to the bimetallic ZIFs-derived N, Co-doped
porous carbon.

At last, two complicated composites with ZIFs derived
porous carbon to detect different small biological molecules:
N-CF@N, P-CF,® and Fc (COOH),/ZIF-8/3D-KSCs,"** which were
both using common ZIF-8 as the precursor. Corrected sentence:
N-CF@N, P-CF/GCE were prepared by using multi-heteroatoms
doped yolk-shell porous carbon instead of N-doped porous
carbon, which exhibited significantly increased surface area,
improved pore size distribution, active electrochemical area,
electron transfer kinetics, and provided more active sites.
Furthermore, N-CF@N and P-CF/GCE were prepared using
the drop-coating method with mixed multi-heteroatoms doped
yolk-shell porous carbon. The former consisted of an N-doped
carbon core, while the latter had an N,P-co-doped carbon shell.
The electrochemical sensing platform based on N-CF@N, P-CF/
GCE exhibited good sensitivity and selectivity towards various
target molecules, including organic pollutants (hydroquinone
and catechol), pharmaceutical molecules (acetaminophen),
and small biological molecules (DA and UA), with LODs of
15.4 nM, 18.8 nM, 16.2 nM, 22.2 nM, and 24.5 nM, respectively.
However, the Fc (COOH),/ZIF-8/3D-KCSs nanocomposites were
composed of ferrocene dicarboxylic acid (Fc (COOH),), zeolitic
imidazolate framework-8 (ZIF-8), and three-dimensional (3D)
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Fig. 9 (a) Schematically nanomaterial preparation of Ni/NPC and its application for glucose determination. (b) SEM image of the (i) NPC and (ii) Ni/NPC
nanocomposites. (c) CV of different electrodes with absence of glucose: (i) GCE, (ii) NPC/GCE, (v) NiNPs/GCE, (vii) Ni/NPC/GCE and with presence of
0.1 M glucose: (i) GCE, (iv) NPC/GCE, (vi) NiNPs/GCE, (viii) Ni/NPC/GCE in 0.1 M KOH. Inset: GCE (i) and (ii) and NPC/GCE (iii) and (iv) at scan rate of
100 mV s, Reproduced with permission from ref. 115. Copyright (2020) Elsevier.

kenaf stem-derived microporous carbon (3D-KSCs). Moreover,
the electrochemical biosensor was prepared via the electrode-
position method with the electrical connection of 3D-KCS and
graphite powder. At the same time, Fc (COOH),/ZIF-8 grew on
3D-KSCs and can improve the CVs signals to AA, and the
phenomenon of a wide detection range, low LOD, good stabi-
lity, and selectivity can also be observed for the composites. The
study demonstrated that using 3D-KSCs as a matrix to support
ZIF-8 on the surface can provide suitable electrical conductivity,
a large specific surface area, and many active catalytic sites,
resulting in excellent catalytic performance for AA detection.
This approach could pave the way for synthesizing ZIF-8-based
nanocomposites for electrochemical sensors.

5. ZIF-metal-based composite for
electrochemical detection of small
biomolecules

Nano-sized precious metal nanoparticles (NPs), such as Pt, Au,
Ag NPs, metal oxides (Co304, Fe;0,), and ZIF-derived bimetallic
composites (Cu-Co, Co-Fe) have attracted tremendous interest

for the studies of some small biomolecules due to their extra-
ordinary catalytic properties.'® Therefore, they are suitable
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candidates for combining with ZIFs to form nanocomposite
materials and using them to create electrochemical sensors for
detecting various small biomolecules in human body fluids. It
has been summarized that ZIFs-derived metal nanoparticles,
bimetallic composites, and metal oxide composites can be used
to develop electrochemical sensing devices that can be applied
to various fields.

5.1 ZIF-derived metal nanoparticles

Many papers have reported the use of ZIFs in electrochemical
biosensing, but porous ZIFs (such as ZIF-8 with specific pore
sizes to accommodate biomolecules and protect them from
external stimuli) have drawbacks such as poor conductivity and
weak electrocatalytic ability, which hinder their electrochemical
applications. In addition, directly fabricating the prepared
porous ZIFs onto electrode surfaces often results in uneven
modification or excessive film thickness, which can limit their
effectiveness.’**! To address these issues, researchers have
suggested incorporating highly electrically conductive and elec-
troactive materials into ZIFs to improve the sensitivity of the
sensors. Metal nanoparticles, with their high conductivity and
excellent electrocatalytic activity, are easily combined with ZIFs
to form nanocomposites.®*>*" In addition, the introduction of
metal nanoparticles can increase the surface area, which leads
to a reduction in the tunneling distance for electrons and an
increase in the surface conductance of the electrode, facilitat-
ing efficient charge transfer to the electrode surface.''* The
combination of ZIFs and metal nanoparticles can enhance
electrochemical activity due to the unique properties of each
component and their synergistic effect, leading to the develop-
ment of electrochemical biosensors with excellent detection
performance for various small biomolecules.'®* In terms of
these above features, many hybrids were used to fabricate
electrochemical sensors and various fields, including electro-
analytical chemistry.® Among the more commonly used metal
nanoparticles, gold (Au), silver (Ag), copper (Cu), and platinum
(Pt) NPs are the four most widely studied.

