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ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) are hybrid materials composed of both organic and inorganic elements. MOF
Metal organic frameworks materials, because of their unique structures and properties, such as controllable pore size, large surface area,
Nanostructures

excellent catalytic activity, and high density of active sites, are applied in electrochemical sensors systems for
the sensitive, quick, and low-cost detection of multiple analytes. MOFs, with their high specific surface area,
controllable shape, and adjustable pore volume, will provide strong interaction with compounds via abundant
functional groups, leading to increased selectivity for electrochemical determination of a wide range of com-
pounds. In this review, the structure, synthesis methods, characterization, and the applications of MOFs in recent
years as sensing material in fabricating sensors for detecting drugs, pesticides, heavy metals, food additives, and
other contaminants are summarized, compared, and discussed. Also, MOFs were used in numerous antibacterial
application areas due to their long-term release pore volume, capability, and stretch ability when integrated with
a wide range of compounds and/or substances (including nanostructures, phytochemicals, antibiotics, and poly-
mers). This review also provides a comprehensive overview of the antibacterial uses of MOFs and one’s composite
materials, with a focus on the different kinds of MOF nanocomposite and their antibacterial influence in various
uses.

Electrochemical sensors
Modified electrode
Antibacterial activity

nology [4]. Numerous MOFs are classified based on where they were
discovered, such as UiO, MIL, HKUST, and LIC [5]. MOFs are at the

1. Introduction

Metal-organic frameworks (MOFs) are crystalline compounds
formed of metal ions and organic ligands that assemble into highly or-
dered structures [1]. “MOFs” is an abbreviated form for MOFs that is a
common term for the class of compounds. Tomic’s first publication on
porous materials and MOFs in 1965 piqued the interest of scientists at
the time [2,3]. The significance of materials is determined by the role
they play in daily life and their impact on the future of human tech-
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core of contemporary coordination science and chemistry, as evidenced
by the spectacular (and always growing) amount of literature showing
up in the published studies in the last two decades (Fig. 1), which is
expected to reach 40 thousand papers by 2020. Several recent review
papers and books, for example, clearly demonstrate the enormous po-
tential of this group of materials [6]. The following five developments
can be attributed to the nearly unprecedented increase in MOF investi-

Received 25 March 2023; Received in revised form 23 May 2023; Accepted 25 May 2023

Available online 27 May 2023

1872-2040/© 2023 The Authors. Published by Elsevier Ltd on behalf of Changchun Institute of Applied Chemistry Chinese Academy of Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.cjac.2023.100286
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cjac
mailto:a.moradi400@yahoo.com
https://doi.org/10.1016/j.cjac.2023.100286
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.K.M. MAHJOOB, M. AKBARIZADEH, P. HASHEMAN et al.

4000

3500

3000 ~

2500

2000

1500

1000

Number of publications

500

0
2004 2008 2012 2016 2020

Year

Fig. 1. The amount of literature with the words “MOF” in their titles or key-
words from 2002 to 2020. Data reproduced from [6].
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Scheme 1. Application of MOFs in different fields.

gation: (1) integrative development of MOF studies with its neighbor-
ing fields, (2) framework determination, especially through X-ray crys-
tallography, and advancement of hard- and applications for assessing
adsorptive characteristics, (3) mental development of organic synthe-
sis appropriate to ligand preparation and post-synthetic modification,
(4) the always advances in uses and (5) improvements in cluster chem-
ical properties [7].

Numerous areas of science, including physics, math [8], chem-
istry [9,10] and medicine, have advanced significantly in recent years
[11-26]. Nanomaterials play an important role in many of these
sciences [27-37]. nanostructures have been widely used in cataly-
sis [38-40], batteries [41], photocatalyst [42,43], biological [44-48],
gas storage and separation [49], drug delivery [50-52], luminescence
[53], supercapacitors [54], energy storage [55], antibacterial [56],
removal [24,57,58], sensor [59], diagnosis [60-63] and so on [64-
66] (Scheme 1). MOFs because of their large surface area, the huge
number of available active metal sites, steady framework, nontoxic ex-
istence, and porous framework, MOFs have emerged as a major genera-
tion substance for many applications [67] such as essential electrochem-
ical sensors [68]. Nevertheless, the isolator properties of organic linkers
and the d-orbital involvement of coordination ions among both metal
ions and organic linkers prevent electrons from delocalizing successfully
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across the entire structure. As a result, MOFs have low conductivity and
poor stability, limiting their use in these fields. To address these issues,
a feasible plan is to develop composite materials that incorporate the
benefits of every element [69]. The use of MOF-based nanocomposite
in conjunction with some other composite materials can enhance elec-
trical properties and stability [70].

Based on the types of output signals that sensors produce, they can
be broadly categorized. Between them, electrochemical sensors are the
most distinctive and well-liked technique that allows for the analysis and
quantification of the target molecules while demonstrating considerable
reproducibility and reduced detection limits and good dynamic ranges
[71,72]. Furthermore, the benefits of in-situ sensing, immediate reac-
tion, and cost effectiveness allow it to be applied to the development
of real-time diagnoses Point-of-Care (POC) miniaturized systems even
for whole cells without endangering people. To assess a sensor’s perfor-
mance, it is essential to consider analytical parameters like sensitivity,
dynamic detection range, response time, selectivity, limit of detection
(LOD), precision and diagnostic accuracy, stability, and reproducibility
[73]. Electro-analytical processes are extraordinarily regarded for an-
alyte detecting because of their corresponding instrumental simplistic
analysis, accessibility, sensitivity, flexibility, reliability, and stability as
evidenced by research findings [1]. For the analysis of electroactive ma-
terials such as food, pharmaceutical, and environmental samples, elec-
trochemical techniques work well. Because of their high sensitivity and
selectivity, electrochemical sensors are ideal for the detection of com-
pounds. In summary, when using conventional electrodes, no peak is
observed at lower amounts of the analyte. These sensors have numer-
ous limitations that create them less appealing for market availability.
These constraints drew researchers’ attention to the possibility of modi-
fying the surface of the electrodes. Modified electrodes with appropriate
mediators play a critical role in achieving this sensitivity and selectiv-
ity [74]. Furthermore, modified electrodes can be used to investigate a
variety of materials and provide numerous benefits in the development
and design of electrochemical electrodes [75].

According to research, chemically modified electrodes (CME) have
one conductive surface that has been modified with monolayers, electro-
active thin films, or thick surface coating. The enhanced electron trans-
fer kinetics can be achieved by modifying the conductive surface [76].
Covalent bonding, irreversible absorption, electro-polymerization, self-
assembled layers, and other such modifications are examples. It is worth
noting that surface modifications play a catalytic role [77]. Further-
more, the sensitivity of measurements in electro-analytical applications
might be determined by minor changes in surface characteristics. Typi-
cally, modified surfaces result in the following scenarios:

(1) Trying to transfer the modifier’s physicochemical properties to the

sensor.

Increased electro-catalytic activity due to the use of materials with

greater surface areas, would enable a higher level of sensitivity.

(3) Because of the adsorbed functional groups and doping, the selectivity
is more toward the substance.

(4) In a wide range of compounds, rapid diffusion kinetics exist.

(5) Analyte accumulation and extraction at the sensor [78].

(2

—

Nanomaterials were crucial in the modification of sensors, which sig-
nificantly improved the potential and sensitivity of electrochemical elec-
trodes. The appropriate modification of sensors enabled the rapid detec-
tion of electroactive contaminants at extremely low concentrations and
provided a viable determination procedure available for signal fluctua-
tion and over voltage. Nanostructures have recently emerged as being
the most suitable candidates in the research area of electrode modifica-
tion, owing to their increased surface area and high catalytic character-
istics, and have had a significant impact on the detection procedures for
numerous electroactive compounds [79].

The bacterial disease, which is still one of the going to lead causes
of illness and death, is a major public health concern around the world
[80,81]. Although synthetic antiseptics, antibiotics, and other types of
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microbial biocides were discovered and developed to combat pathogens,
overuse of antibiotics results in antimicrobial resistance (AMR) [45,82—
85]. Multidrug-resistant (MDR) microbes have emerged as a result of
AMR’s emergence and spread, posing a growing threat to international
population safety. According to the latest prognostications through the
World Health Organization (WHO), antibiotic-resistant microbes impact
the safety of around 60 percent of the population every day around the
universe, and the percentage will rise to 10,000,000 by 2050, surpass-
ing cancer’s current toll [83,86]. Various studies have recently revealed
that nanostructures have excellent antimicrobial properties in the fight
against bacteria. MOFs and nanocomposites derived from them have
been considered potential antimicrobial components [87,88]. Accord-
ing to their frameworks and morphological characteristics, over 20,000
MOFs were developed to the deadline, which can be categorized as 3D
hierarchical structures, 2D nanosheets, 1D nanowires, OD nanostruc-
tures, nanotubes, and nanorods. MOFs’ diverse properties make them
perfect components for a wide range of antimicrobial uses [89-91].

This review focuses on MOF nanostructures and their application
in electrochemical detection. First, the methods of MOF synthesis and
characterization are discussed. In the following, the applications of these
nanostructures for electrochemical detection of various compounds such
as nitrofurazone, fentanyl, and heavy metal ions are investigated. In
addition, the antibacterial properties of several MOFs and composites
prepared using them were also investigated.

2. Structure of MOFs

In recent years, different sciences have made significant progress
in various fields [92-116] such as nanotechnology. There are differ-
ent types of nanostructures, among which we can mention nanofluids
[20,117-127], nano stars [128], nano layer [129], nanoparticles [130-
133], core-shell [134], nano powders [135,136], nanorods [137,138],
MOFs [139], nanosheets [140], nanoplates [141], carbon nanotubes
[142-145], etc. MOFs seem to be nano porous combination constituents
made up of metal oxo groups linked by organic groups [146,147]. MOFs
include both organic links and metal centers in their structure. Organic
connections are regarded as natural SBUs (Secondary Construction Com-
ponents) that behave as struts, whereas metal centers are inorganic SBUs
that behave as ’joints’ in MOF structures. SBUs seem to be simple geo-
metrical organizations composed of inorganic clusters decided to join
by organic material to establish a framework product that is manufac-
tured in situ in the reaction under properly defined circumstances [148].
MOFs, which are formed by the coordination of a metal ion and an or-
ganic ligand, are a highly porous 3D platform that is rich in functional
groups [149]. If MOFs were designed using expanded zeolite topol-
ogy, their inorganic and organic structures would have larger pores and
higher porosity than zeolites. High porosity size is caused by the en-
larged size of inorganic SBUs and the network dimensions caused by
massive metal clusters. Furthermore, due to rising porous structure and
extremely long organic ligands benefiting high porosity diameter, the
distance of the link among synthetic SBU is increased. MOFs as molecu-
lar building blocks are created using various metal centers and linkers,
resulting in appropriate flexibility for adjusting physical and chemical
properties [150-153]. The scheme of MOFs is depicted in Scheme 2.

3. Properties of MOFs

By blending organic and inorganic elements, MOFs have demon-
strated unique properties such as remarkably large surface area (up to
6000 m2/g), controllable structure, consistent but controllable porosi-
ties (0.5 to 2 nm), ultra-high pore volume (around 90 percent free vol-
ume), bare and completely exposed active sites, and plentiful combina-
tions (Scheme 3) [154-157]. Because of their porous structure and large
specific surface area, MOFs were also identified as a superior framework
for immobilizing chemical catalysts on conductive precursors. Further-
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more, these materials can be modified to have high selectivity towards
a specific chemical response [2,158,159].

