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Chapter 1

1. General Introduction

Despite all of the medical advancements and sophisticated methods, universal healthcare
is becoming a significant issue among all of the problems we face today. As a result, a
healthy life for all people, regardless of age, is emphasized as a crucial component of
sustainable development in the United Nations General Assembly's developmental plan,
"Transforming our world: the 2030 agenda for sustainable development.” On the other
hand, disease outbreaks are getting more frequent in our globe. Because of a shift in
lifestyle, a significant number of new cases of metabolic illnesses, such as obesity,
diabetes, and even cancer, are now being found in younger populations. Despite the rapid
development of improved drugs and cures, the number of new cases of cancer and the
deaths associated with it are increasing annually. In the modern world, drug overdose and
drug resistance-related illnesses are becoming serious issues. By identifying these cases
as soon as feasible, the significant impact of such problems might be lessened. The
diagnostic tools that identify these illnesses can also be used to document health problems

for future monitoring, which is necessary for medication regimens.

A number of tools have been created to address these health concerns and are frequently
employed in clinical sample analysis. Hospitals perform these biochemical tests using
devices such as spectrophotometers, chromatography, and colorimetry. All of these tools
search for biomarkers, which are molecules of biological or chemical origin linked to a
specific condition. The concentration of these compounds changes beyond the clinical
range in sick conditions. Therefore, the creation of POC devices can make advantage of
these biomarkers. Despite their great strength, these devices have several drawbacks.
They require a costly setup with skilled staff, a lengthy procedure, and a high sample
volume. These restrictions impede the devices' portability, on-site detection, and speedy

diagnosis.
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To avoid such limitations in diagnosis, miniaturized devices have been developed to
detect the biomarkers. Miniaturization of the devices would make them robust, reliable

under emergency cases, and can be carried to remote locations easily.
1.1. Introduction to Biosensors

According to the International Union of Pure and Applied Chemistry, biosensor can be
defined as “a device that uses specific biochemical reactions mediated by isolated
enzymes, immune-systems, tissues, organelles or whole cells to detect chemical

compounds usually by electrical, thermal, or optical signals”.

A biosensor is a bio-analytical instrument that uses a variety of chemical or biological
molecules with certain characteristics found in the sensing matrix to identify an analyte.
The three main components of a biosensor are a processor, a transduction system, and
biorecognition. Enzymes, antibodies, aptamers, entire cells, and other chemical or
biological components that can interact with the analyte selectively are examples of
biorecognition elements. Together with the biorecognition element, the transducer
transforms this biorecognition event into a quantifiable signal. The transducer transforms
the signal into various quantifiable forms after detecting changes in pH, temperature,

charge, mass, etc.

An amplifier in the biosensor's following section reduces signal background noise and
boosts weak signals so the analyte may be measured. After analyzing the data, the
processor shows it on the digital display so that it can be further processed. New signal
amplification techniques are integrated into the biosensor to attain better analytical results

as a result of technological advancements.

Since its invention in 1956, biosensors have experienced remarkable growth and

improvement. Clark created the first oxygen electrode sensor, which served as the basis
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for further studies in this field. This work served as the foundation for Yellow Spring
Instruments' 1975 development of the YSI Model 23 Analyzer, the first commercially
available glucose biosensor. In the ensuing decades, a plethora of novel commercial
sensors, including as subcutaneous implantable in vivo glucose monitoring electrodes and
self-testing blood glucose strips, inundated the market based on the biosensor's premise

in order to detect glucose and other clinically significant molecules.
1.2. Classification of Biosensors

1.2.1. Biosensors can be classified based on the application of external labels, i.e.

agents to facilitate the analytical performances of the sensors.
A. Label-free biosensors

Label-free biosensors are those that can detect the analyte without the use of an external
label. No external label is required for sensing activity if the analyte is a redox-active
molecule or if the biosensing matrix is made especially to interact with or catalyze the
analyte. The majority of label-free biosensors are derived from potentiometry or
impedimetric biosensors. Based on the shift in the resonant frequency of the matrix
components, Maramatshu et al. created an unlabeled biosensor for the detection of
immunoglobulin IgG. The sensor could distinguish between IgA and 1gG. Using a label-
free biosensor has the benefit of directly sensing the analyte, without the need for an

immobilization step using a secondary antibody or tagged molecule.
B. Labeled biosensors

Biosensors are referred to as labeled biosensors when they use external labels to detect
the analyte. The twofold confirmation of an analyte's existence is a benefit of utilizing a
labeled tag. Additionally, a labeled tag (such as a fluorescence tag) can identify the

presence of a single molecule in a sample, something that unlabeled biosensors find
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difficult to accomplish. The most widely used labels are fluorescently tagged DNA probes
and different enzymes, such as horseradish peroxidase and alkaline phosphatase (ALP).
Pallela et al. employed AuNP-polymer-antibody to capture the cell in order to create a
labeled biosensor for the detection of metastatic cancer cells. For dual confirmation of the
presence of cells, a secondary hydrazine-AuNP-Ab2 tag was employed, in which the
analytical signal was produced by the catalysis of H.O> by hydrazine. The disadvantages
of using a tagged molecule lies in their sensitivity towards various environmental
conditions (e.g. fluorescent tags are sensitive to incident light and interference from

commonly coexisting molecules).

1.2.2. Sensors can also be classified on the basis of the type of transducer used, as

discussed further:
A. Optical Biosensors

An optical biosensor is a type of biosensor that detects changes in the target analyte's
optical ~characteristics. UV-Vis. adsorption and reflectance, fluorescence,
phosphorescence, luminescence, surface plasmon resonance, internal reflection, and other
photometric characteristics are frequently employed in optical biosensors. When physical
or chemical changes occur in the analyte sample, an optical biosensor detects the change
in the altered phase, polarization, or frequency of the input light. There are two primary
types of optical biosensors: one that detects variations in the biomolecules' inherent
optical characteristics, frequently as a result of interaction with a particular target
molecule. This class is inexpensive and follows easy steps because it doesn't require the

usage of any labels or optical probes.

SPR-based biosensors, interferometer-based biosensors (such as Mach-Zehnder,
Young's, Hartman, and backscattering interferometers), optical waveguide-based

biosensors, optical-resonator-based biosensors, optical-fiber-based biosensors, photonic
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crystal biosensors, etc. comprise the majority of non-labeled optical biosensors. In this, a
fluorescent tag is affixed to the molecule of interest in the second class of labeled
biosensors. The additional process of identifying the molecules is the class is the major
drawback, though. However, a single analyte molecule in the sample, such as the
circulating tumor cells, may be detectable by label-based biosensors due to their
extremely high sensitivity. On the basis of optical measurements of analytes, new
affordable wearable technology for ongoing health monitoring are being developed in

recent times.
B. Mechanical/ Piezoelectric biosensors

Another class of biosensors are mechanical/piezoelectric biosensors, which can sense the
analyte by measuring the change in its mechano-physical properties like pressure,
acceleration, temperature, strain, or force applied. Piezoelectric materials like bernalite,
quartz, Rochelle salt, etc. vibrate under the influence of an electric field depending on the
thickness and nature of the material. Each piezoelectric material vibrates with a certain
resonating frequency, which is measured by the biosensor. The change in the resonating
frequency is proportional to the mass added/removed from the sensing surface, which can
be calculated using the Sauerbrey equation. The piezoelectric sensors can reach upto a
resolution of 1 pg. Quartz crystal microbalance (QCM) is the most widely used
mechanical biosensor capable of sensing an analyte in solid, liquid and gaseous phases.
The biggest advantage that they offer is that the analyte can be sensed directly, without
using any label. However, environmental factors like humidity can affect the sensing
activity of these biosensors. Unlike others, the biggest advantage that they offer is
excellent mass resolutions (nanoelectromechanical system have achieved a zeptogram
resolution), label-free detection, ease to study the interaction between a biological entity

and small molecules, and capability to fabricate small microfluidics devices.
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C. Electrochemical biosensors

The ‘Physical Chemistry and Analytical Chemistry’ division of the International Union
of Pure and Applied Chemistry (IUPAC), defined the electrochemical biosensors as
follows: “an electrochemical biosensor is a self-contained integrated device, which is
capable of providing specific quantitative or semi-quantitative analytical information
using a biological recognition element (biochemical receptor) which is retained in direct

spatial contact with an electrochemical transduction element.

The biorecognition event in electrochemical biosensors was transformed into a detectable
signal in the form of a measurable current, potential, or change in conductivity. Because
of their affordability, ease of manufacture, and potential for downsizing, electrochemical
biosensors are the most widely utilized biosensors among the aforementioned categories.
Electrochemical biosensors can function in a very tiny sample volume, in contrast to
optical and mechanical biosensors. Very LOD values are the main benefit of employing
them, though. Additionally, they are not affected by fluorophores, chromophores, or other
particles, which is typically the case with optical ones. They may therefore be more

effective in identifying bacteria, cancerous cells, entire cells, etc.

Electrochemical biosensors are classified into three major categories: (i) Amperometry,
that measures variations in current; (ii) Potentiometry, that measures a change in charge
accumulation and potential; and (iii) Conductometry or impedimetric that measures the

change in conducting behaviors of sensing sample.

) Amperometry: This kind of electrochemical biosensors function by measuring
the current when a voltage is applied across the electrodes. The electrodes are held
at a constant potential, and the changes in the current are measured as a function

of the analyte concentration present in it. When a constant potential is applied, the
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current in the three-electrode system can be explained using the Butler-Volmer

equation.