First, gold (Au) nanoparticles possess several unique
features, including small size, large surface area, biocompat-
ibility, molecular recognition, high surface activity, and good
conductivity. These critical characteristics of Au nanoparticles
can significantly influence electrocatalytic activity."**'*> For
example, a non-enzymatic DA sensor was prepared based on
Au@?ZIF-8 nanocomposites, which were synthesized by using a
solution of Au NPs mixed with ZIF-8 nanocomposites through a
simple solvothermal method.*® It is worth noting that the Au
NPs are well-distributed on the inner surfaces of the ZIF-8
nanocrystals, as confirmed by Fig. 10a. The Au@ZIF-8 nano-
composites exhibit a monodisperse, polyhedral shape, and the
ZIF-8 nanocrystals provide a larger surface area for Au NPs, as
shown in Fig. 10b. The electrochemical detection performance
of Au@ZIF-8/GCE toward DA depicted a comparable sensitivity
(6.452 pA mM ' em™?) and lower LOD (0.01 puM (S/N = 3))
(Fig. 10c). This may be due to the high conductivity which is
essential to the enhancement of electrocatalytic to the detection
of DA. Another example is the mediator-free enzymatic glucose
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sensor of GOX@ZIF-8(AuNPs)/GCE.""* The GOX@ZIF-8(AuNPs)
nanocomposites were synthesized through a process of encap-
sulating gold nanoparticles and glucose oxidase into the cavity
of ZIF-8 (Fig. 10d). The catalyst can then oxidize glucose to
gluconate through the catalysis of glucose oxidase (GOx), lead-
ing to the production of H,0,. The redox stability of the FAD/
FADH2 redox couple is a significant advantage in the fabrica-
tion of the catalyst. The morphology of the GOXx@ZIF-8(AuNPs)
nanocomposites was observed to have a star-shaped morphol-
ogy of ZIF-8 microstructure at low magnification and an
assembly of rod-like star morphology at high magnification
(Fig. 10e(i-ii)). These unique morphologies of the composite
are suggested to be caused by the affinity of GOx towards
imidazole-containing structural units (ZIF-8) due to intermole-
cular H-bonding."* Compared to ZIF-8@GOXx, both Au@ZIF-8
and GOx@ZIF-8(AuNPs) showed better electrocatalytic behavior
towards the oxidation of glucose (as shown in Fig. 10f(i)),
indicating a significantly high electron transfer rate of the
reversible redox equilibrium of the FAD/FADH, redox couple.
Therefore, the sensor’s sensitivity could be up to 10-fold and
having a detection limit of 50 nM of glucose (Fig. 10f{(ii))
because of the incorporation of Au NPs, shortening the electron
tunneling distance by mediating the charge. At last, these two
sensors were fabricated by the drop-casting method. They
presented a broader detection range, lower LOD (limit of
detection), high sensitivity, excellent selectivity, long-term sta-
bility, and good reproducibility for the determination of DA and
glucose, respectively.

Another important metal nanoparticle is AgNP. Ag nano-
particles possess excellent characteristics of high conductivity
and biocompatibility, which have attracted a lot of attention in
the field of Ag-containing electrochemical sensors, similar to
Au nanoparticles.”®"® It has been reported that three types of
sensors based on ZIF-67 with Ag nanoparticles, or their deriva-
tives have been developed for the detection of small
biomolecules, such as DA and glucose: Ag@ZIF-67/GCE,""®
Ag-ZIF-67p/GCE,”® and Ag@ZIF-67/MWCNT."** Among them,
the simplest sensors were Ag@ZIF-67/GCE and Ag-ZIF-67p/
GCE, which had similar electrode material composition. At
first, AgNPs were encapsulated into the Co-based porous MOF
[Co(mim),], (denoted as ZIF-67, mim = 2-methylimidazole) by a
sequential deposition-reduction method to form Ag@ZIF-67/
GCE for the detection of glucose and the detailed reaction
process as follows: the desolated ZIF-67 and Ag" were both
dispersed in the ethanol solution using Ag" as the precursors,
and then produced the reduction reaction by NaBH, to yield
Ag@ZIF-67 nanocomposite (Fig. 11a)."'® The electrooxidation
process was main firstly performed by oxidizing [Co(i)(mim),],
to [Co(u)(mim),(OH)],, and further to [Co(iv)(mim),(OH),],,, and
then glucose carried out oxidation reaction at the cost of
[Co(v)(mim),(OH),], consumption, leading to the current
change. However, the synthesis process of Ag-ZIF-67p’® was
the same as that of Ag-ZIF-67"'° except adding ultrasonication
for 1 h to obtain ZIF-67 nano Pinnas (ZIF-67p) (Fig. 11d), which
was used for the detection of dopamine (DA) and acetamino-
phen (AP). Moreover, compared with Ag@ZIF-67 particles,
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Fig. 10 (a) Illustration of synthesis of Au@ZIF-8 nanocomposite and its electrochemical response toward DA. (b) TEM image of Au@ZIF-8