MOFs’ distinct properties drive their rapid development in a variety
of scientific fields, including sensors. Nevertheless, a few issues, par-
ticularly low electroactivity, have hampered their widespread applica-
tion. Because most MOFs’ electrochemical-catalytic ability is subopti-
mal, obtaining ideas to enhance their electrocatalytic activity is a criti-
cal issue for furthering their applications in the electrochemical research
area [160-162]. In recent times, an increasing number of studies have
indicated the ability of MOFs for electrochemical sensors. MOF/metal
nanoparticle composites, for example, have been investigated for elec-
trochemical sensing to improve the obvious problem of MOF [163-165].
As a result, suitable MOF-based materials with high conductivity and
numerous catalytic sites must be established for the electrochemical re-
search approach.

4. Synthesis of MOF

MOF synthesis employs experimental conditions that influence the
porous structure, morphological characteristics, and crystalline nature.
As a result, it is essential to select a synthesis method that controls the
physiochemical properties of the procured ingredients. Furthermore, es-
pecially in large-scale synthesis, it is critical to consider the economic
and environmental aspects. Depending on the resulting frameworks
and properties, a variety of synthetic methods can be used to generate
MOFs. These methods include slow diffusion, reflux, electrochemical,
hydrothermal, sonochemical, coprecipitation, and thermal decomposi-
tion techniques.

4.1. Slow diffusion method

The slow diffusion method is liquid-liquid diffusion, in which two
layers of liquids refer to this process to concentration differences, one
of which is the precipitant soluble and the other of which encircles
the product. A third solvent layer separated the two layers [166,167].
The gradual diffusion of the precipitating liquid into the dividing layer
causes nucleation and growth at the interface. The reactants in two vials
of varying sizes are progressively dispersed in the second method by
diving them with physical barriers. The diffusion method allows for the
formation of single crystals suitable for the X-ray diffraction (XRD) tech-
nique as a replace for non- or poly-crystalline ingredients, mainly when
the products are dissolvable [168,169].

Singha et al. successfully synthesized a new Cd-based MOF using
the slow diffusion technique at ambient temperature to avoid energy
consumption and pressure dangers. The MOF has potential applications
in gas adsorption, separation, and catalysis due to its porous structure
and high surface area. The MOF was characterized using single crys-
tal structural characterization, powder XRD, infrared spectroscopy, and
thermogravimetric analysis (TGA). The results showed that the MOF
has a monoclinic structure system with a P21/c space group and can be
used for various applications. Further studies can optimize the synthesis
conditions for improved performance [170].

Shi et al. prepared an innovate sensitizing decatungstate-based MOF.
The interaction of [(n-C;Hg)4N14[W1005,], 3-amino-4,4’-bipyridine
(NPY) and Cu(ClO4),6H,0 by a diffusion method led to a novel 3D
decatungstate-based MOF ([Cu(NPY),(DMF)]5(W;,03,))-DMF-3CH3CN
(also known as DT-NPY) with 1D hydrophilic/hydrophobic channels.
Elements studies, Infrared spectrum, UV-Vis spectrum, single-crystal
XRD, and XRD were used to study the structural of this compound.
Under mild reaction conditions, DT-NPY development and rapid pho-
tocatalytic performance for oxidation of cyclohexane to cyclohexanol
and cyclohexanone by oxygen molecules. The photocatalyst DT-large
NPY’s catalytic performance, stability, and reusability illustrate the ex-
cellence of the decatungstate ingrained MOF over homogeneous systems
and other heterogenization techniques [171].



M.K.M. MAHJOOB, M. AKBARIZADEH, P. HASHEMAN et al.

—_— —

Ni

Zn (bpdc)

Co ...

Fe

Pyrimidine

— 0‘0%

- (BTC)
Metal ions Organic linkers
Ca
Imidazole
Cd et —
MOFs
large
’ surface area
controllable

structure

o’

Scheme 3. Properties of MOFs.

4.2. Reflux method

The reflux method has many benefits, such as simple synthesis, en-
vironmental friendliness, controllability of surface morphology through
straightforward reaction conditions, and lower cost. Because porous sur-
faces of nanostructures provide simple routes for ionic species trying
to move from either the electrolyte/electrode interface, they enhance
electrochemical properties. Furthermore, because the reflux approach is
based on a liquid solution, a solid-state interaction is not feasible [172].
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Scheme 2. Metal ions and linkers are used to synthesize MOFs
in this diagram.

4,4-biphenyldicarboxylate

1,3,5-Benzenetricarboxylate

Patel et al. synthesized two mixed ligand MOFs, [[Zn,(5NO,-
IP),(L),]1(H,0)],, (ADES-1) and [[Cd,(5NO,-IP),(L),(H,0)41(L)(H,0)
(CH30H)¢],, (ADES-2) (where 5NO,-IP=5 nitroisophthalate and L=(E)-
N’-(pyridin-3-ylmethylene)nicotinohydrazide), via various analytical
approach. ADES-1 with bulk crystalline phase was created using a tradi-
tional reflux procedure. Numerous analytical techniques, such as SXRD
analysis, were used to characterize both MOFs. All these MOFs use the
same two-dimensional topology of the network, according to SXRD ob-
servation [173].

Siva et al. synthesized a new Mn(II) containing guanidinium-MOF
using a reflux reaction strategy. The MOF was characterized using sin-
gle crystal XRD, DT-TGA analysis, UV-visible spectroscopy, and Z-Scan.
The MOF has a monoclinic crystalline phase with space group P21/c
and strong MOFs formed by Mn-Cl bonds. The MOF has potential ap-
plications in gas adsorption, separation, and catalysis due to its porous
structure and high surface area. Further studies can optimize the syn-
thesis conditions for improved performance [174].

Dhivya et al. prepared a titanium-based hetero MOF. For this pur-
pose, titanium-based MOFs NH,_MIL-125 and NTU-9 were integrated to
make a hetero MOF NTU-9/NH,_MIL-125 (HMF) via refluxing method.
It was characterized by XRD, TGA, FE-SEM, FT-IR, XPS, UV-vis (DRS)
and PL, etc. XRD analysis appears to confirm the as-synthesized MOFs’
framework structure and suggests the crystallinity and framework ex-
istence of all derived MOFs. HMF’s thermal properties are enhanced to
520 °C when compared to NTU-9, and the BET surface area of NTU-
9, NH,_MIL-125, and HMF was determined to be 986, 1267, and 550
m?2/g, respectively, suggesting their micro-porous essence [175].

4.3. Electrochemical method

MOF electrochemical formation can be performed at room temper-
ature and pressure, attempting to avoid the huge amount of energy
and risks associated with a high-temperature and high-pressure pro-
cess [176]. Furthermore, in the metal electrochemical fabrication of
MOFs, the metal component is exposed to anodic oxidation in the pres-
ence of an applied electric current, resulting in a fast and cost-effective
synthesis. The above strategy also has several benefits, including ex-
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cellent yield, reduced energy consumption, simple operation, environ-
mentally friendly nature, and the absence of the need for specialized
tools.

Electrochemical characteristics including supporting electrolyte and
applied voltage have been shown to play a significant role in adjust-
ing the morphological characteristics (size, structure, and distribution
of particles) and produce of the response [177,178]. But besides the ap-
pealing characteristics of this technique, the electrochemical reaction-
produced MOFs also are relatively low in comparison to samples pre-
pared through other processes, and systematic research on the impact
of electrochemical factors on reaction is still required.

Asghar et al. synthesized Mn-DABDC and Mn-BDC MOFs using both
electrochemical and solvothermal methods. They found that the most
important factors influencing crystal formation were electrolyte quan-
tity, current density, and response time. The optimum electrochemi-
cal conditions resulted in a shorter response time and lower fabrica-
tion costs compared to traditional solvothermal and hydrothermal tech-
niques. The electrochemical method also reused nitrate counterions and
used atmospheric temperature, making it a more cost-effective approach
for designing and formulating advanced products with the potential for
higher yield [179].

4.4. Hydrothermal method

The hydrothermal techniques were used to create a variety of MOFs
with various sizes, morphologies, and lattice parameters. But even
though a large number of MOFs have been revealed to date, numerous
problems remain to be addressed, including surface charge, size, stabil-
ity, toxic effects, and shape [180]. The above factors are not distinct and
interact with one another. In general, hydrothermal synthesis of MOFs
includes combining ionic species substances and organic ligands in a
solute and having to hold the combination at extreme temps (greater
than 99 °C) for long periods. MOF production involves some levels, as
illustrated below [181]:

Reactant Reactant Nucleation Crystal

mixture growth

MOFs are produced at high temperatures in order to produce a good
production of crystallites in a reasonable amount. The chemical com-
position of the reagents, pH, and temperature are the parameters in the
fabrication. To achieve a nano-sized substance, surfactants or compound
frameworks are typically used in the fabrication way [182].

Liu et al. used hydrofluoric acid pre-treatment and hydrothermal in
situ growth techniques to fabricate a new novel Mg-MOF-74/MgF, com-
pound covering. Using traditional biocompatible MOF material made of
2,5-dihydroxyterephthalic acid and Mg?*, Mg-MOF-74 was produced.
Mg-MOF-74/MgF, was synthesized using 2,5-dihydroxyterephthalic
acid (0.8 mmoL) and magnesium nitrate hyxahydrate (2.5 mmoL)
as a starting material [183]. Fig. 2 depicts a schematic representa-
tion of the manufacturing system for Mg-MOF-74/MgF, compound
covering.

Cheng et al. used a microwave hydrothermal technique to suc-
cessfully synthesize a new hybrid MOF (Cd/Zr-MOF) with Zr** and
Cd?* including 2 different ionic species and terephthalic acid (H,BDC)
as an organic linker. On the Cd/Zr-MOF system, the effects of the
Cd/Zr molar percentage and reaction conditions have been thor-
oughly investigated. Zirconium 1,4-dicarboxybenzene MOF (UiO-66,
i.e., Zrg(OH)4(CgHgO4)6) has a fantastic hydrothermal and chemical
stability in Zr-based formwork due to its rigid face-centered cubic for-
mation through twelve coordination. A recent study has also found that
Cd(I)-based MOFs with metal ion doping via ionic interaction operate
well in the selective adsorption and photodegradation of various com-
pounds [184].
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4.5. Sonochemical method

Sonochemical production seems to be a cost-effective, environmen-
tally sustainable, and simple process that is gaining popularity in MOF
fabrication due to its energy efficiency, short reaction rate, and ease
of use. Ultrasonic energy (20 kHz 10 MHz) is required to cause phys-
ical or chemical improvements in compounds caused by bubbles in
solvents that have gone through the cavitation technique’s role in the
creation, growth, and instantaneous collapse under ultrasound waves
[185]. At high pressure and temperature, short-lived local hot spots
(around 5000 K and 500 bar) can be created, while the chemical pro-
cess is also supported by the excessed crystal nuclei developed under ex-
treme conditions [186]. In comparison with the conventional hydrother-
mal and solvothermal techniques, the nucleation centers of MOFs might
be produced homogeneously with a significantly reduced crystalliza-
tion period using sonochemical formation; thus, sonochemistry has been
commonly used during the production of MOFs over the recent century.
The arrangement of MOFs is said to be controllable by adjusting ul-
trasonic levels of power, and the prepared nanoparticles have smaller
particle sizes [187].

Yu et al. successfully synthesized Zr-based porphyrinic MOFs, MOF-
525 and MOF-545, using a sonochemical method in a shorter time
and with higher purity compared to traditional methods. The physic-
ochemical characteristics of the MOF structures were investigated using
XRD, SEM, N2 adsorption-desorption isotherms, UV-vis spectrometry,
TGA, and an inductively coupled plasma mass spectrometer. The sono-
chemically produced MOF components had more defect sites and bet-
ter textural characteristics than traditionally organized MOF samples,
and the particle size of MOF-545 was considerably smaller. Overall,
this method resulted in increased crystal pureness, decreased fabrica-
tion time, and enhanced physicochemical characteristics of the MOF
structures [188].