Potentiometry: In such biosensors, the accumulated charge potential at the
working electrode is measured in comparison to the reference electrode, when no
current flows between them. This kind of system gives information about the
charged molecules present in the solution, where the concentration of the analyte

and the potential is governed by the Nernst equation.

Conductometry/ Impedimetric: Unlike the above-mentioned techniques, the
impedimetric biosensors do not measure the charged ion concentration, but
measure the impedance of the cell across the working and counter electrode.
Impedimetric biosensor does not require any detection tag, hence it is generally
used for label-free detection of an analyte. This is also used to study protein or
another biomolecule immobilization over the electrode surface. This can also be
used for miniaturization of detection devices and can be integrated for chip

development.

1.3. Role of nanomaterials in the development of biosensors

Because of their distinct geometric and electrical characteristics, nanomaterials improve

a biosensor's analytical capabilities. They behave differently than the individual atoms

that make them up, and they also alter their properties when they are present in close

proximity to another complementary substance to form a composite. These materials are

very promising for developing biosensors with increased efficiency because of their

altered geometric and electrical properties. A bigger catalytic surface is produced by a

higher surface to volume ratio, and this is used to reduce the size of the detection

equipment without sacrificing sensitivity. The creation of point-of-care detection modules

can greatly benefit from this trait, which does away with the necessity for large devices
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and the drawbacks that come with them. The following outcomes are the consequence of
functionalizing the sensing surface with nanomaterials: Larger active surface area

resulting into better sensitivity.

a) An increase in the conductivity results in a fast transfer of electrons between the

electrode and the reaction center.

b) An increase in the catalytic activity results in the oxidation/reduction of analyte at a

lower potential, which helps distinguish structurally similar molecules in sensing.

c) Surface modification results in limited interaction of interfering molecules with the

electrode and increases the selectivity.

d) A large surface area also leads to fast diffusion and pre-concentration of target

molecule onto the electrode surface.

Different class of nanomaterials can be explored for biosensor development based on their
surface, chemical, and electronic properties. In our work, we have focused primarily on a

specific class of materials, which are MOFs (Metal organic framework).
2. Introduction to MOFs

MOFs are a diverse class of multifunctional, crystalline and porous materials with their
evolution dating back to late 1990s'. These porous materials often referred to as
‘coordination polymers’, are formed through coordination of organic linker molecules
with metal ions by their self-assembly?3. They find their applications in a plethora of
fields ranging from gas storage*’, gas separation®, catalysis®*? to drug delivery,
theranostics and sensing**Y’. For example, Cu-based MOFs are often used as nanozymes
like proteases, peroxidases and laccases!®?°, The applications of these MOFs are
supported by their commendable properties such as uniform and tunable pore sizes, large

accessible surface area, high thermal and chemical stabilities'. Some MOFs have intrinsic
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properties like low toxicity, inherent stability and good biocompatibility such as Zr-based
MOFs2L, However, for expansion and enrichment of their properties, further, these MOFs
are often decorated with functional species to form composite materials with synergistic
or improved features?* 24, For example, Wen et al. in their recent work improved the
electron-transfer efficiency of ZIF-8 by conjugating it with graphene for fabrication of a
pesticide biosensor matrix?. Similarly, in a work by Lai et al.?®, a porphyrin-based MOF
was doped with Mn?* ions to selectively detect glutathione. In another study by
Kulandaivel et al.?’, copper-based MOF nanozymes after being doped with Cu?* ions,
were found to be catalytic with oxidoreductase activity which helped in enhanced
colorimetric paper-based detection of Cr®*. Apart from doping, the key to MOF’s reticular
design lies with binding of metal nodes to different linker molecules yielding MOF
structures of varying pore sizes and morphology. There is liberty for precise control of
preferred topology by change in the molecular building blocks?. The guest accessible
voids can be exploited as per needs for the development of optical, electromechanical,
electrochemical, chemicapacitor sensors, and sensor arrays. For sensing applications, the
target moiety’s counter molecule can be either encapsulated or adsorbed on the MOF
surface making its physical characteristics of significant interest. In addition to these
intrinsic properties of MOFs, they are also engineered for conjugation of various receptors

to develop a sensing interface for molecular analysis?®3L.

With all its applications gaining eminence widely, its biosensing based-applications are
currently trending in the research arena®*%, Biosensors of various types depending upon
the type of inducers, ranging from optical®*®, electrochemical®®®’, photo-
electrochemical®3® and mechanical®, have found their utility in this field. MOFs can
either be directly used as biosensing platforms** or can be modified/functionalized with

different ions*?, nanoparticles***4, polymers*®, composites*, or as combinations of
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these*’ to be used for effective fabrication of ultrasensitive detection systems. The use of
MOFs involving multiple metal ions is on rise due to the synergistic effect of such systems
leading to better analytical abilities*’#®. For instance, Du et al.*® synthesized bimetallic
CuCo-MOF (ingrown on Ni-foam), with adjustment of metal ions in a specific ratio to
develop a non-enzymatic electrochemical glucose biosensor. The sensor was capable of
detecting glucose within a limit of detection (LOD) of about 0.023 mM without the use
of any enzymes along with an improved electron transfer capability due to metal ion
synergies. These types of work would pave path towards the development of MOF-based

biosensors having diverse functionalities in coming years.

Based on a scientific survey conducted by us on the online database “Scopus”, we
discovered that there were no recent review articles highlighting MOF-based detection of
different categories of molecules of clinical importance, as shown in Figure 1.1. There
are some recently published articles which are really informative but are stringent in their
content with a limited scope of study®®>*. There still remains a lacuna in holistic
understanding of these coordination compounds from their synthesis methods to their
applications in electrochemical and optical biosensors which we have tried to address
through this article. The first segment of the article discusses about properties and various
synthetic approaches that are usually adopted in MOF fabrication. Then, the further
segments highlight about free radicals, ions, small molecules, macromolecules and in
vitro detection assays that have been explored in the recent times using these materials as
sensor probe. Illustrative schemes and tables have been incorporated in order to give
maximal overview of the sensing mechanism, fabrication parameters, dynamic range,
LOD and real sample considered in those studies. Future prospects and limitations have

also been discussed to promote further research in this field.
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PUBLICATION COUNT ON MOF-BASED BIOSENSORS*

*source: SCOPUS, Elsevier
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Figure 1.1. A graphical demonstration giving an outlook of recently published research articles
(in the last decade) on MOF-Based Biosensors, as per the online database “’Scopus’’ using
keywords “metal organic frameworks biosensors ”, till June 2023.

2.1. Properties of MOFs

MOFs possess a plethora of advantageous properties (mechanical, catalytic, optical and
electronic) owing to their porous structure and crystalline nature. Amongst the most
common MOFs, zeolitic imidazolate frameworks (ZIFs) possess a distinct resemblance
with zeolites with M-Im-M instead of the Si-O-Si angles present in the latter®®. Some of
the properties supporting role of MOFs in biosensing matrices have been discussed in the

section below.
2.1.1. Mechanical properties

While discussing about the mechanical properties of ZIFs, the initial Diamond Anvil Cell
diffraction experiments to understand the behaviour of ZIF-8 at high temperature and
pressure was done by Cheetam et al.>® They found that with an increase in solvent
accessible volume, the hardness and elastic modulus of ZIF-4 increases. Coudert et al.>
in their computational study highlighted the amorphous nature of ZIF-4 and ZIF-8 on
compression can be explained by a “shear-mode softening mechanism”. In another study
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by Ryder and Tan8, the role of topology of MOFs with similar chemical components was
investigated where it was found that the stability of MOFs is dependent over spatial
orientation of its nodes and linker moieties. For example, ZIF-3 possesses an
exceptionally low Young’s and shear modulus. Modification of the properties of linker
molecules like electronic and stearic bulk can also act as an enhancer or diminisher of the
MOFs mechanical properties as a whole®®. The mechanical properties of MOFs have been
reported to impart structural stability to biomaterials®®, however, such direct studies are
still scarce in the field of biosensors but highlight their possible potential in the

development of robust biosensors in forthcoming future.

Studies on phase diagrams of ZIFs (ZIF-62, ZIF-4) at high temperature and pressure
revealed that liquid and glass MOF phases can be achieved at elevated hydrostatic
pressure where the melting point of these MOFs can be lowered to a great extent.
However, for conducting such studies, a slight change in test conditions like the choice
of hydrostatic fluid can alter the results drastically. Other MOFs like MOF-5 and
HKUST-1 have also been studied extensively. Both of these MOFs being cubic in nature,
with the former being a prototypical carboxylate MOF, a rise in temperature from 25-100
°C can result into a steady drop in its hardness and Young’s modulus®:. For MOF-5, a lot
of studies have been done for calculating the change in its amorphization with application

of pressure treatment, showing a pore collapse at pressure nearing 10.3 MPa,
2.1.2. Optical properties