nanocomposites and the enlarged area. (c) (i) DPV of DA with increasing concentration, and (ii) the relationship of the oxidation peak current (/,,)
with the concentration of DA. Reproduced with permission from ref. 80. Copyright (2020) Elsevier. (d) Synthesis of GOx@ZIF-8(AuNPs). (e) FESEM image
of 5nm gold coated GOx@ZIF-8(AuNPs) (i) crystalline growth and (i) single particle showing large surface area. (f) (i)CV of ZIF-8@GOx, Au@ZIF-8 and
GOx@ZIF-8(AuNPs) at a scan rate of 0.1V st in N, saturated 0.1 M pH 7.4 PBS. (ii) /-t measurement of catalytic glucose oxidation at —0.45 V vs. Ag/AgCl
(sat. KCl) with successive addition of 0.1 mM glucose. Inset: Calibration plot of concentration versus (full and linear region) current. Reproduced with

permission from ref. 114. Copyright (2018) ACS.

Ag@ZIF-67p had a smaller size that could increase active sur-
face area and unique morphology that could improve the active
site and the Ag NPs loading (Fig. 11b and e). Meng et al. also
studied the transient response curves of Ag@ZIF-67/GCE with
0%, 0.1%, 0.2%, 0.5%, and 0.8% Ag, and it could be seen that
the Ag-0.5%@ZIF-67GCE showed the best electrocatalytic per-
formances towards glucose oxidation because of the additions
of Ag content could improve the conductivity and charge
transportability of ZIF-67, as shown in Fig. 11c. In addition, it
was noted that the oxidation current of DA and AP at the Ag-ZIF-
67p/GCE exhibited an increased current signal, much higher
than that of bare GCE, ZIF-67p/GCE, and Ag-ZIF-67/GCE
(Fig. 11f). In short, these two sensors displayed high selectivity,
long-time stability, good reproducibility, and low LODs. At last,
a sensor was designed based on the Ag@ZIF-67/MWCNT nano-
composites by using ZIF-67 to encapsulate Ag NPs and on the
surface of ZIF-67 multi-walled carbon nanotubes (MWCNTs)."**
Furthermore, Ag@ZIF-67/MWCNT constituted rich metallic
centers, possessed a substantial specific area, and had multiple
valence states, this sensor showed an improved catalytic activity
toward glucose.

In addition, an electrochemical sensor for the detection of
AA was prepared by in situ growth of a ZIF-8 membrane on the
surface of a GCE modified with platinum nanoparticles (PtNPs)

This journal is © The Royal Society of Chemistry 2023

using an electrodeposition method, resulting in a ZIF-8/Pt NPs/
GCE."" The Cu-in-ZIF-8-based electrochemical sensor was pre-
pared by encapsulating CuNPs in ZIF-8 and further modifying
them onto the surface of a screen-printed electrode (SPE)
for nonenzymatic sensing of glucose using a drop-casting
method. Additionally, two different sensors were developed by
encapsulating metal nanoparticles in the ZIF-8 shell, namely
Cu-in-ZIF-8 and ZIF-8/Pt NPs/GCE, due to the high conductivity
and electrocatalytic activity of CuNPs and PtNPs. The compo-
sites were easily formed with ZIF-8 and helped overcome the
poor heterogeneous nucleation ability of ZIF-8, resulting in
improved sensing performance. Both sensors showed good
sensitivity, selectivity, and reproducibility when detecting AA
and glucose, respectively.