Tanhaei et al. created 2-fold interpenetration zinc-based
MOF/graphene oxide (TMU-16-NH,/GO) nanocomposite products
at ambient temperature and pressure using a simple, large-scale, and
clean sonochemical methodology. The effect of graphene oxide concen-
trations on the structure and shape of TMU-16-NH,/GO combination
nanomaterials has been investigated. The appearance of GO alters the
surface characteristics of nanomaterials, and the rod thickness of the
GO-TMU-16-NH, reduced as the GO concentration was increased, while
the bundle-like shape has become more irregular. The materials were
studied by SEM, PXRD, FTIR spectroscopy, and BET. Pure MOF and
nanocomposites MOF/GO components both have a porous structure
with a small number of mesopores. The achieved results show that
this method is appropriate for the production of some of the other
MOFs/GO nanocomposites and could have a wide range of potential
applications in various industries [189].

4.6. Coprecipitation method

The co-precipitation method is beneficial over other chemical and
physical methods, including flexibility of reaction conditions, ease of
processing, high crystallinity, and the capacity to make a product in
greater volumes. Furthermore, the co-precipitation procedure can be
used to create materials with narrower crystal sizes and porous struc-
ture morphologies. Nevertheless, such a strategy necessitates the use of
high-quality liquids, water for washing, and also more drying conditions
[172].

Zhou et al. used nanosized silica-coated zerovalent iron and MOF-
5 to make preparations for new magnetic nanocomposites of type
Fe@MOF-5 using a co-precipitation approach. TEM and XRD were used
to examine its morphology and structure. The findings revealed that
the established process used to have some benefits, including ease of
material preparation, easy procedure, easiness, and low price, making
Fe@MOF-5 suitable candidates for combining magnetic materials and
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MOFs and expanding their approval process in the analysis and envi-
ronmental areas [190].

4.7. Thermal decomposition method

Recently, a new method of preparation, thermal decomposition from
MOFs as precursor materials to make preparations for nano-metal ox-
ides, has been quickly developing. Numerous investigators have used
this technique to produce several more metal oxides, which have been
used in a variety of fields. Metal oxides with unique surface morphol-
ogy could be created by combining different types of MOFs, and these
metal oxides can inhibit the agglomeration of composite materials while
also lead generation nanopores, improving the contact among both
nanoscale particles and metal oxides. Conventional processing condi-
tions could resolve problems such as particle agglomeration, irregu-
lar dispersion of active ingredients, and uncontrollable nanostructure
[191].

MOFs have been commonly used in the thermal treatment of corre-
sponding porous metal oxides. The high thermal procedure, on the other
hand, every time results in metal oxides with huge crystal sizes, reduc-
ing their specific surface area. Igbal et al. synthesized a nanocompos-
ite MOF (Fe,Ni-MIL-88B) through the use of cluster fabrication, which
was then thermally decomposed in the atmosphere to yield nanocrystals
NiFe, 0, nanorods (NRs) of various sizes. The pristine MOF’s stoichiom-
etry of Fe:Ni (2:1), as well as its pore volume and crystal morphological
characteristics, were maintained in the final spinel nickel ferrites. Their
strategy, which eliminates the use of higher boiling point liquids and
surfactants, has the potential to be advanced to achieve other spinel
ferrites including CoFe,0, and MnFe, 0,4 [192].

5. Characterization of MOFs

XRD patterns, FESEM, TEM images, FT-IR spectrum, and TGA anal-
ysis were used to characterize and analyze the manufactured MOF spec-
imens.

5.1. XRD of MOFs

Alduhaish et al. described an environmentally friendly and simple
photocatalytic process for the production of Zr-containing MOF-801 and
a silver (Ag) NPs-based composite (Ag@MOF-801). The photocatalytic
possession of the metal center (Zr) of MOF was included in this tech-
nique to develop a new generation and deposition of Ag NPs on the
surface of the MOF-801 when exposed to illumination. XRD was used to
confirm the important to incorporate of Ag NPs [193]. Using AgNO; as
a starting material, Ag NPs were placed on MOF-801. The visible source
of light and photocatalytic characteristics of the metal center (Zr) of
MOF was used in this efficient and environmental strategy to enhance
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Fig. 2. The preparation of the Mg-MOF-74/MgF, composite
coating is depicted in a schematic diagram. Data reproduced
from [183].
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Fig. 3. XRD patterns of MOF-801 and Ag@MOF-801. Data reproduced from
[194].

the successful reduction of metal precursors to create the Ag@MOF-801
combination. At first, the creation of MOF-801 was confirmed by com-
paring the XRD pattern of the as-prepared MOF (see Fig. 3) to previ-
ously published results. As can be seen in Fig. 3, the XRD pattern of
Ag@MOF-801 contains numerous supplementary reflections in addition
to the MOF-801 characteristic reflections, namely the reflections at 10°,
13.9°,19.9°, and 21.7°, which are given to the (200), (222), (420), and
(440) planes. The supplementary reflections seen at 37.5°, 44.1°, 64.3°,
79.3°, and 81.2° are the typical reflections of Ag NPs from the (111),
(200), (220), (311), and (222) Miller indices. The above demonstrates
that the Ag NPs on MOF-801 formed an extremely high nanocrystals,
face-centered cubic (fcc) frame [194].

Gaikwad et al. presented 3 new and more effective MOFs derived
from the organic ligands 1, 3, and 5-tris (1H-benzo[d]imidazole-2-yl)
benzene (TIBM). The established TIBM crystal particles, the PXRD to
prove the crystalline phase, TGA measurements to investigate the ther-
mal stability, the BET technique for analysis of structures, and SEM were
used to approximate the morphological characteristics of the nanopar-
ticle. The performance of the TIBM-MOFs had been improved, and the
components were effectively dopant with three ionic species via ionic
compounds. The XRD pattern of the TIBM-MOFs matched the designed
to simulate the structure of UiO-66 from the Cambridge Structural Data
file (CCDC 837,796). The patterns of TIBM-Cu and TIBM-Al seem to be
constant with that of the Cu-BTC and HKUST-1, respectively, whereas
TIBM-Cr is comparable to MIL-101 (Fe) and Fe-BTC, verifying the suc-
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Fig. 4. A figure of the ligand and Y/Eu-MOF infrared spectra. Data reproduced
from [128].

cessful formation and integrity of the crystalline lattice after coordina-
tion with TIBM. A widespread peak indicated chelation and a sharp peak
at 20 qualities of 9° and 18°, respectively, providing strong indications
of the crystalline phase of the TIBM-Al Compound. The Cr-TIBM MOF
showed blunt peak intensities at 20 values of 10° and 18°-20°, a signifi-
cant increase in the MOFs’ crystallization level. The Cu-TIBM MOF, on
the other hand, demonstrated sharp crystal peaks similar to those of the
Cu-based MOFs [195].

5.2. FT-IR of MOFs

Vaidya et al. developed a method to encapsulate glucoamylase
within ZIF-8 using functionalized carboxymethylcellulose (CMC) un-
der mild aqueous conditions, resulting in a glucoamylase bio-MOF. The
structural changes were investigated using FT-IR spectroscopy, which
revealed successful synthesis of the bio-MOF. The MOF had a mean-
ingful band of Zn-N at 418 cm~! and diffraction peaks at 692.79, 760,
953.16, and 1306.79 cm~!. CMC had diffraction patterns at 3281, 3355,
3423, and 2829 cm™!, while the glucoamylase bio-MOF spectra showed
the recognizable amide I band at 1668.38 cm™! along with all peaks
correlating to bio-MOF, confirming the effective encapsulation of glu-
coamylase into bio-MOFs [196].

Makuve et al. investigated a cadmium(II) MOF, [Cd(bdc)(DMF)],
(MOF1), synthesized by treating benzene-1,4-dicarboxylic acid with
four equivalents of [Cd(NO3),]. MOF1 was being used to support Pt, Ni,
and Pd nanoparticles, resulting in MOF1/Pt, MOF1/Ni, and MOF1/Pd.
FTIR was used to characterize these MOF-based substances. FTIR anal-
yses (Fig. 4) were used to describe the attribute carboxylate moiety
(C=0) and investigate adjustments in binding mode throughout MOF
Fabrication. In MOF1, the observed C=O0 stretching in the linker (bdc)
at 1666 cm~! shifted to a reduced absorbance peak of 1652 cm~1.
This demonstrates the metalation procedure of bdc. MOF1, MOF1/Pt,
MOF1/Ni, and MOF1/Pd FTIR spectra all have the same absorption
band. The N-H stretching vibration of the amine group of the 3-amino-
4-hydroxbenzoate ligand is credited to a thin peak at around 3617cm™1
in the FTIR spectrum of Y/Eu-MOF. The spectrum also demonstrates an
extreme and broad band contributed to the free ligand’s O-H bond, as
well as the establishment of poor bands among 3325 and 2917 cm™! cor-
responding to the C-H vibrations of the aromatic ring of the 3-amino-4-
hydroxybenzoate linker. Peaks in the 1683-1408 cm™! range are caused
by asymmetric stretching vibrations of carboxylate groups and aromatic
C-C and C-N bonds. The reduced range of signals, 1390-1263 cm~!, can
be connected to symmetric stretching vibrations of carboxylate groups.
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The residual peaks at low frequency resulted from ligand aromatic and
carboxylate group distortions. Below 660 cm~, vibrational bands M-O,
and M-N bonds are demonstrated [197].

5.3. FESEM of MOFs

Rabiee Faradonbeh et al. successfully synthesized Cu(tpa)(DMF)
(Cu terephthalic acid dimethylformamide) MOF-5 and its hybrids by
hydrothermal process. SEM images of MOF-5Cu and MOF-5-Graphene
hybrids (30%) were examined. The SEM results of the MOF-5 and MOF-
5-Graphene hybrid 30 percent demonstrate that graphene sheets act as
partitions and are placed among MOF-5Cu platelets. In the cubic crys-
tals, the SEM of MOF-5Cu is immediately evident. Terephthalate link-
ers are coordinated to a Cull dimer in a bidentate connecting manner
in this compound. So every Cull atom is also coordinated to a DMF
molecule, resulting in a square-pyramidal coordination geometry for the
Cull atoms. As a result, the Cull molecules are coordinated with the tpa
linkers in the system. These layers are then bonded using weak stacking
interactions comparable to MOF-5 [198].

Nguyen Thi et al. used the solvothermal process to make specimens
of the bimetallic-based NH,_MIL-125(Ti) with a Mn*/Ti**ratio of 0.15
(Mn*:Ni%*, Co?*, and Fe®*). XRD, FTIR, Raman spectra, SEM, BET, and
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) were used to in-
vestigate their basic characteristics. SEM images were used to exam-
ine the surface morphologies of NH,_MIL-125(Ti) and 15% M/Ti-MOFs
(M:Ni, Co, and Fe) (Fig. 5). The obtained samples were made up of a few
well-crystallized block-like molecules of various shapes, as shown in the
reduced-magnification SEM images (Fig. 4). The disk-shaped molecules
and narrow, in the NH,_MIL-125(Ti) have a mean size of 0.7 m, which
is comparable to the catalyst used in recent research conducted. When
the transition metal ions were added to NH,_MIL-125(Ti), the grain size
rose exponentially [199].