The hybrid composition of MOFs encompasses it with a variety of optical properties
being it fluorescence, phosphorescence or scintillation. They have shown to exhibit
extraordinary emission characteristics ranging from metal-based emissions in lanthanides
(more commonly known as ‘Ligand-to-metal charge transfer’) to exciplex-excimer

emissions and ligand-based luminescence 2. MOFs containing lanthanides are also
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known to exhibit “antenna effect” wherein they undergo indirect activation from
adjoining ligands emitting distinctive luminescence. Eu** and T3 ions are amongst the
most reported MOFs in optical sensing applications due to their distinct visible
luminescence properties due to evident Stokes shifts ©3%4, Apart from above discussed
factors, it has also been found in studies that MOFs containing d*° transition elements
devoid of any unpaired electrons exhibit linker-based luminescence with linker moiety
instead of metals being the focal point of the luminescence %2, MOFs tailored with
materials with better properties and stability tend to minimize diffusion barriers and solve
mass transfer issues leading to enhanced ion and energy transport®®®’. In a recent article
by Jamali et al.®8, MOF-5, with enhanced fluorescence properties and direct band gap,
was subjected to metal-semiconductor-metal photodetectors to determine its optical
properties when conjugated with zinc oxide (ZnO). The MOF acted as an electron
acceptor molecule with an enhancement in its charge transfer characteristics by almost 6

folds.
2.1.3. Electronic Properties

Significant electrical conductivity is quite an uncommon trait in MOFs due to the
presence of insulating organic linker moieties and a relatively poor m-m conjugation®.
Previous reports have cited them as less conductive (conductivity between 1078 and
1071 S cm™) or insulating, limiting their applications in electrochemistry and fuel cells™.
Hitherto they were being looked upon as highly non-conductive materials. However in
recent times, use of MOFs has also been explored by tuning their electron density and
band-gap through incorporation of semi-conductive materials such as BiVOs™ The
conductivity originates from ion or electron transport phenomenon occurring between
host and guest species "2. With advancements in material science in the last decade, newer

conductive MOFs have been devised giving MOFs the role in sensory platforms’.
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Electrical conductivity in MOFs can either follow band-like or charge-transport
mechanism involving redox-hopping. Along with it, the charge transfer characteristics of
MOFs can be levied on the functional groups present on their surfaces. Narrowing of
bandgap is possible in case of increase in the sp>-hybridized carbon atoms. Also, in case
of linker molecules like amine and nitro groups, the p-orbitals might interact with the
aromatic carbon atoms facilitating band gap modulation’. For lesser discussed redox-
hopping mechanisms in MOFs, a recent article by Li et al., discusses thoroughly on the
redox conductivity of Zn-based MOFs grown on fluorine-doped tin oxide surface
exhibiting exceptional conductivity and minimal electrical resistance’. Such approaches
can be fascinating for future development of microporous conductors and reconfigurable

electronics with applications in sensors.
2.1.4. Catalytic properties

Studies on MOFs have also highlighted their catalytic behaviour. In an article where Co-
based MOF executed synthesis of multicomponent reactions had a Co metal centre linked
with 4, 6-diamino-2-thiopyrimidine that imparted it with lewis acid properties”. Not only
MOFs, but also their derivatives such as Ni/NiO/C composite have found to be excellent
electrocatalysts for hydrogen evolution reactions’®. MOFs with Cu* sites have found their
applicability in CO2 hydrogenation to alcohols due to their catalytic behaviour and unique
coordination assembly at the room temperature’’. Catalytic properties of MOFs, both
photocatalysis or electrocatalysis, can be attributed to their enriched electron transfer

capabilities from their metal centers to their respective ligand molecules™ ",
2.2. General Methods of MOF Synthesis

MOFs have garnered tremendous interest recently, with efforts put up in modulation in
its synthesis and post synthesis modifications. They have been synthesized through
innumerable ways since its popularization by Yaghi et al. around 199588 The primary
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concept of MOF synthesis revolves around linking of the organic linker molecule with
the metal center to develop a porous framework with the objective of not disrupting the
integrity of the linker molecule during the synthesis procedure. Variation in the surface
area and pore size of MOFs is highly subjective to the temperature changes and reaction
conditions. A general schematic representation of the different synthetic routes for MOFs

has been shown in Figure 1.2.
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Figure 1.2. A general schematic representation of the prime MOF synthesis routes. Reprinted
with permission from Ref.82-%8, 1) Solvothermal/ hydrothermal synthesis, Copyright 2018, Bian et
al.;2) Electrochemical synthesis, Copyright 2015, Yang et al.;3) Microwave-assisted synthesis
and Sono-chemical synthesis, Copyright 2022, Solis et al.; Copyright 2022, Borse et al.;4)
Mechano-chemical synthesis, Copyright 2021, Wang et al.;5) Dry-gel conversion, Copyright
2017, Lu et al.;6) Diffusion synthesis, Copyright 2018, Bian et al.;7) lonothermal synthesis,
Copyright 2016, Zhao et al.

These synthetic routes used have been briefly discussed with recently published examples

for better clarity in section below.
2.2.1. Solvothermal MOF synthesis

Reaction temperature is a key parameter for synthesis of MOFs. So, the method of MOF
synthesis can be broadly categorized as solvothermal and non-solvothermal synthesis.

According to Albrecht Rabenau®, reactions taking place under autogenous pressure
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(above 1 bar) in closed vessel above the boiling point of the solvent are termed as
solvothermal synthesis. Such synthesis can also be termed as hydrothermal synthesis in
aqueous solvent system when temperature exceeds 100°C. A generalized scheme for
solvothermal MOF synthesis has been shown in Figure 1.2.1. However, this process can
be easily understood through examples discussed in the section ahead. For instance, in a
recent article on S-doped CAU-17 based tetracycline removing system, different
proportions of CH4N2S were added to a mixture of solution containing bismuth nitrate
[Bi(NO3)3-5H.0] and benzene-1,3,5-tricarboxylic acid [H3BTC]. They had been
dissolved in methanol and dimethyl formamide (DMF) solvent systems respectively and
the reaction mixture was stirred and heated at 120 °C for 2 h in a Teflon lined reactor,
leading to MOF synthesis®. Similar case has also been reported for MIL-100(Fe) MOF
which has been synthesized at 150 °C for 12 hours in an autoclave®®. The major advantage
of this method includes chemical and structural stability along with morphological
symmetry®? whereas the disadvantage lies in optimizing the temperature conditions for

desirable morphological characteristics.
2.2.2. Electrochemical MOF synthesis

Electrochemical synthesis is a fast, clean and cost-effective method for nanoparticle
fabrication including MOFs®. A general representation of electrochemical MOF
synthesis has been shown in Figure 1.2.2. This method has been widely favoured due to
its potential in growing MOFs in specific patterned thin films and versatile coatings. The
pioneers of electrochemical MOF synthesis are believed to be researchers at Baden
Aniline and Soda Factory (BASF) who proposed salt free continuous synthesis,
advantageous for an industrial setup. The process typically involves supplying a metal
building block (placed at the anode) to a synthetic solution containing organic linker and

a conducting salt®. Other reports have similar claims for metal salt-free synthesis of
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MOFs t00%>%. The reaction conditions are carefully controlled for production of bulk
MOF material. A well-known MOF structure [Cus(BTC)2] was electrochemically formed
on pure copper electrodes where Cu?* ions were linked to a tridentate ligand HsBTCY'.
On application of anodic voltage at the copper electrodes, the Cu?* ions dissolute into the
synthesis  solution ~ which  contained a mixture of H3BTC and
methyltributylammoniummethyl sulfate (MTBS). It is relatively easier to obtain crystals
of varying sizes (2-50 um) with simple alterations in synthesis conditions. For example,
a ten-fold rise in the applied anodic voltage increases the metal ion concentration near the
surface facilitating thin films formation with smaller crystals. On contrary to this, larger
crystals are obtained on addition of more water to the synthesis solution resulting from
slowed nucleation. In a study on electrochemical synthesis of MOF-5, polished zinc was
used as an anode and titanium sheet was taken as the cathode3*. Terephthalic acid was
dissolved in DMF in which zinc nitrate was added to serve as the conductive medium.
Afterwards, an ionic liquid (1-butyl-3-methylimidazolium (Bmim) chloride) was added
into this solution and agitated with a magnetic agitator. With passage of current, a white
flocculent substance was obtained which is the desired MOF. The study stated that the
MOF-5 synthesized by this method possessed higher thermal stability and better
crystallinity which can be accredited to n—= stacking interactions, coordination bond and
ionic bond prevalence. This method could be a choice for fabrication of films and layers
of MOFs since the thickness can be controlled by alteration in applied voltage and current

in mild synthesis conditions®®%°,
2.2.3. Microwave-assisted (MW) and ultra-sonochemical (US) MOF synthesis

MW involves usage of microwave irradiation as energy source for conducting solid-solid
as well as solution-based syntheses. Both MW and US syntheses are considered

inexpensive and unconventional irradiation systems on the basis of various parameters of
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concern like phase-selective crystallization, degree of acceleration and crystal size
reduction. A general perspective of these processes can be gained through Figure 1.2.3
but some recent examples would make things more lucid. For example, in MOFs like
ZIF-8, the conventional methods rely on nitrate and acetates of zinc as precursors which
are expensive. However, for ZnO precursors, the problem lies on poor conversion rate
and relatively high reaction time. Yet, the ZnO-based synthesis possesses multiple
benefits among which one is being sustainable leading to water as a by-product. In a latest
study by Bazzi et al.1%, both the US and MW methods of ZIF-8 synthesis have been
discussed where the former led to a better conversion rate while more particle dispersion
and better material regeneration was seen in the latter. The group had tried synthesizing
ZIF-8 in different types of solvents and demonstrated the product usage in phosphate
adsorption study. MW-assisted MOF synthesis is often adopted for its shorter reaction
time, superior phase purity, uniform particle morphology and simplicity of procedure!®?.
However, a study on MW-assisted MOF synthesis stated its shortcomings highlighting
about generation of hotspots in MW reactor due to complex distribution of MW field
which results into localized overheating. This is unfavorable for growth and nucleation
of MOFs’ crystals. These hotspots are regulated by various operating parameters such as
dielectric property of reactants, input power, stirring rate and shape/dimension of the

cavities that are needed to be taken care of'%2.