5.2 ZIF-modified metal oxide NPs materials

Metal oxides (such as Fe;O,, TiO,, and Co;0,) have some
advantages of non-toxicity, high surface area, and electrocata-
lysis, but their use remained limited due to their low
conductivity.’® To enhance the conductivity, combining ZIFs
with metal oxides or other highly conductive materials is
needed to form new nanocomposites to detect different small
biomolecules in human body fluids. Among various metal
oxides, TiO, nanostructures have attracted greater attention.
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Fig. 11 (a) Schematic illustration of the electrooxidation of glucose to gluconolactone by Ag@ZIF-67 modified GCE in NaOH solution. (b) (i) SEM and (ii)
TEM image of Ag@ZIF-67. (c) The relationships between glucose concentration and current signal of Ag@ZIF-67/GCE with 0%, 0.1%, 0.2%, 0.5% and 0.8%
Ag. Potential: 0.42 V. Reproduced with permission from ref. 116. Copyright (2018) Elsevier. (d) The fabrication of Ag-ZIF-67p modified GCE and the
application of AP and DA detection. (e) The TEM of the (i) ZIF-67p and (i) Ag-ZIF-67p. (f) CVs at the bare GCE, ZIF-67/GCE, ZIF-67p/GCE, Ag-ZIF-67/GCE
and Ag-ZIF-67p/GCE (in the presence and absence of DA/AP). Reproduced with permission from ref. 78. Copyright (2020) Elsevier.

An amperometry glucose sensing using ZIF-8 encapsulated
TiO, platform was prepared.'’® Another electrochemical sensor
for glucose detection based on Ag@TiO,@ ZIF-67 nanocompo-
site was synthesized.'®® The above two as-synthesized nano-
composites were using ZIFs and TiO, for the glucose sensor
application. On the other hand, the GOx@ZIF-8(TiO,)/GCE and
Ag@TiO,@ZIF-67/GCE were both fabricated by the drop-casting
method, and the GOx@ZIF-8(TiO,) composites showed a
significantly lower LOD than the Ag@TiO,@ZIF-67 composites
for the detection of glucose (80 nM vs. 0.99 uM). One reason to
explain this phenomenon: GOx@ZIF-8(TiO,) composites were
synthesized by encapsulating TiO, and GOx inside ZIF-8 MOF,
an enzymatic sensor, while Ag@TiO,@ ZIF-67/GCE was a non-
enzymatic sensor. The common denominator is that the above
two sensors both exhibited extremely sensitive and selective
glucose.

Fe;0, was also vital metal oxide that could be combined
with ZIFs to form functional nanocomposite materials. It has
been reported that the Fe;0,@ZIF-8/RGO nanocomposites were
made up of Fe;0,, ZIF-8, and RGO (reduced graphite oxide) for
the detection of DA,”* while the Fe;0,/PPy@ZIF-8 nanocompo-
sites consisted of Fe;O,, ZIF-8, and Polypyrrole (PPy) for the
detection of glucose.113 At first, Fe;O, was decorated on RGO,
and then ZIF-8 was wrapped on the surface of Fe;O, to obtain
the Fe;0,@ZIF-8/RGO nanocomposite.” However, the Fe;04/
PPy@ZIF-8 nanocomposites had a different synthetic route,
made PPy polymerization on the surface of Fe;O, to obtain
Fe;0,/PPy, and ZIF-8 was coated on the PPy to get Fe;O,/
PPy@ZIF-8 nanocomposite, and then GOx was immobilized
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on the Fe;0,/PPy@ZIF-8 nanocomposite, as shown in
Fig. 12a. Moreover, the size of the two as-prepared nanocom-
posites was the same, about 200 nm, and their morphology was
also remarkable like each other, Fe;0,@ZIF-8 and Fe;0,/PPy
both owned the core-shell structure. Fig. 12b shows the TEM
images of Fe;O,@ZIF-8, Fe;0,/PPy and Fe;0,/PPy@ZIF-8. In
addition, the Fe;O0,@ZIF-8/RGO/GCE biosensor owned the best
voltammetric response than Fe;0,/RGO/GECE and Fe;0,@ZIF-
8/GCE towards DA detection.”® At the same time, compared
with the Fe;0,@ZIF-8/GCE, the Fe;0,/PPy@ZIF-8/GCE biosen-
sor also showed a higher anodic peak for the detection of
glucose (Fig. 12c). Fig. 12d shows the typical I-¢ curves of
GOx/Fe;0,/PPy@ZIF-8/GCE towards glucose. The current
increased quickly and reached the steady-state current within
5 s for each injection of glucose. The corresponding calibration
curves displayed in inset of Fig. 12d suggested the good linear
relationship and wide linear range and the detection limit of
the biosensor was 0.333 uM based on S/N = 3. Both nanocom-
posites were prepared using the drop-casting method and were
non-enzyme biosensors, and while they were able to detect
different small biomolecules, they both displayed exceptional
electrochemical performance, including outstanding selectiv-
ity, reproducibility, and stability. Furthermore, these nanocom-
posites were effective in detecting real samples.