Utilize zinc acetate dehydrate and benzene-1,4-dicarboxylate (BDC)
at various temperatures, 90 °C, and ambient temperature either with or
without tri-ethylamine (TEA) as a capping agent, Mehmandoust et al.
prepared the MOF-5 by solvent and solvothermal techniques through
the self-assembly of main building blocks. SEM was used to characterize
the samples. SEM images revealed that the frameworks are cube-shaped
in structure with a rough surface. The appearance of tri-ethylamine in
MOF-5(I) and MOF-5(1I) precludes the crystallization process, resulting
in smaller particle sizes. Because of the growing phenomenon in MOF-
5(III) and MOF-5(IV), rising temperatures led to an increase in particle
size (IV). MOFs with cubic structure have an average size of 250 nm for
MOF-5 (I), 100 nm for MOF-5(II), 800 nm for MOF-5(III), and 600 nm for
MOF-5(IV) based on SEM images. These findings support the hypothesis
that the process conditions alter the size of MOF-5 and that the use of a
capping agent induces MOF-5 to be created in a smaller size using the
solution method [200].

5.4. Thermogravimetric analysis (TGA) of MOFs

Shaik et al. demonstrated the prepared methods and applications of
catalysis of Zr-fumarate-MOF (also known as MOF-801). A wide range
of characterization methods, such as XRD, SEM, EDX, FT-IR, BET, and
TGA analyses, have been used to confirm the creation of MOF-801 and
its structural stability. MOF-801 was exposed to TGA analysis (Fig. 6) to
determine its thermal stability that confirmed losing weight up to 500 °C
in 3 steps. The sample lost 25% of its weight at temperatures around
125 °C, which can be attributable to the sample losing humidity. Fol-
lowing that, at approximately 125 and 350 °C, some other 25% to 30%
losing weight happened caused by the evaporation of guest molecules,
including such solutes, from the sample’s cavities. The sample began
to disintegrate after continued heating above 350 °C, and it was en-
tirely broken down at 500 °C involving the breakdown of the carboxy-
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Fig. 6. TGA analysis of MOF-801. Data reproduced from [132].

late group network; this suggests the sample’s good thermal stability
[201].

Mohan Reddy et al. developed 3 nanodiscs ZnO@MOFs, ZnO@ZIF-8
(1), ZnO@INA (2), and ZnO@NA (3), using the structural support blocks
isotonic acid, nicotinic acid, and 2-methylimidazole. FTIR spectroscopy,
PXRD spectra, SEM analysis, BET analysis, and differential thermal anal-
ysis (DTA) are used to characterize these composite materials. Accord-
ing to TGA tests, these MOFs are stable at temperatures between 400
and 450 °C. The specific surface areas of ZnO@INA, ZnO@NA, and
ZnO@ZIF-8, are determined using N, adsorption—desorption isotherms.
BJH model was used to evaluate porosity. The ZnO@ZIF-8 isotherm
curve is a typical type I adsorption—desorption isotherm that is simi-
lar to the porosity of 2.48 nm microporous substances. The ZnO@NA
and ZnO@INA isotherm curves seem to be type IV isotherms that also
relate to the compounds with porosities of 23.24 and 6.31 nm, respec-
tively. ZnO@ZIF-8, ZnO@NA, and ZnO@INA have BET specific surface
areas of 782.695, 77.539, and 13.44 m2/g, respectively. When com-
pared to simple ZnO nanoparticles, the appearance of zinc oxide NPs
in ZnO@MOFs enhances the active surface area (from 1 to 4 m2/g).
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Fig. 5. SEM image of NH,_MIL-125(Ti) and 15% M/Ti-MOFs
(M:Ni, Co, Fe). Data reproduced from [199].
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ZnO@INA, ZnO@NA, and, ZnO@ZIF-8 have pore sizes ranging from,
4.51 to 6.31 nm, 13.87 to 23.24 nm, and 2.18 to 3.78 nm, respectively
[202].

5.5. TEM images of a number of widely used MOFs

The adsorption features of magnetic montmorillonite (MMMT) for
Pb(II) are excellent. Shen et al. used in situ polymerization to change
Zn-BDC, a type of MOF, onto the surface of MMMT to improve its ad-
sorption performance. TEM was used to characterize the nanocompos-
ites MMMT@Zn-BDC. The structures, morphology, and properties of
MMMT@Zn-BDC, Zn-BDC, and MMMT were investigated using TEM.
Fig. 7a demonstrates Fe;O0, nanoparticles that are roughly spheri-
cal and MMT anomalous crystalline when the amplified diameter is
over 450 nm. The distribution of Fe;0, and MMT is nearly identi-
cal. This was affirmed that MMMT had been successfully fabricated.
The Zn-BDC crystals in Fig. 7b are also irregular, with a narrow lat-
tice structure. Fig. 7c demonstrates a narrow lattice structure formed
after Zn-BDC seems to be created on the MMMT surface. This was
ascertained that a narrow lamellar framework had been successfully
fabricated [203].

Liu et al. used numerous specific assembly methods to make 3 kinds
of ternary MOF-on-MOF nanostructures. Using a solvothermal tech-
nique, a tetragonal structured Ti-centered MOF (MIL-125, space group
I4/mmm, lattice parameters a = 18.65 and ¢ = 18.14) was produced
as the host. The length and width, respectively, are approximated to
be 500-640 and 125 nm. The solid character of MIL-125 can be seen
in TEM images. The kinds of binary heterostructure seem to have a
sandwich-like framework, according to TEM findings. The intermediate
Ti-rich layer is sandwiched by two sides Co-rich layers, as seen in the
high-angle annular dark-field scanning TEM (HAADF-STEM) and corre-
lating element mapping images seen as perpendicularly to the nanocake
top/bottom surface [204].

6. Application of MOFs in the detection of food contaminants and
drug ingredients

Electrochemical detection is a powerful analytical technique that in-
volves the conversion of chemical information into electrical signals.
In electrochemical detection, the analyte of interest undergoes a redox
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Fig. 7. TEM images of (a) MMMT, (b) Zn-BDC, and (c) MMMT@Zn-BDC. Data reproduced from [203].

reaction at an electrode, which generates a current or voltage signal
that is proportional to the concentration of the analyte. The funda-
mental principles of electrochemical detection are based on the prop-
erties of electrodes and the behavior of electrochemical reactions. Elec-
trodes are materials that can conduct electricity and are used to trans-
fer electrons between the analyte and the electrical circuit. Electrodes
can be made of various materials, including metals, metal oxides, car-
bon, and conductive polymers. When an electrode is immersed in a
solution containing an analyte, the analyte can undergo a redox reac-
tion with the electrode. Redox reactions involve the transfer of elec-
trons between the analyte and the electrode, resulting in the forma-
tion of a reduced or oxidized species. The direction and magnitude of
the electron transfer depend on the electrochemical potential difference
between the analyte and the electrode. The electrochemical potential
difference between the analyte and the electrode can be measured us-
ing various electrochemical techniques, including voltammetry, poten-
tiometry, and amperometry. Voltammetry involves the application of
a voltage ramp or step to the electrode, while the resulting current is
measured. Potentiometry involves the measurement of the potential dif-
ference between two electrodes, while amperometry involves the mea-
surement of the current flowing through the electrode. The sensitivity
and selectivity of electrochemical detection depend on several factors,
including the electrode material, the type of redox reaction, and the
measurement technique used. For example, the selectivity of electro-
chemical detection can be improved by using modified electrodes that
can selectively bind to the analyte of interest. Additionally, the sen-
sitivity of electrochemical detection can be enhanced by optimizing
the electrode surface area, the applied potential, and the measurement
conditions. Electrochemical detection has a wide range of applications
in analytical chemistry, including the detection of biomolecules, envi-
ronmental pollutants, and pharmaceuticals. Electrochemical biosensors,
for example, use enzymes or antibodies as recognition elements to se-
lectively detect specific analytes, such as glucose or cholesterol. Elec-
trochemical sensors can also be used for in situ monitoring of indus-
trial processes, such as the detection of corrosion or the monitoring
of fuel cell performance. Overall, electrochemical detection is a ver-
satile and powerful analytical technique that provides a sensitive and
selective means of detecting a wide range of analytes. With contin-
ued advances in electrode materials, redox chemistry, and measurement
techniques, electrochemical detection is likely to play an increasingly
important role in analytical chemistry and other fields in the coming
years [205,206].

Electrochemical detection of antibiotics involves using electrochem-
ical sensors to detect the presence and concentration of antibiotics in
a sample. Antibiotics are commonly used in medicine and agriculture
to treat and prevent bacterial infections, but their overuse can lead to
antibiotic resistance, which is a growing global health concern. There-
fore, it is important to monitor the levels of antibiotics in various en-

vironments, such as food, water, and clinical samples. Electrochemi-
cal sensors work by measuring the changes in electrical properties of
a material when it interacts with a target analyte. Antibiotics can be
detected electrochemically by functionalizing the surface of the sensor
with specific receptors or enzymes that can selectively bind to the tar-
get antibiotic. When the antibiotic binds to the receptor or enzyme, it
causes a change in the electrical properties of the sensor, which can be
measured and correlated with the concentration of the antibiotic in the
sample. Several electrochemical techniques can be used for antibiotic
detection, including cyclic voltammetry, amperometry, and impedance
spectroscopy. These techniques offer advantages such as high sensitiv-
ity, selectivity, and rapid response times. Additionally, electrochemi-
cal sensors can be miniaturized and integrated into portable devices for
on-site analysis. Overall, electrochemical detection of antibiotics offers
a promising approach for monitoring antibiotic levels in various envi-
ronments and can contribute to efforts to combat antibiotic resistance
[207,208].

Nitrofurazone (5-nitro-2-furaldehyde semi-urea) (NFZ) seems to be
a wide antibiotic made from nitrofuran compounds. NFZ is antibac-
terial and has good resistance to a wide range of Gram-positive and
Gram-negative bacteria [209]. It can treat skin problems as well as try-
panosomiasis. NFZ can be teratogenic and carcinogenic, and it can be
consumed by humans through the food system. The use of NFZ for an-
imals and humans has been prohibited by the Chinese Department of
Agriculture. Nevertheless, because of its strong antibacterial quality and
reduced cost, NFZ is still widely used illegally. As a result, a quick, sen-
sitive, useful, and effective method of analysis for NFZ data is presented
[210]. Electrochemical determination seems to have a cheaper price,
easier sample processing, good selectivity, and a quick detection time
when compared to all other analysis methods. That many electrochemi-
cal sensors, on the other hand, have trouble recognizing a specific sam-
ple. As a result, molecular imprinting technology (MIT) must be made
to improve the specialized detection performance.