Alternatively, ultrasounds have been used for MOF synthesis mostly for its energy
efficiency benefits accompanied with a reduced reaction time'®. The frequency of
ultrasonic waves can alter its application causing innumerable physical and chemical
variations in a non-equilibrium state of reaction. In a zinc-based MOF synthesis, zinc
nitrate hexahydrate along with adipic acid was added to DMF and the solution was

transferred to a round bottom flask (RBF). Then, an ultrasonic probe (dia. 13 mm) was
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dipped into it and the synthesis was carried out at 65% power. The synthesized particles
were found to be equally thermal stable with smaller crystallite size when compared to
those synthesized by other methods'®%. In another study by Bui et al.'®® for FesO.
encapsulated ZIF-8 synthesis, sonochemical method was chosen over all other methods
to increase the microporous loading efficiency and enhancement of reaction rate caused

by confined high temperature and pressure-mediated cavitation of the MOF.
2.2.4. Mechanochemical MOF synthesis

This efficient yet simple method involves greener approach of solvent-free or extremely
low-solvent synthesis using grinding of only powdered raw material. This solid-solid
reaction is a convenient method over the conventional solvent intensive methods, which
poses potential advantage for large scale production and eases handling by many folds.
Figure 1.2.4 shows a diagrammatic general representation of this process. Recently, ZIF-
8 was mechanochemically synthesized by Imawaka et al.1%, wherein, they compared the
relative crystallinity and convenience of synthesis with conventional methods involving
usage of solvent systems. Their method used 50 yttria-stabilized zirconia (YTZ) ball-
based milling of powdered ZnO and 2-methylimidazole in a ceramic pot. The synthesis
was carried out at 150 rpm for one hour and was catalyzed by cobalt acetate or zinc acetate
dihydrate in two different reaction conditions. This acetate-assisted mechanosynthesis
procedure can be explained as reaction between cobalt acetate with 2-methyl imidazole
yielding acetic acid which thereby dissolves ZnO. The mass transfer by in situ generated
acetic acid and hydrated water encouraged formation of the complex between the ionized
metal to the linker molecule. Both, the complex formation and dissolution of the complex
by continuously forming acetic acid, led to agglomeration and growth of the macroporous
structure. An alternative to this ball-milling process could be the single screw (SSE) and

double screw (DSE) extrusion methods where a screw is employed with a gradually
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increasing root diameter covering large portion of a conveying section, and a kneading
element in the final zone. However, in case of SSE, the work is applied through
compressive forces which are generated by a reduction in screw channel depth upon
movement from feeding to metering section. The barrel of the extruder is heated to a
temperature which exceeds the melting point of the ligand. The extrusion process
possesses better control on temperature in the barrel which is missing in the case of ball-

milling where temperature cannot be standardized and is inevitable due to friction?’.
2.2.5. Dry-gel conversion (DGC) MOF synthesis

DGC is arapid process which involves treating amorphous gel powder in minimal solvent
conditions without the use of modulators to form crystalline compounds in small reactor
volumes®’, as represented in Figure 1.2.5. It was described by Ploskonka et al.*® for
synthesis of UiO-66 and UiO-66-NH2, where heating under a vacuum environment
promoted the nucleation without any need for solvent exchange by virtue of acetone’s
low boiling point. Lu et al.®” synthesized UiO-66 MOF through the DGC route without
the use of any acid or salt. Earlier reports too claim for such benign synthesis route for
zeolites and zeolitic membranes aided by vapors of water or volatile amines®%, This
method eliminates the usage of toxic solvents and release of hazardous by-products®’. It
is a relatively safer, economical and environment-friendly technique that avoids use of
acid modulators which sometimes limits the yield of the reaction. This method is often
used in conjugation with other techniques like ball-milling as seen in case of Cr-MIL-101
synthesis where the properties of both methods were envisaged to obtain MOF with a

greater surface area and higher yield%°,
2.2.6. Diffusion-based MOF synthesis

The principle of diffusion-based MOF synthesis is absolutely contrary to the conventional
solvothermal method. In this method, the reagents are separately placed within a sealed
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container in small glass vials. The method can be understood through the general
schematic diagram in Figure 1.2.6. The container’s atmosphere gradually fills with the
surface evaporation of chemicals thereby diffusing into the reagent to complete the
reaction and synthesize the target compound. In a typical MOF-70 synthesis method, lead
nitrate [Pb(NO3)2] and 1,4-benzenedicarboxylic acid (BDC) were supplemented to the
DMF solvent under stirring!'!. The solution was diluted with ethanol and hydrogen
peroxide, later filtered and kept in glass vials within amber glass container along with a
solution of trimethylamine and DMF. The lid was sealed with silicone oil with the
standing solutions undisturbed for a period of 7 days to obtain the desired product. The
method is feasible at room temperature and pressure making it highly sustainable yet time
consuming. In another Cd-based MOF synthesis, similar method was employed where
the aqueous solution of reagents was layered over metal solution in a crystal tube to obtain

the desired MOF in 30 days*2,
2.2.7. lonothermal MOF synthesis

This benchtop and time-efficient synthesis method is often regarded as an alternative to
mechanochemical process. It tries to overcome the shortcomings of mechanochemical
technique like use of specialized instruments (ball-mills and extruders) to evolve as a
solvent-free, cost-effective and green synthesis approach. It also poses a control over
MOF crystallization kinetics and induces chirality via inclusion of ionic liquids within
the framework. However, the condition lies in usage of low-melting point salt which can

serve the dual purpose of reaction solvent as well as that of a metal precursor.

The general schematic representation of ionothermal MOF synthesis can be seen in
Figure 1.2.7. To understand it further, as per a recent study on synthesis of Ca-based
MOFs, use of deep eutectic solvent was explored for creation of ionic environment®,

This environment was favorable over other synthetic approaches for prevention of
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competing coordination by water. This is because the alkali metal’s ability to bind with
water molecules is higher over any other ligand due to its oxophilicity. The reaction
involved terephthalic acid and calcium nitrate [Ca(NO3)2] addition to a vial containing
choline chloride and eutectic urea deep eutectic solvent (e-urea DES). The mixture was
heated to 140 °C for 10 days to obtain the desired MOF. In another study by Azbell et
al.4 a similar approach without the use of eutectic mixture was chalked out where low
melting metal precursor salts were added to an autoclave containing equivalent molar
concentration of linker and the temperature was maintained just above the melting point
of the salt to facilitate MOF synthesis without the use of solvent. On extraction of solid
product, washing was done via different approaches, Soxhlet extraction also being one of
them. This method is largely untapped and is restricted to certain specific categories of
MOFs like ZIFs and carboxylates. Stable azolate and salicylate MOFs are now being

explored too but the area remains greatly unexplored.

For all above methods, each one has certain restricted usage e.g., methods like
sonochemical, microwave-based and mechanosynthesis might involve high energy
consumption within complex processes with an additional requirement for advanced
machinery, lengthy reactions, introduction of undesirable anions and tough process
regulations. Hence, the synthesis scheme can be modified and adopted as per one’s choice

of material and its implementation in various fields.
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3. Application of Biosensors in Molecular Sensing and Disease Diagnosis

3.1. Detection of Clinically Significant Molecules Using MOF-based Sensors

3.1.1. Free Radicals and Metal lons

3.1.1.1. MOF-based Electrochemical sensors for free radical and metal ion detection

Hydrogen peroxide (H202) is one of the crucial markers for clinical and physical
conditions aiding to their early diagnosis*>!®, It has often been linked with several other
disorders too such as Parkinson’s disease, Alzheimer’s disease and myocardial
infarction'"18, According to Huang et al.'*°, ultrathin 2D MOF nanosheets can be used
as nanozymes for electrochemical biosensing of H>O>. The 2D Cu-HHTP-NSs being
ultrathin can facilitate better charge mobility along with exposed active sites for
anchorage of functional molecules. The sheet surface was decorated with in-grown
AUNPs for structural and electrical property enhancement. Peroxidase-like activity (POD)
was explored for the composite in the presence of H»O, to oxidise 3,3’,5,5'-
tetramethylbenzidine (TMB) in the pH range of 3.2-4.8, exhibiting blue colour. Interfacial
behaviour and electrocatalytic performance of the modified electrode was also confirmed
using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurements, respectively. Electrode sensitivity was measured through amperometry
which showed a fast signal response in 50 nM to 2 mM H.O_ concentration within 3s.
Electrochemical sensing was seen in wide linear dynamic range (LDR) of 50 nM-16.4
mM H>0> with LOD of 5.6 nM. The group used colon cancer cells for analysis which
when stimulated with  N-formyl-methionyl-leucyl-phenylalanine initiate H20-
generation[95]. Similarly, Xie et al.*? in their study on electrochemical H20; detection
in HelLa cells, electrodeposited gold-platinum NPs on Co-MOF modified glass carbon

electrode (GCE). The 2D Co-MOF nanosheets exhibited electrocatalytic activity for the
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reduction of H20: in the meantime also acting as a supporting material. The catalytic
current exhibited a linear trend with rise in concentration of H2O2 from 0.1 uM to 5 mM
and 5mM to 60 mM, as measured by amperometry measurements, with an LOD of
0.02 uM (Figure 1.3A). In another study on H,O> detection by Xiong et al.*?!, a lower
LOD of 2.32 nM was achieved through ZIF-67 MOF-derived Co3O4 NPs functioning as
H20, nanozyme (Figure 1.3B). The study focussed on live detection of H2O2 in A549
(human lung cancer cell), 4T1 (mouse breast cancer cell) and HUVEC (human epithelial
cells) cells by Coz04@CNBs modified GCE at —0.22 V. A linear response was recorded,
through CV and amperometry analysis, with H.O> concentrations from 0.01 to 359 pM.
Similar MOF/MOF-based composite’s peroxidase-like activity have been exploited in