5.3 ZIF-derived bimetallic composites

There are very few reports about the ZIF-derived bimetallic
composites as electrochemical sensors for the detection of
small biomolecules. Two kinds of glucose sensing platforms
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(a) Scheme for the preparation of FezO4/PPy@ZIF-8 nanocomposite and the application of glucose detection. (b) TEM images of the (i)

Fez04@ZIF-8, (i) FesO4/PPy and (iii) Fe304/PPy@ZIF-8. (c) CVs at the bare GCE, the Fez0,4@ZIF-8/GCE, and the FezO4/PPy@ZIF-8/GCE in the presence
of 0.1 M of H,O, in PBS (0.1 M, pH 7) at scan rate: 50 mV s, (d) /-t response of GOx/FesO4/PPy@ZIF-8/GCE to successive addition of glucose in PBS (0.1
M, pH = 7) at applied potential of 0.6 V. Reproduced with permission from ref. 113. Copyright (2018) Elsevier.

have been reported based on ZIFs-derived bimetallic compo-
sites: NiCoNSs/GNR/GCE”® and CoFe-PBA/Co-ZIF/NF.'*" The
two composites were prepared through an in situ grown
strategy, and the sensors were fabricated by the drop-
coating method. Among them, the NiCoNSs/GNR/GCE was
synthesized by combining ZIF-67-derived bimetallic NiCo
layered double hydroxide nanosheets, and graphene nanor-
ibbons (GNRs) fabricated on the surface of GCE, which could
increase the electrical conductivity due to the m-m interac-
tions of the final composite modifier film with the GCE. The
CoFe-PBA/Co-ZIF/NF was prepared via a simple hydrothermal
method: a classic two-dimensional (2D) ZIFs (Co-ZIF and Fe-
ZIF) were in situ converted into PBAs, and then fabricated
PBA/ZIF nanocomposites on the surface of nickel foam (NF),
which exhibited high electrochemical sensing performance
and enhanced electrocatalytic activity due to the using of
ZIFs as the sacrificial template and the adding of NF increas-
ing the conductivity and opening active sites. There are many
distinct reasons why the above three sensors had different
LODs for the detection of glucose (0.6 uM vs. 0.02 pM): other
bimetallic nanoparticles, using different electrodes, combin-
ing different functional groups, and so on. In addition, a
novel DA sensor was developed based on the CoP@C/NCS
composite,”® which used P-doped bimetallic ZIF-67@ZIF-8
(ZIF-67@ZIF-8-P) as the precursor, and then the CoP

This journal is © The Royal Society of Chemistry 2023

nanoparticles coated with carbon layers were well-dispersed
on N-doped carbon spheres.

6. ZIF-polymer materials for
electrochemical detection of small
biomolecules

6.1 ZIFs-polymer materials

There have been limited reports on using ZIF-derived polymer
materials as electrochemical sensors for detecting small bio-
molecules. However, the combination of ZIFs and highly
conductive polymers can lead to the synthesis of conductive
MOFs-based composites, which hold promise as materials for
constructing electrochemical sensors A novel electrochemical
sensor was developed based on Nafion/polyaniline/ZIF-8, which
exhibited high electrochemical performance towards DA oxida-
tion owing to the large surface area of ZIF-8 and the excellent
electrical conductivity of polyaniline (PANI).*® The Nafion/
PANI/ZIF-8/GCE was fabricated by electrodeposition of the
composite film on the surface of GCE. Additionally, Nafion
was used as a cation exchange polymer to improve the selectiv-
ity and sensitivity towards DA detection by rejecting negatively
charged interferences such as AA. The high electrocatalytic
performance of the sensor was attributed to the large surface
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area of ZIF-8 and the excellent electrical conductivity of
PANL®®'*? Furthermore, NF has many advantages, such as
chemical and thermal stability, mechanical strength, chemical
inertness, good electrical conductivity, and proper adhesion on
electrode surfaces. Nafion/PANI/ZIF-8/GCE performed better
redox peaks of DA than bare GCE, ZIF-8/GCE, PANI/GCE, and
PANI/ZIF-8/GCE, suggesting NF plays a significant role in the
electrochemical sensing platform. In addition, the addition of
NF polymer could increase the accumulation of the positively
charged molecules via electrostatic interaction, resulting in
enhanced sensitivity of the measurements.'**> A novel electro-
chemical sensing platform was constructed that consisted of a
radiometric electrochemical sensor associated with a self-
cleaning electrode, which was based on polydimethylsiloxane
(PDMS)@cZIF nanocomposites that were synthesized via com-
bining a hydrophobic organic polymer (PDMS) and ZIF.*® The
PDMS@CcZIF/GCE was prepared by the drop-coating method,
and it exhibited excellent electrocatalytic ability for simulta-
neous detection of adrenaline, serotonin, and tryptophan. It
can be observed that the peak currents of PDMS@cZIF/GCE
and cZIF/GCE were higher than bare GCE, ZIF-67@ZIF-8, which
could provide a proper redox potential and did not interfere
with the electrochemical reactions of others.