Cheng et al. proposed a new molecularly imprinted electrochemical
electrode for nitrofurazone detection that is both sensitive and efficient
(NFZ). Cr,05 deduced from an MOF, Ag nanoparticles, and biomass car-
bon (BC) from walnut shells were used to modify the electrode. Silver
nanoparticles are grown on the surface of Cr-MIL-101 to produce Cr-
MIL-101/Ag, which is then calcined with BC to produce the nanocom-
posites BC/Cr,03/Ag. The obtained Cr-MIL-101 seems to have a homo-
geneous octahedral morphology with a particle diameter of 400 nm,
according to SEM and TEM images. On the outside of Cr-MIL-101, Ag
Nanoparticles were prepared in situ. This substance increases the elec-
trode’s efficient surface area and electron transport potential, thereby
raising the current response. The application of molecularly imprinted
polymer (MIP) toward the surface of nanocomposites could also enhance
the specific recognition capacity of modified sensors for NFZ. MIP was
synthesized through precipitation polymerization of acrylamide (AM)
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and methacrylic acid (MAA) as polyfunctional monomer units and NFZ
as the framework. The MIP achieved with the precipitation polymeriza-
tion process creates a spherical shape. Through hydrogen bonding, MIP
could ultimately have consequences for NFZ, increasing the sensitivity
of modified sensors. Furthermore, the surface of the electrode modified
with BC/Cr,03/Ag/MIP is harsh and void-filled. The presence of voids
promotes the transfer of electrons and enhances the NFZ’s electrochem-
ical performance. The electrochemical performance of bare electrodes
and various fabrication sensors was studied using cyclic voltammetry
(CV). At 0.2 and 0.3 V, the bare electrode shows two distinct redox
signals of potassium ferricyanide. Due to Cr-poor MIL-101’s conductiv-
ity, the signal current of the procured CV is determined accordingly. In
situ growth of Ag NPs on Cr-MIL-101 shows significant improvements in
conductivity, demonstrating that the peak intensity of Cr-MIL-101/Ag is
greater than that of the unmodified sensor. Cr-MIL-101/Ag had been ev-
idenced upon that BC surface that would improve conductivity and lead
to the formation of BC/Cr-MIL-101/Ag. The mixture is then calcined
at extreme temps to produce BC/Cr,03/Ag. The BC/Cr,03/Ag curve is
significantly greater than the BC/Cr-MIL-101/Ag curve, suggesting that
the conductivity is considerably enhanced. It’s due to the composite’s
enhanced effective surface area that enhances the transfer of electrons.
The maximum current had been effectively diminished after MIP and
NIP were added to add drop-wise to the composite surface. The differen-
tial pulse voltammetric (DPV) current response of a modified electrode
(BC/Cr,03/Ag/MIP/GCE) to NFZ demonstrated a great linear correla-
tion among 5 x 10~ to 1 x 10~> M in the most appropriate experimental
situation, and the limit of detection was 3 x 10~° M. The above tech-
nique is extremely reproducible, sensitive, stable, and selective. Further-
more, BC/Cr,05/Ag/MIP/GCE was used to detect NFZ in real samples.
To test the appropriateness of BC/Cr,03/Ag/MIP/GCE electrochemi-
cal sensors for nitrofurazone in real samples, pharmaceutical agents,
urine, drug-free plasma, and used (nitrofura powder). The NFZ recov-
ery of this sensor was determined using standard addition techniques.
Before the analysis, the urine and plasma were dissolved 100 times in
PBS (pH = 7). The detection method is then preserved under optimal
experimental parameters for statistical analysis by gradually adding a
solution of NFZ in the dynamic range of the calibration curves. The stan-
dard curve was used to measure the composition of spiked NFZ in serum
and urine samples. Urine recoveries ranged from 98.20 to 102.84 per-
cent, with a maximum RSD of 4.00 percent. Serum sample recoveries
were 98.86 percent, and 103.04 percent and the highest RSD was 4.12
percent. The recovery of NFZ shows that the BC/Cr,03/Ag/MIP/GCE
electrochemical electrode can be used to reliably analyze body samples.
The BC/Cr,03/Ag/MIP/GCE strategy is a dependable method for deter-
mining NFZ in body samples [211].

Diabetes is presently a prevalent infectious disease that poses a sig-
nificant threat to public health. As a result, establishing a simple and
sensitive glucose determination technique is critical for the specific di-
agnosis and control of diabetes. Nonenzymatic electrochemical glucose
diagnosis has attracted widespread attention advantages of Economical,
high sensitivity, and simple operation when, especially in comparison
to spectroscopy, colorimetry, and fluorescence analytical techniques.
Nonenzymatic electrochemical glucose detection is common due to its
fast response, simplicity of use, low cost, and repeatability. Zhang et al.
initially produced Co-Cu MOFs components using solvothermal method-
ologies. Secondary solvothermal sulfurization produced several small
pores spindle-like Cu-Co sulfide microspheres that maintained the mor-
phological characteristics of the MOFs byproducts. According to elec-
trochemical measurements, the as-synthesized Cu-Co sulfides have awe-
some nonenzymatic glucose detection capabilities. Because once com-
parison to CuS, Co(II) ion-doped CuS enhances conductivity and elec-
trochemical performance.

The CV curves of the unmodified electrode and copper-cobalt sulfide-
modified sensors in the 0.1 M NaOH electrolytic solution 1 pM Glu-are
seen in Fig. 8a. The unmodified electrode seems to not react to glucose,
the CuS- and Co-CuS-1-modified sensors have inadequate redox peaks,
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and the Co-CuS-2-modified electrode seems to have a two of apparently
reversible redox at 0.45/0.60 V (vs. Ag/AgCl), suggesting that the Co-
CuS-2 sample has the perfect response to glucose. The CV curves of CuS,
Co-CuS-1 and Co-CuS-2 at various glucose levels can be seen in Fig. 8b—
d, and also the redox peaks of the Co-CuS-2 sensor are the greatest,
suggesting that this substance seems to have the perfect electrochemical
behavior for glucose of the three specimens. The three major steps can
be used to explain the potential redox process of glucose:

CuCo—-S+OH™ + H,0 — CuSOH + CoSOH + e~
CoSOH + OH™ — CoSO + H,0 + e~

CuOSH + CoSO + glucose — CuS + CoSOH + glucolactone

A 1LOD of 0.1 M at a potential of 0.55 V, the sensitivity was
1475.97 pA/(mM/cm?) and the dynamic range of the Co-CuS-2 sen-
sor for glucose detection was 0.001-3.66 puM, which was significantly
higher than that of the CuS and Co-CuS-1 specimens. The above research
offers an appropriate technique for detecting glucose and created a new
avenue for enhancing the electrochemical development of non-enzyme
electrochemical sensors [212].

Fentanyl is a particularly successful analgesic and narcotic drug that
is extensively used during anesthesia and chronic pain management.
Naghian et al. created a straightforward electrochemical approach for
detecting fentanyl in the electrolyte solution. A screen-printed carbon
electrode (SPCE) was modified by trying to cast a MOF on its surface.
To make the modified electrode, Zn(II)-MOF was distributed in Deion-
ized water (5 mg in 2 mL), then 5 pL of the as-prepared suspension was
dropped onto the surface of SPCE and dried in an oven at 50 °C. The
electrochemical behavior of the as-prepared sensors was evaluated uti-
lizing the cyclic voltammetry (CV) method. Electrochemical properties
in a 5 mM K3[Fe(CN)g1/K4[Fe(CN)g] compound including 0.1 KCI in
the potential range of 0.3 to 0.7 V were conducted for this aim. The re-
duction and oxidation signals of K3 [Fe(CN)g]1/K4[Fe(CN)g] at the SPCE
surface are really weak. When the sensor was modified with Zn(II)-MOF,
a redox signal for the K3[Fe(CN)g1/K4[Fe(CN)g] solvent revealed a sig-
nificant improvement of 62 mV, revealing that this sensor has greater
ability than the bare sensor. Electrochemical reactions can be influenced
by specimen and instrument circumstances including scan rate and so-
lution pH. The influence of scan rates was investigated by measuring
the CV of fentanyl (100 M) in PBS solution (0.1 M, pH = 7) at differ-
ent scan rates ranging from 10 to 200 mV/s. With a slope of 0.735 and
a correlation coefficient (R2) of 0.981, the linear relationship between
the logarithm of the scan rate and the logarithm of the peak current
demonstrates both absorption and diffusion behavior of the transfer of
electrons on the Zn(II)-MOF/SPCE surface. At the logarithmic scan rate,
a Tafel plot was achieved from the measured potential curve. This can
be indicated as a two-electrons process by using the slope of potential vs
the logarithm of the scan rate (slope = (1 — «) nF/2.303 RT). Fentanyl
had an electron transfer coefficient of 0.67. The catalytic constant (k)
was also determined using the E-logv graph and the Laviron equation.

logk, = alog(l— a)+(1— a)loga — log(RT/nFv) — a (1 — a)(nFAEp/Z.B RT)

Where the letters n, F, R, and T have their usual definitions. The
catalytic constant (k) was determined using the Laviron equation and
found to be 3.081 s~!. The electrochemical performance of fentanyl on
the working electrode, on the other hand, was investigated using the
DPV approach. The impacts of the scan rate and pH on the cyclic voltam-
metry (CV) and DPV answers, respectively, were used to determine the
best experimental results. Fentanyl seems to have an irreversible perfor-
mance at a potential of 0.9 V, and its current increases in the appearance
of MOF, according to the findings. For fentanyl in an aqueous system,
the development of the proposed sensor with the DPV approach revealed
a detection limit of 0.3 uM in the range of concentrations of 1-100 pM
(dynamic range). The modified electrode was effective in detecting low
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Fig. 8. (a) CV curves of CuS, Co-CuS-1,
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—— Co-CuS-1
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Co-CuS-2, and unmodified electrode in
0.1 M NaOH electrolyte containing 1 pM Glu
(20 mV/s). CV curves in NaOH solution with
different glucose concentrations: (b) CuS, (c)
Co-CuS-1, and (d) Co-CuS-2 (100 mV/s). Data
reproduced from [212].
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concentrations of fentanyl in urine and serum, which can be used as real
samples [213].

Alsafrani et al. prepared a new category of conductive MOF,
polyaniline-aluminum succinate (PANI@AI-SA) nanocomposite, via the
oxidation process of aniline monomer with potassium persulfate as an
oxidizing agent. The Dc power conductivity of polymer-MOFs was mea-
sured using the four-probe technique. The Zn(II) ion was detected using
a bare glassy carbon electrode (GCE) modified with Nafion/PANI@AI-
SA. Cations are important in many different procedures, including medi-
cal, biological, and chemical ones, and they also contribute significantly
to environmental damage. The ion Zn(II) has been found in the environ-
ment from the manufacture of paper, varnishes and dyes, environmental
toxins, and sometimes even medical products, and it is harmful to hu-
man health. As a result, an electrochemical sensor must be designed to
detect Zn(II) ions concentration regularly. The efficiency of modified
electrodes increased by 91.9 percent.

On the voltammetric answer, the supporting electrolyte plays an es-
sential part in the electrochemical reaction. The electrochemical perfor-
mance of GCE modified with PANI@AI-SA/Nafion to 0.03 mM Zn2+ was
investigated using 0.1 M acetic acid with a pH of 2.8 and 0.1 M acetate
buffer solutions in the pH range of 3.6 to 5. The anodic peak current is
enhanced by increasing pH until it reaches its peak value at pH 4.5, as
shown in Fig. 9a. In a reduced acidic environment, the electrochemical
reaction of zinc ions is beneficially attributed to the impact of hydrogen
dissolving in a more acidic condition. As a consequence, subsequent
studies used a pH of 4.5 as the ideal pH. Different metal ions with a
concentration range of 0.03 pM in 0.1 M acetate buffer moderate at pH
4.5 were assessed to determine the performance behavior of PANI@AI-
SA/Nafion modified electrode as a sensing element to zinc ion. The se-
lectivity research of PANI@AI-SA/nafion to Mg2*, Mn?*, Ni%*, Cd3+,
Zn%*, and Cu®* is shown in Fig. 9b. When compared to those other
metal ions, the anodic peak current to Zn?* was the maximum. This
showed that the proposed modified sensor is much more sensitive to zinc
ions. Fig. 9c demonstrates that the PANI@AI-SA/Nafion modified GCE
has a very well peak current potential of 0.86 V (ipa = 21 A), whereas
the unmodified GCE has a reduced peak value (ipa = 6 A). The GCE’s
electro-catalytic activity was enhanced by the PANI@AI-SA nanocom-

02 03 04 05 06 0.7

Potential (V)
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posite’s behavior. Moreover, owing to the presence of PANI@AI-SA on
the naked GCE surface, the PANI@AI-SA/Nafion modified GCE sensor
demonstrated a perfect cathodic signal in 0.1 M acetate buffer of pH
4.5 (middle except in the apparent lack of Zn?* ion). Throughout this
context, the electrochemical reaction of PANI@AI-SA/Nafion modified
proposed GCE was compared to that of its constituting PANI and AL-SA
in the appearance of analyte zinc ion in the existence of 0.1 M acetate
buffer moderate at pH 4.5 as a solvent. As shown in Fig. 9d, PANI@AI-
SA/Nafion modified electrode showed an anodic peak value at 23.5 A
(Epa = 0.86 V), which is a large current reply when comparison to
Al-SA/Nafion modified GCE’s anodic current at 18 A (Epa = 0.63 V),
whereas PANI/Nafion modified GCE demonstrates no reaction together
under the circumstances. The above result revealed that the PANI@AI-
SA/Nafion/GCE sensor has unique physical and chemical properties
than its components PANI and Al-SA, which is confirmed by the physic-
ochemical performance mentioned in the previous section.