past few years for sensitive H,O detection?>-128,

Apart from H,O, efforts are underway on the development of highly sensitive detection
probes for highly reactive oxygen species (hROS) like superoxide (O2¢"), peroxynitrite
(ONOO"), hydroxyl radical (+OH), singlet oxygen (*O2) and hypochlorite (CIO") which
are modulators of redox homeostasis and cellular signalling in living systems?°1%°_ Their
overaccumulation can lead of oxidative stress which can thereby result into human
pathologies like inflammation, carcinogenesis, neurological disorders and ischemia-
reperfusion injury etc.’3-1%, Another recent study proposed a superoxide anion sensor
(O2+7) where Ag and 2-aminoterephthalate based MOF was used to derive a carbon-based
nanomaterial for probe fabrication!3*. A GCE electrode surface was coated with the
AgNPs-MC to fabricate the electrochemical sensor which exhibited excellent Oae~
detection in living human glioma cells. Chronoamperometry analysis confirmed a LDR
of the constructed sensor between 3.69 x 107! to 5.26 x 10" M and 1.68 x 107 to 3.06

x 10 M with an LOD of 12.3 pM.
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Figure 1.3. (A) Schematic illustration showing H,O, detection in HeLa cells, electrochemically.
Adopted from Xie et al.[120], copyright 2022. (B) Illustration depicting ZIF-67 based nanozyme
sensor for H,O; detection. 1) Amperometric response of the carbonized MOF fabricated on GCE
surface against different concentrations of H,O,, when scanned at -0.22V in PBS solution. I1) CV
response of the MOF-based sensor in the presence of different H,O, concentrations. Reprinted
with permission from Xiong et al.[121], copyright 2022.

3.1.1.2. MOF-based Optical sensors for free radical and metal ion detection

MOF-based optical sensors have also been devised in recent times for free radical and
metal ion detection. In a latest work by Huang et al.*®, a redox-active luminescent MOF,
Mg(DHT), was synthesized for encapsulation of hydroquinone moiety for sensitive
detection of «OH and CIO~. The MOF comprised of 2,5-dihydroxyterephthalic acid
(H2DHT), a bidentate ligand, which endowed it with large stokes shift and an ultrafast
response due to enol transfer aided by enol-keto tautomerism. On the other hand, presence
of Mg?* as the metal centre enhanced the luminescence efficiency due to reduced non-
radiative decay. The hydroquinone underwent a reversible transformation by «OH and
CIO™ to become quinone because of its reducing capability. The MOF displayed a strong
fluorescence at 556 nm which got quenched upto 76% and 90% in the presence of OH
and CIO~ species, respectively (Figure 1.4A). The same results were conferred with UV-
vis data where oxidation of hydroquinone led to appearance of a new absorption peak at
285 nm. The probe was also used for endogenous detection of the ROS species in MCF-
7 cells, which were pre-treated with lipopolysaccharide (LPS) and phorbol 12-myristate
13-acetate (PMA) to simulate oxidative stress induction. The results proved applicability

of the biosensor for imaging and monitoring of ROS in live cells within a detection range
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of 2.5-50 uM and an LOD of 0.22 uM and 0.18 uM for «OH and CIO, respectively.
Similar sensors for superoxide anions have also been fabricated with a different principle
where MOFs have been used as electrocatalysts for in situ real time detection of cellular
O2+~. Zhang and group® used Mn-MOF in three different forms (NPs, nanorods and
nanolollipops) to detect the target ROS species in MCF-7, H9c2 and HepG2 cells. The
concentration of Oz~ was initially determined through spectrophotometry where the
reduction of ferricytochrome c was investigated. For electrochemical measurements, Mn-
MOF was then coated on the GCE surface to record the oxidation of Oz at 0.69 V in an
LSV curve. For comparison of all three forms of MOF, half-wave potential and peak
current values were considered for evaluation of individual electrochemical performance.
Amperometric technique was employed for sensitive detection of O2+~ which revealed the
biosensor to be highly sensitive in an LDR of 3.0-1350 nM with an LOD of 1.0 nM. The
highest sensing performance was observed for Mn-MOF nanolollipops modified
electrode due to heavily exposed active sites and faster charge transfer kinetics benefitted

from its unique spatial structure aiding to ultrasensitive sensing.

Mercury ions (Hg?") are one of the heavy metal pollutants which are environmental
contaminants posing global health hazard by contributing to biomagnification. They
cause neurological and cardiovascular disorders along with impairment at molecular level
including genetic mutations and mitosis defects’¥"1% In an article by Uttam et al.1%®,
calixarene was conjugated with ZIF-8 MOF to enable sensing as well as adsorption
capabilities for the metal ions (Figure 1.4B). The adsorption of metal ions on DanC4A
(dansyl appended calix[4]arene) was investigated in THF solvent system. DanC4A
showed an excitation peak at 345 nm and a strong emission at 510 nm. When subjected
to Hg?*, it showed a reduction in its absorbance band at 345 nm and simultaneously

increment at 285 nm. The limit of detection was found to be 0.56 uM. Confocal
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microscopy was also done for sensing of the target metal ion by DanC4A in HelLa cells.
The green fluorescence which was seen upon treatment of cells with DanC4A, gradually

faded with its intensity decreasing to ~60% indicative of Hg?*-receptor interaction.

Precious metals like Pd?* and Au®* are known for their unique physical and chemical
properties like catalytic activity, high electrical conductivity and corrosion resistance.
They find their enormous industrial applications in the form of computer hard drives,
wires and switches, etc.*® with a global surge in their demands each year. With their
growing demands but limited supply, there is a dire need for recovery of these precious
metals from e-wastes and for environmental remediation purposes along with
minimization occupational health hazards linked to recycling*1%2, In a study by Alharbi
et al.1*3, an azo-HNTA-MIL-101(Al) sensor was fabricated for fluorescent, ultrasensitive
detection of Pd?" and Au®" ions. The group initially synthesized an azo dye and then used
it as a linker for preparing the AI-MOF using solvothermal method. This approach
enabled coupling of all amino groups of 2-aminoterephthalic acid with 2-naphthol even
before the MOF synthesis. An increase in chemosensor sensitivity was found to be
proportional to the increased functionalized amino groups on the MOF surface thereby
increased adsorbed target metal ions. The absorbance of the sensor increased with an
increase in Pd?* and Au®* ions whereas its fluorescence emission decreases significantly.
This could be possibly because of the selective reactivity of Pd?* with the carboxylic
group and Au** with the phenolic group of 2-naphthol leading to the change in sensor
spectra. The LOD for Pd?* was reported as 6.79 ppb and that for Au®* was 3.57 ppb with
an LDR of 0 ppm- 0.3 ppm and O ppm- 0.1 ppm, respectively. The applicability of
developed biosensor was tested against extraction of these metal ions from phone-

grounded motherboards and was found to be efficient and cost-effective.
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Figure 1.4. (A) Schematic representation of MOF incorporating hydroguinone moiety for
detection of highly reactive oxygen species (hROS) through ESIPT by linker. 1) Fluorescence
and I1) UV-vis absorption spectra of MOF with different ROS species. Reused with permission
from Huang et al.[135], copyright 2022. (B) Diagrammatic illustration of DanC4A MOF-based
sensor for sensitive detection of Hg?* ions. 1) Absorption and I1) Fluorescence spectrum of
different concentrations of Hg?* ions in Tetra hydrofuran (THF) solution, when titrated with
DanC4A. Reprinted with permission from Uttam et al.[139], copyright 2022.

Recently reported MOF-based biosensors for detection of free radicals and metal ions

have been comprehensively discussed in Table 1.1 below with their respective target

analytes, detection techniques, fabrication strategies, real samples considerations and

detection efficiency parameters (LDR and LOD).
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Table 1.1. Detailed list of latest MOF-based biosensors for sensing of free radicals and metal ions (N.R.: Not Reported)

S.No. Target Detection Sensor Fabrication strategy Mechanistic Role of  Real Sample Reference
Analyte Mechanism Composite MOF
1. H202 CV, EIS, CA SWNT- Gold wire was dip-coated with catalytic ink which Increase in Live cells (RAW 264.7), 1 to 0.21 M Nandhini et
MOF(Cu) facilitated nanotube growth. Then it was modified with electroactive surface Raw milk 2000 uM al.1#

SWNTs deposited through CVD. Finally, the surface was area
electrodeposited with in situ synthesized Cu MOF.