6.2 ZIFs and molecular imprinting polymer (MIP)

The preparation of molecularly imprinted polymer (MIP)-based
sensors has gained widespread interest in modern analysis
technology and has been frequently integrated with electroche-
mical measurement methods."® MIPs offer several advantages,
such as specific recognition ability, good stability, low cost,
ease of preparation, high selectivity, long service life, and wide
application range.®>'*? Despite their advantages, MIPs also
have some limitations, such as poor conductivity, a limited
number of imprinted cavities, and low sensitivity. However, the
integration of MIPs with suitable electrocatalytic nanomaterials
can lead to the development of sensors with improved electro-
chemical performance, addressing these issues. Several MIP-based
sensors have been reported to exhibit superior performance
compared to traditional electrochemical sensors in detecting
target molecules, thanks to their exceptional selectivity and
strong affinity. For example, it has been reported that there
were three kinds of MIP-based electrochemical sensing for
the detection of DA: MIPs/CuCo,0,@carbon/3D-KSC/IE,””
DA-imprinted CS film/ZnONPs@C/3D-KSC/IE,”* and PPy/ZIF-
67-MIPs/Nafion/GCE.*> Among them, the MIPs/CuCo,0,@
carbon/3D-KSC/IE and the DA-imprinted CS film/ZnO NPs@
C/3D-KSC/IE were prepared via electrodepositing method fab-
ricated by an integrated electrode (IE), while the PPy/ZIF-67
MIPs/Nafion/GCE was prepared by the drop-coating method
fabricated on the surface of GCE. A simple and effective MIP-
based sensor was developed using a PPy/ZIF-67 MIPs/Nafion
hybrid. The sensor utilized a conductive PPy film with high
conductivity, excellent selectivity, and good biocompatibility.
Additionally, Nafion was added to the sensor to improve dis-
persion performance. ZIF-67 was synthesized using a simple
hydrothermal method and subsequently subjected to an
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oxidation reaction using FeCl; solution to obtain a black
suspension in the same container. At last, the ultrasonicated
suspension was used to modify the surface of the GCE, followed
by the fabrication of an electrochemical device using contin-
uous CV technique to remove DA. The synergistic effect of ZIF-
67, PPy, and Nafion in the MIP-based sensor led to improved
adsorption and determination of DA. However, the preparation
of MIPs/CuCo,0,@carbon/3D-KSC/IE was slightly complex.
At first, calcined the ZIF-derived bimetallic nanocomposites
(CuCo-ZIF) and arrayed them on 3D-KSCs to obtain the
CuCo,0,@carbon/3D-KSCs. Secondly, used chitosan (CS) as
MIPs to form a DA-CS polymer film and electrodeposited it
on the surface of CuCo,0,@ carbon/3D-KSC to develop a MIPs/
CuCo,0,@carbon/3D-KSC integrated electrode for the detec-
tion of DA. As shown in Fig. 13a, the preparation of the DA-
imprinted chitosan (CS) film/ZnO nanoparticles (NPs)@car-
bon(C)/three-dimensional kenaf stem-derived microporous car-
bon (3D-KSC) integrated electrode was quite complicated,
which was prepared by growing ZIF-8 on 3D-KSC and carboniz-
ing under high temperature and anaerobic condition to obtain
porous ZnONPs@C nanosphere/3D-KSC, and then electrodepo-
siting the DA-CS on the surface of the nMIP/ZnONPs@C/3D-
KSC integrated electrode to form the final product of DA-
imprinted CS film/ZnO NPs@C/3D-KSC integrated electrode
for the detection of DA.”* Both DA sensors mentioned above
utilized chitosan (CS) as the functional polymer matrix for the
MIPs and employed porous 3D-KSCs as the supporting base
materials. Different ZIFs materials were allowed to grow on the
surface of the 3D-KSCs to obtain various composites by carbo-
nizing. The final MIP-based sensors were then formed by a
simple electrodeposition method on the surface of the inte-
grated electrodes. Under optimized conditions, the electro-
chemical performance of CS film/ZnO NPs@C/3D-KSC and
DA-imprinted CS film/ZnO NPs@C/3D-KSC (Fig. 13b) were
explored to demonstrate that the DA-imprinted CS film had
a strong rebinding ability to DA. Although the current density
response of ZnO NPs@C/3D-KSC toward DA was larger than
that of DA-imprinted CS film/ZnO NPs@C/3D-KSC, its selec-
tivity was poor. Moreover, the DA-imprinted CS film/ZnO
NPs@C/3D-KSC integrated electrode had a significantly lower
LOD (Fig. 13c) than the MIPs/CuCo,0,@carbon/3D-KSC inte-
grated electrode (0.039 nM vs. 0.16 uM), suggesting ZnO NPs
are a good promising candidate that combinate with 3D-KSC
to construct the electrochemical sensors. DA-imprinted CS
film/ZnO NPs@C/3D-KSC also depicted a good repeatability
and good stability (Fig. 13d and e). In addition, the use of
MIPs could improve selectivity and sensitivity due to their
unique recognition property toward DA. A complex AA-
imprinted MIP sensor has been reported, which was synthe-
sized firstly by growing ZIF-67 on carbon cloth (CC) to obtain
ZIF-67/CC as a working electrode, and then AA-imprinted
ploy(o-PD) was successively deposited through electropoly-
merization on the surface of ZIF-67/CC electrode.'®? At last,
the AA-poly(o-PD)/ZIF-67CC was placed in a mixture of K Cl
and ethanol to remove AA to obtain MIPs/ZIF-67/CC electrode.
Moreover, the MIPs/ZIF-67/CC electrode exhibited superior
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Fig. 13 (a) Schematic illustrating preparation of DA-imprinted CS film/ZnO NPs@C/3D-KSC. (b) CVs of CS film/ZnO NPs@C/3D-KSC and DA-imprinted
CS film/ZnO NPs@C/3D-KSC in 0.2 M PBS (pH = 7.0) without DA and with 0.10 mM DA. (c) DPV of DA-imprinted CS film/ZnO NPs@C/3D-KSC in 0.2 M
PBS (pH = 7.0) with different concentrations of DA. Inset: Calibration curve. (d) The current response of DA-imprinted CS film/ZnO NPs@C/3D-KSC in
0.2 M PBS (pH = 7.0) with some substances. (e) The repeatability of DA-imprinted CS film/ZnO NPs@C/3D-KSC in detecting 0.10 mM DA in 0.2 M PBS (pH
= 7.0). Reproduced with permission from ref. 74. Copyright (2019) Elsevier. (f) Illustration of the MIP/pTH/Au@ZIF-67/GCE fabrication and electro-
chemical measurement process. (g) CV curves of different electrodes in 5 mM [Fe(CN)¢l> "4~ containing 0.1 M KCL. (h) DPVs of the MIP/pTH/Au@ZIF-67/
GCE sensor toward various concentrations of Tyr in 0.1 M PBS (pH = 5.0). Inset: Calibration plot between Tyr concentration and dual-signal current