The modified electrode (PANI@AI-SA/Nafion/GCE) had excellent
catalytic characteristics such as good Zn(II) ion sensitivity. With a
detection limit of LOD 0.59 uM and extremely good sensitivity of
7.14 uM/cm?, a linear concentration range of 2.8-228.6 uM was
achieved. The constructed operation for detecting Zn(Il) ions in a real
sample demonstrated excellent repeatability and repeatability and also
was unaffected through common interferents. As a result, the advanced
process shows potential for measuring Zn(II) ions in bottled and tap wa-
ter. To assess the dependability of the advanced analysis approach, it
was applied to the measurement of zinc ions in real water samples. As
shown in Table 1, the findings revealed that positive recoveries were
achieved in the area of application, indicating the effectiveness of the
suggested sensor for the detection of Zn?* ions in real samples [214].

Yang et al. created a dual-channel electrode platform for ratio met-
ric electrochemical detecting and real-time drug release monitoring. 2-
Methylimidazole was produced through the appearance of sulfur nanos-
tructures (SNPs) and cobalt ions to establish SNPs-encapsulated cobalt
MOF, SNPs@MOF. By using ultrasound-assisted liquid-phase exfolia-
tion, boron nanosheets (BNSs) were synthesized, then loaded with fer-
rocene (Fc) to produce the BNSs-Fc structure. A clean GCE was modified
with Nafion upon that surface, accompanied by drop-casting of BNSs-
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Fig. 9. (a) Cyclic voltammograms of 0.03 uM
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Zn?* in pH solutions at a scan rate of 100 mV/s.
(b) At a scan rate of 100 mV/s, the CV re-
sponse of PANI@AI-SA/Nafion modified GCE
to 0.03 uM of various metal ions in acetate
buffer solution at pH 4.5 was compared. (c) Ata
scan rate of 100 mV/s, CV diagrams of unmodi-
fied and PANI@AI-SA/Nafion modified GCE in
the appearance and nonappearance of 0.03 uM
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Table 1
Results collected from the suggested (LSV) approach for determination of zinc ions in real samples Data reproduced
from [214].
Sample Spiked Found Concentration RSD (%) (n = 3) Recovery (%)
Concentration (uM) (uM)
Tap water 0 0 - -
3 2.94 1.4 98.06
6 5.8 1 96.11
Bottled water 0 0 - -
3 291 1.45 97.22
6 5.86 0.8 97.78

Fc and SNPs@MOF to create a modified electrode platform, SNPs@
MOF/BNSs-Fc/GCE. Product crystal structures, morphological charac-
teristics, spectra, and properties were studied in detail. Because of
the steady Fc spectrum analyzer and evidenced ADR sensor produc-
tion during the electrochemical oxidation reaction of Fc and ADR, the
framework has been used as an innovative ratiometric-modified elec-
trode for the detection of Adriamycin (ADR). The excellent electroac-
tivity of compounds in the compounds of hydroquinone and Quinone
factions makes electrochemical analytical procedures even more
appealing.

Also with the addition of ADR, the SNPs@MOF/BNSs-Fc/GCE sys-
tem was engrossed in Phosphate buffered saline (1 mM, pH 6.5) elec-
trolyte. Square wave voltammetry (SWV) plots were evaluated as the
last established [ADR] enhanced. The intensity reduction and oxidation
of ADR create IADR to slowly raise, resulting in minor modifications
in IFc. Throughout the range of 0.01-10 M, there seems to be a graph
(R? = 0.9901) linear curve relationship of IADR/IFc vs [ADR]. Accord-
ing to signal-to-noise (S/N = 3) estimations, the LOD is as small as 2 nM.
Ratiometric electrochemical sensors are based on the SNPs@MOF,/BNSs-
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Fc/GCE framework was constructed for sensitive detection of ADR in as-
pects of the linear relationship. Researchers have reported electrochemi-
cal sensor technologies of ADR utilizing chemically synthesized sensors,
and many of them used output data modes to detect ADR. There has
yet to be a study that includes dual-signal ratiometric electrochemical
detecting of ADR using chemically modified sensors. The designed ra-
tiometric electrochemical sensor, on the other hand, has an appropriate
linear concentration range of [ADR] and a reduced LOD, which seem to
be similar and superior to another prior research process. The system-
based sensor’s unique dual-signal ratiometric production and specific
fabrication provide excellent detection performance and achievability
throughout detecting objects in biological materials. Under perfect cir-
cumstances, the sensor can detect ADR in a wide range of 0.01-10 pM,
with a good detection limit of 2 nM. The electrode was found to have
high detection selectivity, sensitivity, and stability, and it was able to
detect ADR in biological fluid samples, displaying potential practica-
bility and reliability. Furthermore, the proposed BNSs-ADR carriers in
liquid electrolytes seem to be capable of random and pH-regulatable
ADR release [215].
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Hg?* is a biochemically harmful material that, when ingested, can
cause neurological and cognitive disturbances. Although the composi-
tion of mercury in water sources is really small, it could pose a hazard
to the environment and public health owing to its large enhancement
factor (up to 106). Several more nations impose strict legislative action
restrictions on its concentration; for example, the United States Environ-
mental Protection Agency (US-EPA) restriction advises that the Hg?* in
drinkable water be less than 2 ppb. To detect or supervise trace Hg?* en-
vironmental damage in the source water, a precise and on-site technique
must be established. Xiong et al. developed an innovative Ru-MOFs
modified gold microelectrode configuration for Hg detection. Ru-MOFs
were made immediately on a gold working electrode using the cathodic
technique, with the area covered carefully governed. Ru-MOFs synthe-
sized by cathodic synthesis have high conductivity and can be used as
the electrode specimen surface straight. The sensor’s performance was
significantly enhanced by combining the pre-deposition and adsorption
procedures of Ru-MOFs. They discovered that the Ru-MOFs@Au sensor
responds well to detecting Hg, so they used it to diagnose Hg at various
concentrations ranging. Fig. 10a depicts the characteristic curve, while
Fig. 10b depicts the linear curve. The research revealed that a micro-
electrode modified with Ru-MOFs could be used to detect trace Hg in
an aqueous system. The redox current rises as Hg is enhanced, as can
be seen in Fig. 10a, b. With a correlation coefficient of 0.996, the linear
dynamic range was 0.1 to 5 ppb. The sensitivity is 0.583 A/ppb/mm?,
and the LOD is 0.08 ppb. Because the entire test system requires only
6 min, this tiny sensor is utilized for detecting mercury quickly. These
findings suggested that the proposed electrode could be used to detect
vestige Hg in the research area. Most interestingly, the senor seems
to have a powerful anti-interference ability and satisfying recoveries.
This small electrochemical-modified electrode can detect trace mer-
cury on the spot in the research area. All of the findings revealed
that the electrode could be used to detect trace amounts of mercury
[216].

As previously mentioned, MOFs have special chemical and physi-
cal characteristics that give them the potential for useful applications
in the field of electrochemical sensing. Ling et al. created an innova-
tive label-free electrochemical sensing technique for cardiac troponin I
(cTnl) based on the immunoaffinity-induced depression of the Cu-MOF-
74 electrochemical signal. The electrochemical assay demonstrates that
the immunoaffinity reaction among cTnl and anti-cTnI on the surface
of the electrode could successfully prevent the electrochemical signal of
electrode-confined Cu-MOF-74, implying that the Cu-MOF-74-based in-
terface could be useful in label-free cTnl assessment. Cu-MOF-74 serves
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as both the immobilization matrix for the probe molecules and the signal
source for the sensing analysis in this strategy, making it a bifunctional
material. Additionally, the growth of the insulation layer and the ob-
struction of electrolyte diffusion from the bulk solution to the electrode
surface are blamed for the electrochemical signal depression of Cu-MOF-
74 caused by the immunoaffinity reaction. The analytical range of cTnl
in this method is between 0.01 pg/mL and 1.0 ng/ mL, and the detection
limit is 4.5 fg/mL. The Cu-MOF-74-based sensing interface is however
trustworthy for cTnl analysis in actual blood serum, demonstrating the
biosensor’s potential for use in point-of-care testing (POCT) for diseases
linked to myocardial injury [217].

Lv et al. developed a sensitive electrochemical sensor for sunset
yellow (SY) based on CTAB functionalized graphene (Gr) and Cu/Zr-
MOF electrode-modified resources. The CTAB-Gr-Cu/Zr-MOF compos-
ites were synthesized by using a mild method and characterized
by SEM, FT-IR, and EDX spectrum. The mixture of Cu/Zr-MOF and
graphene demonstrated a synergic activity in the oxidation of SY due
to the high accumulation efficiency, quick electron transfer percent-
age, and increased sensing sites. When tried to compare to a bare
electrode, the newly developed materials substantially enhanced the
electrochemical behavior of SY to 6.53-fold. The oxidation peak cur-
rents of SY had a linear relationship with its concentration in a
wide range from 0.10 to 8.00 M and 40.00-1000.00 pM under opti-
mized conditions, and the limit of detection was 6.68 nM (S/N = 3).
The electrochemical technique has a high sensitivity, stability, and
repeatability and has been effectively used to determine SY in soft
drinks [218].

Prasanna et al. developed new and more effective manganese
cobaltite (Mn3Co30,4) and multiwalled carbon nanotube (MWCNT)
nanocomposite-based electrochemical sensors for furazolidone (FZD)
detection. The co-precipitation method was used to create a binary
metal oxide derived from a MOF, and ultrasonication was used to create
the Mn3Co3;0,/MWCNT nanocomposite. Spectrophotometric strategies
were used to characterize the prepared Mn3;Co3;0,/MWCNT nanocom-
posite. Voltammetric assessments were also used to assess the electro-
chemical performance of the modified electrodes. Remarkably, the LOD
and linear range of the Mn3Co30,/MWCNT-modified screen-printed
carbon electrode (SPCE) is 0.55 nM and 0.05-650 pM, respectively. The
preferential study on FZD was carried out using associated interfering
molecules, and the Mn;Co30,/MWCNT/SPCE has suitable storage sta-
bility and repeatability. The real-time application of the modified elec-
trode for FZD detection in serum and urine samples was measured with
acceptable recovery [219].
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7. Investigation of antibacterial applications of MOFs and their
composites

Microbial infection is amongst the most complicated issues through-
out many fields, including food, pharmaceutics, and the ecosystem, mak-
ing threats the millions of people’s lives globally [81,85,220-222]. Ac-
cording to the WHO, resistance to antibiotics has been one of the best
health dangers and a global challenge to the general populace’s health as
a result of centuries of antibiotic-abusive behavior. As a result, innova-
tive antimicrobial properties must be advanced [91,223]. The evolution
of antimicrobial agents has also been classified into three parts: the first-
generation antimicrobial agents were organic or inorganic substances
and salts, the second-generation antimicrobial agents have always been
simple metal compounds and metal ions, and the third-generation an-
timicrobial agents with configuration. MOFs are classified as antimicro-
bial agents of the 3rd generation [224]. When compared to conventional
bactericidal components, they have a managed ion release efficiency,
extendable porosities, higher specific surface area, and a managed ion
release efficiency. As a result, MOFs have a promising future in fields
such as medical problems, preserving food, treatment of sewage, and
antibacterial coating [86,225].