H202 DPV BSA-AUNPs- BSA-capped AuNPs were synthesized through sonication Increase in Human whole blood, 100nMto 18.4nM  Arul et
MFOF which were further embedded in MFOF. electroactive surface Egg yolk, Butter, Milk, 10 mM al.1*
area Goat meat, Cheese,

Yogurt and ice cream,
Beer and apple juice, live
cells (RAW 264.7 cells)

H202 CV, CA Ce-UiO-66- Ce-UiO-66-BPDC flakes were covered entirely with Au-Pt Increase in A549 cancer cells 0.15to 64.8 89 nM Yang et
BPDC NPs through electrodeposition. electroactive surface and 114.8 to al.16
area 1164.8 uM
H20: Colorimetry IrNCs@Ti-MOF IrNCs@Ti-MOF, TMB and various concentrations of H2O> Ideal support matrix ~ Rabbit serum 010900 uM 14.12 uM  Mu et al.*#
were added into sodium acetate—acetic acid buffer to record with high porosity,
chromogenic reaction. robustness
H202 Colorimetry M-PCN-222 Microwave-assisted hydrothermal synthesis of MOFs was Contains porphyrin  Milk, Orange juice, Fe-PCN- Fe-PCN-  Shuetal.*®
where, M =Mn, done that exhibited improved peroxidase-mimicking active sites exhibiting Grape juice, human tears 222: 222:0.3
Fe, Co,and Ni  activity. Presence of Fe-PCN-222, H.O., and TMB, potential biomimetic 1to 100 uM
resulted into oxidation of TMB into blue ox-TMB. catalytic activities mM Mn-PCN-
222:0.9
uM
Co-PCN-
222:
1.0mM
Ni-PCN-
222:9.6
uM
H202 Fluorescence, Cyclodextrin The CD MOF exhibited peroxidase (POD) and oxidase Peroxidase and HepG2 cells 0.11t00.95 0.06 MM  Tan et al.*?’
Colorimetry MOF (CD-MOF) (OXD)-like property. POD-like activity using TMB as oxidase-like activity, mM

POD substrate with ‘OH release readout using visible hydrolytic stability
colour change. OXD-like activity was determined using L-
ascorbic acid assay and TMB colorimetry.

2. Hg?* ECL,CV,EIS  Ag-MOF Capture strand DNA (c-DNA) with a terminal modification High specific surface Tap water, Lake water 300 fMto1 66 fM Liu et al.1*®
was attached to Au-electrode. Then, mercury-ion aptamer area and large pore uM
was adhered to electrode by being paired with c-DNA. ECL diameter
signal reduction was done using streptavidin aided by
biotin as linker molecule.
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3. Cr¥* PEC, EIS Cu-MOF Tetra-ammine cobalt phthalocyanine-based COF was High porosity and River water, 0.1pMto PEC:14.5 Zhang et
grown over a Cu-MOF substrate via covalent bonds. This rich functionality Tap water 100 nM fM al.1s0
acted as an efficient platform for immobilization of DNA tightly anchored the EC: 22.9
strand which binds to Cr®* ions, thereby detecting it. DNA strands M
4 OH-, Fluorescence Zn-DHNDC Zn?* and 4,8-dihydroxynaphthalene based MOF was Participates in excited N.R. N.R. OH™ 48 Bhowal
AP, MOF functionalized with OH". When MOF was subjected to OH" state intramolecular nM AI**:95 and
Fe3* ions, ESIPT suppression turned on bluish fluorescence. proton transfer nM Ghosh®®!
When MOF was subjected to AI’* ions, a CHEF-mediated Fe3*:33 nM
green luminescence was observed. When MOF was
subjected to Fe® ions, a CHEQ-mediated fluorescence
quenching was observed.
5. AlF*and Photoluminescence Eu-MOFs Eu-based MOF acted as a photoluminescent sensor for Exhibits excellent MCF-7 cells N.R. APF*:29  Lietal.'®?
Ga®* (JXUST-11) detection of AI®* and Ga®* by fluorescence enrichment luminescence ppm
visualized through naked eye. The ‘N’ and ‘S’ atoms of Ga3*10.2
H:BTDB ligand’s thiadiazole ring acted as the site for ppm
metal coordination.
6. F-and Fluorescence UiO-66-NH: Ratiometric fluorescent probe was constructed by utilizing Provides cavities for  Sweat latent fingerprint, N.R F34.7nM Zhang et
Cr07% @EY Zr-MOF cavity to encapsulate eosin Y molecule. F eosin Y encapsulation human serum, HepG2 Cr207% al.1s?
detection was through effect of hydrogen bond whereas, for cells 22.3nM
Cr207%, it was based upon energy competition transfer
mechanism.
7. Cu? Fluorescence Fe-MIL- Ratiometric fluorescent probe was fabricated with the aid Provides cavities for  A549 cells, human N.R. 4.23x10%  Zhang et
88NH@RhB of encapsulated RhB into porous framework of Fe-MIL- eosin Y encapsulation serum, river water, reed M al.1s?
88NH2. The MOF composite was mixed with different leaves
concentrations of target ion solutions to get optical
measurements due to binding of ion with -NHz group of the
MOF.
8. Cu? and Fluorescence Th-TATB MOF MOF was synthesized through solvothermal route. When Abundant N.R. N.R. Cu?*:2.92 Zhang et
Fe?* Th® was excited at 349 nm, it gave characteristic luminescence sites, uM al. 1>
transitions at 490, 544, 582 and 620 nm. The fluorescent visible color, and Fe?*: 4.84
intensity gradually decreased with an increase in ion sharp characteristic uM
concentration at 544 nm emission peak
9. Clo Fluorescence Ui0-66-NH: The MOF was developed which on excitation at 400 nm Excellent thermal Water, L02, Helaand  0.1t0150 63.8nM  Yuetal.'®
exhibited new emission at 533 nm on reaction with CIO, stability, water RAW 264.7 cells uM
which otherwise emits at 432 nm. tolerance, and
permanent porosity

Abbreviations: CV: Cyclic Voltammetry, EIS: Electrochemical Impedance Spectroscopy, CA: Chrono Amperometry; SWNTS: Single Walled Nanotubes; CVD:
Chemical Vapour Deposition; DPV: Differential Pulse Voltammetry; BSA: Bovine Serum Albumin, AuNPs: Gold Nanoparticles; MFOF: Metal free organic
framework; Pt: Platinum; TMB: 3,3 5,5"-Tetramethylbenzidine; RhB: Rhodamine B dye; ECL: Electro-chemi Luminescence; DNA: Deoxy-ribonucleic Acid;
PEC: Photoelectrochemical Luminescence; COF: Covalent Organic Framework; ESIPT: Excited State Intramolecular Proton Transfer; CHEF: Chelation
Enhanced Fluorescence; CHEQ: Chelation Enhanced Quenching
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3.1.2. Small Molecules

Small molecules’ detection gains its importance due to their easy penetration and

involvement in human metabolic pathways!¢1>7,
3.1.2.1. MOF-based Electrochemical sensors for small molecule detection

Pesticides and herbicides are current environmental menace due to severe toxicity even
at mild concentrations. Some of the organophosphorus pesticides like methylparathions,
chlorpyrifos are known to cause acetylcholinesterase (AChE) inhibition leading to serious
nervous disorders, human poisoning and even death®®%, These potent threats have urged
for development of sensitive detection tools against these hazardous chemicals. In a work
by Wen et al.?®, ZIF-8 has been used as a substratum for immobilization of AChE enzyme
on its periphery for the sensitive detection of isocarbophos (ICP) (Figure 1.5A). GCE
electrode surface was drop-casted with AChE-CS/Gr/ZIF-8 where graphene (Gr) was
used to enhance conductivity of the system. CV, EIS and DPV tests were done at -0.2 to
0.6 V,0.23Vand 0.3t0 0.9V, respectively. AChE catalysed acetylthiocholine to generate
acetate and thiocholine (TCI) on hydrolysis. This TCI got oxidized further at a specific
voltage to generate oxidative current corresponding to its concentration. Cabbage leachate
and tap water samples were used for analysis by spiking it with different concentrations
of ICP. The LDR for the sensor was found to be in the range 0.5 to 100 ng/mL with an

LOD of 0.18 ng/mL.

Another study by Niu et al.*® on electrochemical detection of paraquat herbicide, a fast
sterilant and lethal herbicide to humans, uses the same ZIF-8 skeleton (Figure 1.5B). ZIF-
8 and para-sulfonylcalix[4]arene (pSC4) coated with AuNPs on GCE electrode were
found to be excellent sensing platform for the herbicide with an LDR of 0 pM to 10 nM
and a detection limit of 0.49 pM. EIS measurements were done within a frequency range
of 0.1 Hz to 100 kHz with [Fe(CN)s]*"* as the electronic mediator. The activity of the
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sensor was confirmed against real tap water samples spiked with the target herbicide.
Paraoxon, another organophosphorus pesticide, has been detected through 2D cMOFs
with  Cu and Ni metal centers coupled with organic

ligands namely

hexahydroxytriphenylene (HHTP), and tetrahydroxy-1,4-quinone (THQ)¥*L The
Cus(THQ)2-based biosensor used AChE for electrocatalysis of acetylthiocholine chlorine
(ATCh) and thereby its oxidative conversion to oxTCH was aided by the MOF substrate.
This conversion was recorded at a remarkable lower potential of 0.3 V due to
electroactivity of thiocholine (a product of the reaction cascade) in presence of the MOF
substrate (Cus(THQ)2 when compared to Cuz(HHTP)2 and Nis(HHTP)2. The biosensor
worked efficiently with an LDR of 1 to 1000 ng mL* and LOD of 0.37 ng mL . The

sensor’s applicability was also checked by testing on real samples such as soil, water,

vegetables and fruits.
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Figure 1.5. A) Schematic representation depicting applicability of acetylcholinesterase enzyme
immobilized-MOF for electrochemical detection of organophosphorus pesticides. 1) DPV
response curve, and Il1) Calibration curve showing enzymatic inhibition rate vs logarithmic
pesticide (ICP) concentration. Adopted with permission from Wen et al. [25], copyright 2022. B)
A graphical illustration depicting electrochemical sensing of paraquat herbicide using ZIF-8
nanocomposite. Reused with permission from Niu et al. [160], copyright 2022.