changes (Ai = |Airy| + |Airyl) with (i) MIP/pTH/Au@ZIF-67/GCE and (jii) NIP/pTH/Au@ZIF-67/GCE, and (i) the calibration plot between Tyr concentration
and single-signal current changes of Tyr (Air,). Reproduced with permission from ref. 13. Copyright (2020) Elsevier.

performance to CC, ZIF-67/CC, and NIPs/ZIF-67/CC. In addi-
tion, it has been reported another complex MIP-based dual-
signal electrochemical sensor that was used for the detection
of tyrosine: MIP/pTH/Au@ZIF-67/GCE."> The synthesis step
and the detection principle of the tyrosine-imprinted MIP
sensor were familiar with the AA-imprinted MIP sensor. The
MIP/pTH/Au@ZIF-67 composites were prepared as follows:
synthesized Au@ZIF-67 composites and modified them on
the surface of a bare GCE, then the Poly thionine was depos-
ited on the Au@ZIF-67/GCE surface by electropolymerization
method (Fig. 13f). This MIP was prepared via the CVs techni-
que, and the tyrosine template molecules were eluted from the
porous MIP membrane to carry out electron transport to
generate an electrochemical signal for the detection of tyro-
sine. It is worth noting that this sensing system is based on a
dual-signal strategy with DPV peak currents (Ai = |Aigy| +
|ita1|, |Airy:| is the current intensity increase of Tyr and |irg]|
is the peak current decrease of pTH), which showed
satisfied electrochemical performance (Fig. 13h). Moreover,
compared with the MIP/pTH/Au@ZIF-67/GCE, the peak cur-
rent of NIP (non-imprinted polymer)/pTH/Au@ZIF-67/GCE
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was not obvious, suggesting the poor conductivity of polyani-
line film and the importance of MIPs (Fig. 13g).