Three-dimensional (3D) Cu-MOFs formed as [Cu,(Glu),(-L)] were
prepared by Jo et al. through the hydrothermal method or modified re-
search techniques (Glu-is glutarate, and L is bpy = 4,4’-bipyridine (1),
bpa = 1,2-bis(4-pyridyl)ethane (2), bpe = 1,2-bis(4-pyridyl)ethylene (3),
and bpp = 1,2-bis(4-pyridyl)propane (4)). Their solid-state constructions
could be adjusted mildly to improve their aqueous phase hydrolyzing
stability. The antibacterial property of the 4 Cu-MOFs, had been ex-
amined by evaluating their minimal bactericidal concentration (MBC)
characteristics against 5 bacteria strains, such as MRSA, S. aureus, P.
aeruginosa, E. coli, and K. pneumonia that are commonly encountered
in our everyday lives. Cu-MOFs had been examined for antimicrobial
properties against 5 bacteria strains by establishing the MBC amount
which resulted in further over 99.9% bacterial killing. Luria Bertani (LB)
and agar broth were dissolved in deionized water to make the material.
Only regular bacterial proper management was done with new bacteria
and LB broth that were cultured at 37 °C on TSA plates. Before actual
diagnosis, Cu-MOF 4 had been the foundation in an agate pestle and
mortar. Although these Cu-MOFs seem to be systemically extremely sta-
ble in an aqueous medium all through antimicrobial activities experi-
ments, they demonstrated great antimicrobial properties against those
5 species of bacteria, such as Gram-negative bacteria (E. coli, K. pneu-
monia, and P. aeruginosa) and Gram-positive bacteria (S. aureus and
MRSA) including much reduced MBCs. Instead of the minuscule amount
of extractable Cull ionic species, the rigorous 3-dimensional structures
with surface active metal sites may play a larger role in neutralizing
numerous pathogens and eliminating possible cytotoxicity induced by
extractable ionic species [226].

H,0, has long been used to confront infective infectious diseases
as among the most popular oxygen radicals. Nevertheless, a high dose
of H,0, can cause unwanted toxicity to the healthy body and cell
healing to be postponed. Peroxidase-like nanostructures are showing
promise enzymes in this respect, thanks to their favorable advancement
of H,0,’s antibacterial achievement whereas attempting to avoid the
damage effects due to high H,0, concentrations [227]. Hu et al. used
in situ reducing to create nanosized Au nanoparticles (UsAuNPs) on ex-
tremely thin 2-dimensional MOFs. The resulting UsAuNPs/MOFs com-
bination offers the features of UsAuNPs and ultrathin two-dimensional
MOFs, presenting impressive peroxidase-like function in the decom-
position of hydrogen peroxide into harmful hydroxyl radicals (OH-).
With the help of a small concentration of hydroxyl radicals, the as-
prepared UsAuNPs/MOFs enzyme demonstrated good antibacterial ef-
fects against both Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) microbes. Experiments on animals show that
this resulting material could efficaciously aid the healing of wounds
while also being biocompatible. The above research confirms the an-
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tibacterial potential of a combination enzyme and carries significant
potential for future biomedical studies [228].

Osteomyelitis is a microbial pathogen that affects the skeletal inflam-
matory process [229]. Strongly perforated lacerations, disintegrated
teeth, or broken bones, are the most common causes. The diagnosis of os-
teomyelitis is hampered by multi-drug resistance pathogens. As a result
of increasing resistance to antibiotics, chronic osteomyelitis can result
in amputees or even death. As a result, a separate antibacterial oper-
ative with tissue regeneration characteristics could be used as an off-
the-shelf product in the diagnosis of osteomyelitis. The pro-osteogenic
and antibacterial properties of copper sericin (Cu-SER) MOFs are de-
scribed in this paper. Comparable to collagen throughout biomineral-
ization in tissue, sericin, a textiles protein with antimicrobial properties
and osteoinduction characteristics, behaves as a natural framework for
the accumulation of Cu-SER MOFs. As evidenced by mineralization and
cell growth (alamarBlue), the MOFs have osteogenic behavior and cy-
tocompatibility in an amount of the drug way (energy dispersive X-ray
analysis and Alizarin Red S). Growth kinetic analysis and SEM were used
to examine the antibacterial effect of Cu-SER MOFs. Cu-SER MOFs were
used to explore how they neutralize the nonlinear properties of micro-
bial cells using the zeta potential. The zeta potentials of undiagnosed S.
aureus and E. coli seem to have been 6.7 and 11.05 mV, respectively. For
both bacteria, the zeta quantification of MOF-treated specimens caused
considerable differences in interfacial possibility, but not to the identi-
cal level. This modification in surface potential (at a concentration of
500 g/mL) is sufficient to disturb the cell membranes, affecting bac-
terial viability. As a consequence, only this concentration was used to
evaluate much more antimicrobial properties. Reduced sericin doses in
MOFs (1-3 mg/mL) impeded E. coli further than S. aureus in growth ki-
netic analysis in the appearance and nonappearance of Cu-SER MOFs
(Fig. 11). The findings shed light on the peculiar property of Cu-SER
MOFs, which destroy microorganisms on interaction while being very
well considered acceptable by human primary cells. As a result, Cu-SER
MOFs can reduce antibiotic reliance [230].

For photodynamic therapy (PDT) of wound infection contaminated
with multidrug-resistant (MDR) microbial species, Chen et al. utilized
MOFs singly, with no additional antibacterial additives. A simple cation
exchange approach is used to combine MOF (PCN-224) NPs with ti-
tanium. The photocatalytic efficiency of the procured bimetallic PCN-
224(Zr/Ti) for the production of reactive oxygen species under illumi-
nation is improved significantly, which is willing to take responsibility
for the antimicrobial property. To make a wound dressing with excel-
lent biocompatibility and very little cytotoxicity, PCN-224(Zr/Ti) NPs
are filled onto lactic-co-glycolic acid nanostructures. PDT-based in vivo
recovery of a wound infection contaminated with MDR bacteria is useful
with wound treatment. Greatest notably, this research does not require
the use of any extra antimicrobial agents, making it simple and inexpen-
sive, and it specifically investigates the possibility of MOFs as a strong
nonantibiotic agent in PDT [231].

There has been a lot of interest in the use of MOFs to produce ex-
cellent photocatalytic antibacterial properties. Even so, insufficient ab-
sorption of visible light and quick electron-hole recombination are two
major obstacles to the effective use of MOFs nanostructures. A brand-
new class of MOF nanocomposites was created by Guo et al. to produce
exceptional visible light photocatalytic antimicrobial properties. The ad-
dition of gold nanorod (AuNR) can significantly increase ZIF-8’s ability
to absorb visible light due to the strong localized surface plasmonic res-
onance effect, which increases the production of reactive oxygen species
(ROS). Additionally incorporated into the nanocomposite for the syner-
gistic generation of ROS under visible light illumination were gold nan-
oclusters (AuNCs), an innovative photosensitizer. Due to the abundant
generation of ROS, the procured AuUNR@ZIF-8@AuNCs nanocompos-
ites demonstrated strong photo-bactericidal behavior against E. coli and
Staphylococcus aureus under visible light irradiation. They also showed
that these AUNR@ZIF-8@AuNCs nanocomposites are simple to deposit
on the fibers of the masks, which outperformed commercial masks in
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Fig. 11. Effect of treatment of Cu-SER MOFs on bacterial cell surface zeta potential of Staphylococcus aureus and Escherichia coli. Data reproduced from [230].

terms of antibacterial effectiveness. To improve the photo-bactericidal
behavior of MOFs for potential use in the environment and biomedical
areas, this study offers a novel plasmon-enhanced method [232].

Traditional metallic antimicrobial nanostructures can cause damage
to biological and human organs when metal ions are excessively leached
from them [233]. This problem may be resolved by MOFs that coor-
dinate bioactive metal ions to organic bridging linkers, preventing ex-
cessive metal ion leaching and simultaneously displaying highly effec-
tive antibacterial activities. Li et al. created a 2-dimensional leaves-like
zeolitic imidazolate framework (ZIF-L) for antibacterial and anti-algae
uses. ZIFs are a type of MOF with a zeolite skeleton structure that con-
sists of an inorganic ligand-transition metal ion and an organic ligand-
imidazole or imidazole derivative. The ZIF-L nanosheet completely inac-
tivates E. coli (phosphate buffer saline: 4 h) and Bacillus subtilis (seawa-
ter: 0.5 h). On a wide range of marine algae, the ZIF-L/epoxy material
has amazing antibacterial, poisoning, and anti-adhesion properties. It
is important to note that by merely adding ZIF-L (0.25 wt%), the per-
centage removal (E. coli) for ZIF/epoxy composite can be increased to
90.20%. Researchers will be motivated by this work to create more MOF
materials for use in antibacterial and anti-algae applications [234]. In
Fig. 12, the method for creating ZIF-L with a leaf-like morphology was
shown.

As the need for food safety grows, it is highly desirable to de-
velop intelligent active packaging films with ammonia-sensitive perfor-
mance to maintain and monitor the freshness of meat foods [235,236].
Feng et al. successfully synthesized innovative cobalt-based MOFs (Co-
MOF) nanostructures with ammonia-sensitive and antibacterial activi-
ties, which were then introduced into a sodium alginate (SA) matrix to
produce SA-based intelligent active packaging films using the solution
casting technique. The impacts of Co-MOF addition on the structure,
physical, and functional properties of the SA film were thoroughly in-
vestigated. The findings confirmed that the Co-MOF nanofillers were
uniformly distributed in the SA composite, resulting in significant im-
provements in the SA film’s tensile strength, toughness, thermal stabil-
ity, UV shielding, and water vapor barrier capability. Furthermore, the
derived SA/Co-MOF composite films demonstrated exceptional antimi-
crobial properties and ammonia-sensitive discoloration efficiency. The
color of SA/Co-MOF composite films changed from pale pink to brown-
ish black when used to monitor shrimp spoilage. These findings sug-
gested that the SA/Co-MOF films developed could be used as intelligent
and active materials for packaging food [237].

15

During indwelling, the anticoagulation and antibacterial capabilities
of implant and interventional catheters will establish their failure or suc-
cess [238]. Zhang et al. used spin coating to create an amino-containing
copper-based MOFs (Cu-MOF) coating on the surface of a thermoplas-
tic polyurethane substrate (TPU) for anti-thrombotic and anti-infection
impacts. The polyurethane prepolymer coating’s (PC) adhesion proper-
ties increased the binding force of Cu-MOF particles to the TPU surface
and improved stability. It was discovered that a significant amount of
NO was loaded in the coating due to the coordination affinity of Cu®*
with nitric oxide (NO) and the NO loading capacity of the amino group.
All whilst, the coordinated Cu?* in the coating catalyzed endogenous
NO donors to generate NO, extending NO release by up to thirty days.
Antibacterial tests revealed that the NO released by the coating had
antibacterial activities on both E. coli and S. epidermidis. There is an ap-
parent antibacterial ring visible, and the antibacterial percentage was
greater than 96%. It also inhibited platelet adhesion and activation, as
well as in vitro clotting time and thrombus formation. To summarize, NO
release from the covering was achieved for the first time using a com-
bination of NO donor and catalytic endogenous NO donor. It can not
only provide the high NO release behavior necessary for the catheter’s
early anticoagulation and antibacterial properties, but it can also meet
standard anticoagulation requirements later on [239].