3.1.2.2. MOF-based Optical sensors for small molecule detection

Apart from electrochemical biosensors, MOFs have found their application in sensing
small molecules through optical means too. Another potent carcinogen and human health

threat, 2,4-Dichloropheoxyacetic acid (2,4-D) is a prominent herbicide with auxin-like
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properties that is widely used in agriculture®2 Its high-water solubility and non-
biodegradability!531%4 enables it to easily enter human food chain and act as an endocrine
disruptor. According to the International Agency for Research on Cancer (IARC), it has
been recognized as a potent human carcinogen which makes its environmental
surveillance important for public health concerns'®®®, In a recent article on its
colorimetric detection, use of Co-hemin MOF was demonstrated where Co-hemin
oxidized TMB into ox-TMB. The detection of 2,4-D did not involve addition of H2O»,
depicting the composite’s oxidase-like activity, with a wide LDR from 0.1 pg mL™ to 240
ng mL?t and LOD of 33 ng mL™ 7, The biosensor had its applicability tested for real

samples like rice and apple too.

Glucose is a crucial energy provider in living organisms for cellular activity and
homeostasis'®1%°. A poorly balanced blood glucose level may lead to diabetes and related
diseases such as renal failure, blindness and cardiovascular diseases!’%*"t, With a rise in
diabetes cases worldwide, the demand for ultrasensitive glucose-based biosensors has
become crucial. With conventional methods like high performance liquid
chromatography*’?, gas chromatography”®, capillary electrophoresis’*, spectrometry!’®,
electrochemistry’®77 electroluminescence!’®, etc. still prevalent in field of glucose
diagnostics, the urge for its rapid, accurate and cost-effective quantification still remains
a field of research. According to the guidelines by the American Diabetes Association
(ADA), a person is termed diabetic if its blood glucose level exceeds 6.1 mM*™. In a
recent article by Wu et al.?®, Ag conjugated MIL-101 (Fe) was used for colorimetric
sensing of blood glucose. The conjugate behaved as a peroxidase mimic nanozyme which
in presence of H20- (released from glucose oxidation by glucose-oxidase (GOx)) caused
oxidation of TMB into ox-TMB to yield colorimetric response at 652 nm (Figure 1.6A).

The LDR of the detection platform to glucose levels was found to be 0.5 to 50 uM with

[34]



Chapter 1

an LOD of 0.23 uM. The response was verified and reliability was checked using actual
human serum samples. Apart from MOF composites acting as enzyme, MOFs have also
been used as enzyme immobilization units for sensitive glucose detection. In a study,
defected ZIF-8 based biohybrid hydrogel containing GOx was used to release H>O> from
glucose oxidation. This release further cascaded into another process where peroxidase
enzyme labelled with rhodamine-B fluorophore converted ABTS into ABTS* which was
analysed using a mobile application. This diagnosis met the quantitative range of 0.05-4
mM glucose level!, Label-free colorimetric sensing of glucose by exploring peroxidase-
like behaviour of MOFs like Cu-MOF@Pt and IrNCs@Ti-MOF has also been done
recently where the LODs were 0.42 mM and 20.0 uM, respectively!#"182 Adenosine
diphosphate (ADP) and Adenosine triphosphate (ATP) are two cellular metabolites
whose ratio indicates cellular energy status and regulates various cell signalling activities.
Their concentration determination can be quite informative for early diagnosis of diseases
including cancers!®®. Recently, Wang et al.!'® proposed an ultrasensitive quantification
system for simultaneous sensing of ADP and ATP (Figure 1.6B). They fabricated a
system comprising of clustered regularly interspaced short palindromic repeats (CRISPR)
and associated proteins (Cas)12a integrated to ZIF-90 MOF nanocomposite encapsulating
oleic acid capped AgsAuS@Fe304. The ADP aptamer binding with the MOF composite
was facilitated by amidation between amino group of the former with the latter’s carboxyl
group. In presence of ADP nucleotide target, it bound to the aptamer forming an
ADP/aptamer complex, releasing and activating the Casl2a. It was followed by binding
of the Cas12a/crRNA and thereafter cleavage of the sSSDNA reporter, exhibiting a strong
fluorescence emission signal at 520 nm within an LDR of 0.03 to 5 nM with an LOD of
0.022 nM. On the other hand, the ATP competed with Zn?* to cause ZIF-90 splitting and

release of the encapsulated composite from its cavity. These composite-constituents led
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to quenching of fluorescence intensity which was caused by polyethyleneimine-modified
carbon dots. Linear relationship was established between the fluorescence intensity at 450
nm and ATP concentration with an LDR of 0.1 to 5 nM with an LOD of 0.079 nM. The
biosensor applicability was tested in diluted serum samples spiked with different
concentrations of ADP and ATP to compare with commercially available detection kits.
This shows the fruitfulness of these robust materials in the sensitive recognition of small

molecules from different domains.
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Figure 1.6. A) Diagrammatic representation of MOF encapsulated with silver nanoparticles for
glucose sensing through colorimetry 1) SEM image of AgNPs@MOF hybrid. 11) Calibration
curve of absorbance vs glucose concentrations. 111) Absorption spectra of ox-TMB (at 652 nm)
for different glucose concentrations. Reprinted with permission from Wu et al. [180], copyright
2022. B) Pictorial illustration for simultaneous quantification of ATP and ADP using a ZIF-90
composite. Reprinted with permission from Wang et al. [118], copyright 2022.

Recently reported MOF-based biosensors for detection of small molecules have been
comprehensively discussed in Table 1.2 below with their respective target analytes,

detection techniques, fabrication strategies, real samples considerations and detection

efficiency parameters (LDR and LOD).
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Table 1.2. Detailed list of latest MOF-based biosensors for sensing of small molecules. (N.R.: Not Reported)

S.No. Target Analyte

Detection
Mechanism

Sensor
Composite

Fabrication strategy

Mechanistic Role of
MOF

Real Sample

Reference

1. Glucose

CA, EIS

SWNT-
MOF(Cu)

Nanotube catalytic ink was prepared
to further dip coat a gold wire. It was
followed by nanotube synthesis
using CVD and electrodeposition.

Increase in electroactive
surface area

Whole blood and
milk

1 t0 3000 pM

0.16 uM

C. Nandhini
et al.184

Glucose

CV, EIS, CA

NiCo-MOFs

NiCo-BTC nanosheets were
synthesized through solvothermal
method. The sensor system was
synthesized through  magnetron
aided sputtering of concentric
circular pattern on a PET matrix.

Excellent electrical
conductivity and faster
ion mobility

Sweat

10 to 200 uM

10 uM

Zha et al .18

Glucose

EIS, CV

ZIF-8

PET substrate was modified by
bonding it to hydrogel. The PET
surface was functionalized with
Aam, BIS, APS, TEMED, SA, GS
NPs as monomers, cross-linker,
initiator, accelerator, crosslinking
agent and crosslinking metal ions
source, respectively.

Encapsulate protein into
the matrix

Honey

0.75to0
4 mg/mL

N.R.

Wang et al.288

Glucose

CA

Cu-MOF
(HKUST-1-
MWCNTS)

Au electrode was pre-treated with
H202 and H2SO4 mixture. Then, it
was electrodeposited with Pt and
DA+HKUST-1-MWCNTs+GOxr
the oxidation of DA was triggered by
H202. EP tube was used to avoid
water evaporation.

Offers high porosity to
improve the active
specific surface area of
enzyme

Human serum

0.005 to 7.05
mM

0.12 uM

Chen et al.!

Glucose

CA

ZIF-8@ZIF-
67

Polyimide film was used as substrate
for flexible electrode fabrication. Pl
film was transformed into graphene
using universal CO2 pulsed laser
(LIG) followed by spray coating H-
NPC solution. Temperature/pH,
glucose and lactate sensors were
fabricated by different
functionalization.

Source of nanoporous
carbon (NPC) materials

Human sweat

03uMto 15
mM

0.025 uM

Asaduzzaman
et al.187
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Glucose Colorimetry M-PCN-222 Microwave-assisted hydrothermal Contains porphyrin Milk, Orange juice, Fe-PCN-222:1 Fe-PCN- Shu et al.?®
where, M = synthesis of MOFs was done which active sites exhibiting Grape juice, human to 80 uM 222:0.4
Mn, Fe, Co, then exhibited improved peroxidase- potential biomimetic tears uM
and Ni mimicking activity. Presence of Fe- catalytic activities
PCN-222, H202, and TMB, resulted
into oxidation of TMB into blue
colored ox-TMB. GOx was
introduced in the system for glucose
sensing.
Glucose Colorimetry IrNCs@Ti-  IrNCs@Ti-MOF, TMB and varying Provides ideal support Rabbit serum 0to600 uM  20.0 uM Mu et al.*4’
MOF concentrations of H202 were added with high porosity,
into sodium acetate-acetic acid robustness
buffer to record chromogenic
reaction.
Glucose SPR M-BDC The synthesized M-BDC MOFs Capturing and co- Human serum Bare Au:5to  Bare Au: Gumilar et
(where, M = were hybridized with the Au surface localizing enzymes and 20 mmol/L 14.763 al.1e8
Cu, Mn, Ni, embedded on the SPR chip sensor.  receptors with the target Cu-BDC:1to mmol/L
and Zr) biomolecule 20 mmol/L Cu-BDC:
Mn-BDC:1to 10.383
20 mmol/L mmol/L
Ni-BDC:1to  Mn-BDC:
20 mmol/L 4.790
zr-BDC: 0.1 Mmol/L
to 20 mmol/L  Ni-BDC:
4.945
mmol/L
Zr-BDC:
0.97702
mmol/L
2. Cholesterol DPV BSA- BSA-capped AuNPs were High S.area, Support Human whole 250nMt0 3.0 53.2nM Arul et al.28
AuNPs- synthesized  through  sonication matrix blood, Egg yolk, mM
MFOF which were further embedded in Butter, Milk, Goat
MFOF meat, Cheese,
Yogurt and
icecream, Beer and
apple juice, live
cells (RAW 264.7
cells)
3. L-cysteine Colorimetry I'NCs@Ti-  IrNCs@Ti-MOF, TMB and varying Peroxidase-mimic Rabbit serum 0to 50 uM 3.41 uM Mu et al.14”
MOF concentrations of H202 were added activity

to a sodium acetate-acetic acid
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buffer solution to record

chromogenic reaction.