7. Conclusions and outlook for the
future

In recent years, there has been a growing trend of using
electrochemical sensors based on ZIFs materials or their deri-
vatives modified by different electrodes for the detection of
small biomolecules in human body fluids, owing to their
unique structures and excellent electrocatalytic performance.
Despite this progress, finding suitable sensitive and selective
sensors based on ZIFs remains a considerable challenge for
many scientists in the fields of biological, medical, and envir-
onmental research. Although a few reports have utilized ZIFs
for the simultaneous determination of multiple small bio-
molecules, there have only been a handful of sensors based
on ZIFs for detecting amino acids and adrenaline, with most
studies focusing on the detection of DA or glucose. Further-
more, some sensors have exhibited excellent electrochemical
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performance, with an exceptionally LOD of approximately
0.1 pM or even less than 0.1 pM. In addition, these working
electrodes based on ZIFs materials have been efficiently used
for the analysis of small biomolecules in real samples such as
human urine, amino acid injection, and human serum, and
have achieved satisfactory results. Furthermore, the nano-
particles or functional groups of these ZIFs or ZIFs-derived
composites can provide large surface areas, excellent conduc-
tivity, and many catalytically active sites, thereby enhancing the
sensing capabilities of these materials.

In this review, we have summarized various composites of
ZIFs with other materials, such as carbon-based materials,
metal or metal oxide-based materials, polymer materials, and
ZIFs-derived materials, for the detection of different small
biomolecules. Among these composites, various carbon mate-
rials were used most frequently, with graphene materials
being particularly popular and attracting a lot of interest from
researchers. The combination of unconventional materials with
ZIFs or ZIFs derivatives to form composites could exhibit more
advantages than using the individual materials alone, high-
lighting the importance of synergistic effects. Furthermore,
while most studies focused on ZIF-8 (Zn-based) or ZIF-67 (Co-
based) materials, it will be a new challenge for researchers to
explore other ZIFs and their derivatives in the future. Most ZIF-
derived materials have been used for the detection of glucose,
but it is crucial for scientists to develop new and effective ZIF-
derived materials to detect other small biomolecules such as
DA, UA, and AA. There are many advantages of using ZIFs or
ZIFs-derived composites as promising candidates for electro-
chemical sensing. Firstly, ZIFs belong to a subclass of MOFs
that typically exhibit stable morphology, porous or microporous
structures, and excellent physicochemical performance. Sec-
ondly, compared to other MOFs that may require the use of
organic solvents, most ZIFs can be synthesized using water as a
solvent at room temperature, making them more environmen-
tally and economically friendly. Lastly, ZIF-67 is known to form
hollow or porous structures of Co;04-carbon nanowires, which
can provide high stability for immobilizing enzymes such as
GOx, resulting in better detection sensitivity. However, despite
the development of electrochemical sensors based on ZIFs
materials, many problems and limitations still need to be
urgently addressed based on existing reports in the electroche-
mical field. For example, in most papers, the electrocatalytic
mechanism of some small biomolecules was not reported, or
only the possible electrocatalytic mechanism (such as glucose)
was reported without certainty of its accuracy. Moreover, these
ZIFs or ZIFs-derived composites can be influenced by many
factors, such as morphology, topography, chemical composi-
tion, active area, crystallographic texture, and conductivity. It is
not yet clear which of these factors may have the most sig-
nificant impact on the catalytic activity of the entire sensing
device, and further research is needed to fully understand
the underlying mechanisms. Furthermore, it has been shown
that the electrochemical procedure of DA is an adsorption-
controlled process on the electrode surface, but the charge
distribution and mass of DA and dopaminophenone inside the
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composites are still uncertain. However, with the incorporation
of graphene materials, the resulting composites can form
attractive m-n interactions with analytes, leading to an increase
in catalytic activity for electron transfer towards DA. However,
the exact role of ZIFs in these mechanisms remains unclear.
Additionally, some ZIF-based composites may be unstable in
aqueous solutions, which can cause the collapse of the crystal
structure of the composites and detachment from the surface
of the electrode. Most ZIF-derived materials use ZIF-67 as the
precursor and template, resulting in hollow core-shell nanos-
tructures. Although ZIF-8 has a similar structure and organic
ligands to ZIF-67, there is a lack of comparison experiments
using ZIF-8 as the precursor and template. Some MIP-based
sensors show better selectivity for analysis than other tradi-
tional sensors, but many reports do not provide information
on their specific reaction mechanism. Lastly, there are very
few studies involving density functional theory calculations
and molecular dynamics simulations, which could potentially
explain structure-performance relationships and reaction
mechanisms.

In summary, ZIFs or ZIFs-derived materials have numerous
advantages and great potential in electrocatalysis. However,
there are still many challenges in the detection of various small
biomolecules, and scientists will face more difficulties in
practical applications, mass production, and cost savings.
Looking ahead, there is a promising outlook for the develop-
ment of environmentally friendly composites and their applica-
tion in various fields. With the advancement of electrochemical
techniques, more biomolecules or essential compounds can be
analyzed using ZIF-based electrochemical sensing devices.
Finally, a critical challenge for scientists is to develop ZIFs or
ZIFs-derived materials that can be applied to the rapid and
simultaneous detection of multiple biomolecules.
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