8. Results and discussion

Various sciences such as mathematics, physics, biology, chemistry,
computer, medicine, etc. have faced many advances in recent years
[240-266], and nanotechnology is no exception. This article refers to
MOFs. A conclusion that can be drawn from the information in this
review paper is that MOF-based materials, such as pure MOFs, MOF
nanocomposite, and MOF derivative products, have proven to be cre-
ative sensing devices for electrochemical sensing uses. When maximiz-
ing the effectiveness and utility of the electrochemical experiment, sen-
sitivity and selectivity are crucial factors to take into consideration. In-
herent sensitivity for electrochemical detection is provided by the large
porosity surface areas of MOFs, which can load the guest molecules
and/or catalyze the objectives with significant catalytic performance.
Guest molecules can diffuse into the bulk structure thanks to the porosity
of MOF-based components, and the size and shape of the pores produce
shape- and size-selectivity over the embedded guests. Chemically spe-
cific interactions between the guest molecules and MOFs via z-r inter-
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Fig. 12. Schematic illustration of (a) the

preparation of ZIF-L and antibacterial mecha-

deionized nism, (b) antifouling and antibacterial effects
Zn*' ®o°® water ' — of ZIF-L-based composites against algae and
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3o elease into reproduced from [234].
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actions, hydrogen bonding, van der Waals interactions, and open metal
sites, are another source of selectivity.

Despite MOFs’ interesting properties, which point to them as the per-
fect components for electrode surface modification, signal transduction
is a significant obstacle for MOF-based electrochemical sensors. How-
ever, only a percentage of MOFs are used as developed electrode com-
pounds and satisfy the requirements of electrochemical detection. For
the properties of MOF-modified electrodes to be used in practical uses,
further advancements in redox-active MOF design and conductivity are
still needed. Because of their porosity, MOFs can successfully be com-
bined with a variety of functional substances, including carbon nanos-
tructures, metal nanoparticles, biomolecules, and polymers to introduce
nonnative conductivity. The electrochemical performances of the MOF
composites/hybrids are improved because they combine the benefits
of MOFs (high porosity with ordered crystalline pores) and other ac-
tive materials (electrical and catalytic properties). This would further
broaden the applications of electrochemical sensing due to the excep-
tional qualities of the composite materials resulting from the synergistic
combination of both MOFs and compounds [267]. It will be necessary to
carefully take into account many of the factors mentioned in this study
to optimize the sensing performance when designing MOF-based elec-
trochemical sensors for specific analytes. Despite significant advance-
ments, MOF-based electrochemical sensors are only just beginning to
find practical uses. To advance the use of MOF-based nanomaterials of
electrochemical sensors, many obstacles still need to be overcome.

We firmly believe that MOF-based components have special advan-
tages and are promising for electrochemical sensing uses, possibly in, but
not limited to, the following fields, despite these difficulties and because
of the particular structural advantages of MOFs: (1) multiplex detection:
creating straightforward multiple analyte detection assays is extremely
difficult in terms of practical applications. For example, it is crucial to
simultaneously monitor several tumor markers to diagnose cancers cor-
rectly and early. It is possible to create distinct electrochemical signals
for multiplex detection by using MOFs to create multi-labels or multi-
electrode systems. Nevertheless, there is still much to learn about the
uses of MOF-based electrochemical sensors for multiplex detection, par-
ticularly multiplex antibiotics and/or cancer marker detection [268].
(2) On-site detection is possible by developing MOF-based electrochem-
ical sensors using a screen-printing technique and 3D-printed microflu-
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idic systems. At the moment, an MOF-based electrochemical sensing
study is still being developed in a lab [269]. (3) In vivo detection: as
of now, the majority of research on MOF-based electrochemical biosen-
sors has focused solely on in vitro detection. For effective clinical di-
agnosis and treatments, the in vivo detection of biological molecules,
biomarkers, etc. is extremely attractive. The first step to achieving the in
vivo applications may involve creating biocompatible, low-toxicity, and
biodegradable MOFs, such as cyclodextrin-based carbohydrate MOFs
(CD-MOFs), using endogenous organic linkers or bioactive compounds
as surface modifiers [270]. There is still much room for creative re-
search in this fascinating field because the use of MOF-based compos-
ites in electrochemical sensors is still in its infancy. For the visualization
and characterization of clinical diagnosis and therapy, multifunctional
MOF-based components with rational design and controlled fabrication
are particularly attractive for combined uses like imaging, biosensing,
and controllable drug release. Many innovations are likely to be made
in the near future thanks to the collaborative efforts of specialists from
various disciplines.

The evolution of antibacterial agents has been separated into
three stages: the first-generation antibacterial agents were organic
or inorganic mixtures and salts, the second-generation antibacterial
agents were simple metal compounds and metal oxides, and the third-
generation antibacterial agents with topology [271]. MOFs are antibac-
terial agents of the third generation. When compared to traditional bac-
tericidal composites, they have a higher specific surface area, an ad-
justable high porosity, and a controlled ion release percentage. As a
result, MOFs have a promising future in food preservation, antibacterial
coating, clinical diagnosis, and treatment of wastewater [225]. Due to
their mixture, structure, and expensive internal surface volume, MOFs
can be used as a reservoir for antibacterial agents, which is one of their
benefits as a novel high-performance substance with antibacterial ef-
fects. The metal disintegration of the MOFs structures is used to grad-
ually release metal ions to offer a durable antimicrobial property and
obtain the costly antibacterial durability of MOFs. In fact, MOFs can be
employed as metal ion storage libraries for zinc, silver, nickel, and cop-
per. Additionally, MOFs can incorporate antibacterial compounds into
their structure, and their uniform distribution of the metal active sites
gives them an advantage over naturally occurring or artificial materi-
als that are weighed down with metal ions. In the course of compound
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Summary of the characteristics and application of nanoparticles mentioned in the review.

BET surface areas

Properties and

MOF nanocomposites Synthesis method Types of ligands Pore size (nm) (m?/g) applications Refs.
(Cd;(PDA), (tz);CI(H,0),)-3H,0 Slow diffusion PDA - - Detection of [64]
& Pesticides:
Tz Experimental and
Computational Study

([Cu(NPY),(DMF)],(W1(03,)) DMF-3CH;CN Slow diffusion NPY - - Photocatalytic [65]
oxidation of
cyclohexane

[[Zn,(5NO,-IP),(L),1(H,0)], and Reflux 1P 10-120 10 Reversible dye [67]

[[Cd,(5NO,- & adsorption

1P), (L), (H,0),1(L)(H,0)(CH;OH), 1, L

Mn(II) containing guanidinium-MOF Reflux Guanidine carbonate = - - Investigation of [68]
Structural, thermal
and electro-optical
properties

Titanium-based MOFs NH,_MIL-125 and Reflux N,N- - 986, 1267, and 550 Reduction of Cr [69]

NTU-9 and MOF NTU-9/NH,_MIL-125 (HMF) Dimethylformamide (VI) from

(DMF) wastewater
Mn-DABDC Electrochemical DABDC 0.353 708 to 590 H, and CO, uptake [73]
Mg-MOF-74/MgF, Hydrothermal 2,5- - - Hydrophilicity and [77]
dihydroxyterephthalic Corrosion Resistance
acid

Cd/Zr-MOF-3 Hydrothermal H,BDC 3.47 103.40 Enhanced [78]

Cd/Zr-MOF-5 4.13 91.40 photochemical

Cd/Zr-MOF-7 6.95 32.78 properties

MOF-525 and MOF-545 Sonochemical Tetrakis 2.1 2511 catalytic and [82]

(4-carboxyphenyl)- & adsorption
porphyrin 3.9 properties
(TCPP)

TMU-16-NH,/GO Sonochemical 0.3 258 Investigation of [83]
various forthcoming
industrial and
technological
applications

Fe@MOF-5 Coprecipitation tetraethyl - - Determination by [84]

orthosilicate (TEOS) HPLC

Fe,Ni-MIL-88B Thermal Terephthalic acid 2-20 390 [86]

decomposition (H,BDC)

Table 3

A summary of papers related to modified electrodes with MOFs for the determination of various compounds.
Sample Electrode Detected compounds LDR (uM) LOD (uM) Refs.
1 BC/Cr,05/MIP Nitrofurazone 10-50 0.003 [211]
2 Co-CuMOF Glucose 0.001-3.66 0.1 [212]
3 Zn(I1)-MOF Fentanyl 1-100 0.3 [213]
4 Nafion/PANI@AI-SA Zn(II) ion 2.8-228.6 0.59 [214]
5 SNPs@CoMOF/BNSS-Fc Adriamycin (ADR) 0.01-10 0.002 [215]
6 Ru-MOF@Au Hg?* 0.00005-0.025 0.004 [216]
7 Cu-MOF-74 Cardiac troponin I (CTnlI) 0.01pg/mL-1 ng/mL 4.5fg/mL [106]
8 Cu/ZrMOF Sunset yellow (SY) 40-1000 0.00668 [107]
9 Mn;Co;0,drived MOF/MWCNT Furazolidone (FZD) 0.05-650 0.00055 [108]

deterioration, the MOF metal release mechanism does not change. More-
over, the organic linkers that are used to create MOFs themselves might
also be antibacterial. In order to create a synergistic interaction between
the metal ions and the organic ligand’s antimicrobial properties, linker
molecules can be saved in the structure of MOFs. The use of MOFs in the
food industry, however, is still in the exploratory phase. There has been
little study done on the antibacterial uses of MOFs, such as using them
to disinfect water for drinking, along with waste material and possible
food protection. It has been suggested that MOFs could be used as a food
protectant or food packaging by combining them with healthy antimi-
crobial compounds, which offers a promising direction for expanding
the application of MOFs in the food industry. Recently, it has been re-
ported that food-grade substances can be used to create MOFs and use
in the antibacterial investigation. The development of MOFs and their
composite materials with broad-spectrum antibacterial, maximum load-
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ing percentage, excellent biocompatibility, and other benefits in the food
research area for antibacterial application will be a promising trend as
antibacterial research on MOFs develops (Tables 2 and 3).

9. Conclusion

MOFs are amazing systems with well-known architecture that can
be constructed with high reproducibility and conductivity. The use of
MOFs to make sensors is still in its infant stages, and there are a plethora
of application fields for such components to explore. MOF components
have been evidenced as advanced sensor systems for electroanalytical
application fields, such as MOF nanocomposite, pristine MOFs, and MOF
derivative products. MOFs have many benefits in the manufacturing of
sensing devices due to their inherent properties. This review looks at
the structure, synthesis methods, characterization, and current devel-
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opments in MOF-based components in this growing field, with a focus
on the structure, property, application connection, and various ways
to enhance the selectivity, sensitivity, reliability, and stability of MOF-
based electrochemical devices. MOFs have gotten a lot of press recently
because of their potent antibacterial properties. MOFs are also excel-
lent candidates for biomedical uses because of their high biocompatibil-
ity and biodegradability. Moreover, due to the ease with which MOFs
can be functionalized, multiple nanomaterials with exceptional char-
acteristics can be created, publicizing antibacterial application forms
through a synergetic effect. Photo-thermal impact, metal agents and
linkers for sterilization, Physical interaction, oxidative, and synergistic
effect are among the significant antibacterial processes of MOFs and
MOF-derived nanostructures. A wide range of MOFs and MOF-based
components were investigated as antimicrobial agents in biology and
medicine and varied incarnations, including independent MOFs, com-
bination MOFs, MOFs membrane, MOFs as antibacterial agent deliv-
ery vehicles, enzymes. Even though significant progress on MOFs-based
components for antibacterial uses has been made, a few issues and chal-
lenges should be proposed for future research.
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