Glutathione

Colorimetry

Pi@Ce-
doped Zr-
based MOF

MOF composite was synthesized by
the hydrothermal route and then
combined with phosphate to enhance
its oxidase-like activity.

Possesses strongly
positive surface which
combine with phosphate

to enhances the

composite’s oxidase-like

activity

Human serum

0.8 10 15 uM

0.24 uM

Wang et al.1?°

Dopamine

CA, CV,

MIL-53 (Fe)
on
carbonized
seaweed

Dried seaweed was carbonized
through pyrolysis onto which a ZnO
nanomembrane  was  deposited
through ALD through multiple
cycles. In situ synthesis of MIL(Fe)
was done on these substrates through
solvothermal synthesis.

Outstanding
electrochemical
performance

Urine, Juice

1.0 to 200 uM

0.73 uM

Ke et al.1o!

Dopamine

Co-reactant ECL,

Ccv

Zn-tpMOF

Zn-tpMOF was synthesized through
one-pot synthesis. The Zn-tpMOF
acted as a luminophore in ECL
reactions. It exhibited a strong blue-
green luminescence with AIE
characteristics. ECL emissions were
enhanced using DABCO as the co-
reactant.

ECL emitter with AIE

property

Serum samples

10nMtol
mM

8.2nM

Fu et al.192

Sialic Acid

CA

Co/Fe MOF

The sensor was constructed on an
Au-SPE through the immobilization
of Co/Fe MOF followed by
functionalization with N-
acetylneuraminic  acid aldolase
enzyme. The MOF was synthesized
through solvothermal route.

Biorecognition element

GD3 ganglioside,

HeLa cell lines

0.20 to
1.00 mM

0.026 mM

Kiyiker et
al 193

Sialic acid

PEC, Colorimetry,

EIS

Au@PCN-
224

AU@PCN-224 was synthesized and
used along with Bi:S3 (Au
NPs@Bi2S3) to form a sandwich
like-arrangement on the electrode
surface to detect SA aided by two
pairs of cis-diol groups.

Inert electroconductivity
and nanozyme activity

Human serum
samples

5 to 1000
umol/L

1.44
umol/L

Cheng et
a|.194

5-fluorouracil

ECL- RET, CV,
EIS

Zn-MOF

Ultrasonication based Zn-MOF
(energy donor) synthesis was
followed with decorated by 5-FU on
its surface. CoOOH nanosheets

Organic luminophore
with low trigger

potential

Human serum

0.001 to 1000
ng/mL

0.52 pg/mL

Peng et al.1%
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(energy acceptor) were decorated
with 5-FU antibody.

Uric acid CV, DPV, EIS

Co(ll) MOF

GCE electrode surface was modified
with Co(IIl)MOF along with an ink
made from carbon black and ethanol.

Monolithic peroxidase
mimic

Serum

20 to 350
pmol/L

0.2 umol/L

Wang et al.1%

Bisphenol A ECL, CV, EIS

CD-COF

CD-COF and Pt NPs were mixed
then coated on the GCE surface
mediated by chitosan followed by
dropwise addition Fc-ssDNA onto
surface of modified electrode.

Improving the ECL
response

Water

1.0x10714
mol/L to

1.0x107°

mol/L

221 fM

Ma, et al.1%7

Bisphenol A CV, DPV

2D Cu-TCPP

2D Cu-TCPP was fabricated with
Tyr assembled within it layer by
layer. GCE was polished and drop-
casted with the above Tyr@Cu-
TCPP composite for electrochemical
measurement.

Preserve biological
functions of the
assembled
biomacromolecules

Milk, Plastic
mineral water
bottle samples

3.5nMto
189 uM

1.2nM

Ma et al.198

10.

Trenbolone ECL, CV

Eu-BDPO
MOF

Au deposition on GCE electrode
surface was followed by drop casting
TB antibody solution. Then, TB
standard substances followed by
antigen@Eu-BDPO were dropped
on electrode to complete the ECL
biosensor assembly.

ECL luminophore

River water

10 fg/mLto
100 ng/mL in
all three pH
conditions.

pH 5.0:
3.95 fg/mL
pH 7.4:
2.36 fg/mL
pH 8.5:
5.48 fg/mL

Zhao et al.1%

11.

Hypoxanthine LSV, CA

Al-
TCPP(zZn)
MOF

AI-TCPP(Zn) was spread over 1TO
surface followed by casting xanthine
oxidase on its surface.

Photoactive material

1to 100 uM

0.1 uM

Wang et al.?®

12.

Ochratoxin A
(OTA)
Mycotoxin

EIS, CV, DPV

Co-MOFs

AUNPs were conjugated with Co-
MOFs. Streptavidin was modified
on composite surface followed
labelling with DNA2. The GCE
electrode was modified with Au
NPs@TisC2MXene. Then, the above
synthesized complex was dropped
over the surface to complete
electrode fabrication.

Electrochemical signal
tag and internal
reference probe

Red wine

1 to 50 ng/mL

0.31 fg/mL

Guan et al.2?

OTA

Chemiluminescence UiO-66-NH:

Fe304@Si02@Ui0-66-NH2 was
used as the working solution. The

sensor was a kind of an optical fibre-
mediated homogeneous
chemiluminescent  immunosensor

Pre-enrichment of OTA

Crushed wheat,

0.1to 100

in food matrices by OTA corn, bread mixture ng/mL

adsorption

0.28 ng/mL

Wei et al. 202
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which could estimate the adsorption
kinetics and isotherms.

13.  Kanamycin

EIS, ECL

Dy-MOF

Dy-MOF was used as a reaction
accelerator, with Gd(lIl) complex
GdPc(acac) as an ECL emitter, all
assembled on a GCE electrode.

Co-reaction accelerator ~ Milk

0.001 pg/mL 0.3 fg/mL
to 1000 ng/mL

Duan et al.2%

Kanamycin

PEC

Cu-MOF

ITO electrode was coated with Cu-
MOF through drop-casting. Then,
HP1 DNA was coated over it later
being blocked with
mercaptohexanol. Different
concentrations of cDNA was added
dropwise finally functionalizing
with SP DNA@ZIS/ZnS QDs@Au—
Ag NPs.

Good PEC material Human serum,
showing cathodic Milk
photocurrent

1pMtolpuM 0.34 pM

Du et al.24

14, Lactate

CA

ZIF-8@ZIF-
67

Polyimide film was used as substrate
for flexible electrode fabrication. Pl
film was transformed into graphene
using universal COz pulsed laser
(LI1G) followed by spray coating H-
NPC solution. Temperature/pH,
glucose and lactate sensors were
fabricated by different
functionalizations.

Source of nanoporous Human sweat
carbon materials

0 to 56 mM 4 uM

Asaduzzaman
et al.187

15,  HS

Fluorescence

RhB/UiO-
66-Ns MOF

RhB/UiO-66-N3s MOF acted as a
reaction-based ratiometric
fluorescent nanosensor. The MOF
acts as a  platform  for
accommodation of guest molecule
(H2S) triggering reduction of -Ns to
-NHz emitting blue fluorescence
which enhances with increasing
concentration of HaS.

Inherent photophysical ~ HepG2 cells
property and porosity

with respect to the guest-
encapsulating ability

0.05t05mM 299 uM

Gao et al.2%

Abbreviations: PET: Polyethylene Terephthalate; AAm: Acrylamide; APS: Ammonium persulphate; TEMED: N,N,N’,N'-tetramethylethylenediamine; SA:
Sodium Alginate; SPE: Screen Printed Electrode; GS NPs: GOx@ZIF-8 NPs; ALD: Atomic Layer Deposition; AIE: Aggregation-induced Emission; MWCNTS:
Multiwalled Carbon Nanotubes; DA: Dopamine; SPR: Surface Plasmon Resonance; 5-FU: 5-Fluoro Uracil; ITO: Indium Tin Oxide; LSV: Linear Sweep

Voltammetry
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3.1.3. Macromolecules

Macromolecules are high molecular mass compounds comprising of small repetitive
monomeric units. The most common biological molecules of this class are proteins, RNA
or DNA. However, being a polymer is not a mandatory criterion for these to be called
‘macro’ molecules since many heterocyclic compounds such as lipids also fall under them.
They play a crucial role as biomarkers, hormones or enzymes in the living system?%, The
below segment describes a few of such macromolecules which have been detected using

MOF-based electrochemical and optical transducing systems in recent times.
3.1.3.1. MOF-based Electrochemical sensors for macromolecules detection

p53 gene, a transcription factor which plays crucial role in activation and expression of
numerous genes and microRNA, is also a tumour suppressor?®’. Its mutation causes a loss
in its physiological function leading to promotion of tumour metabolism. Therefore, it
can be found in almost half of cancerous tumours in tissues of breast, lung and colon®®,
Various biosensing approaches have already been adopted for its detection in recent
times2°°210 hut either have complicated operation or suffer with a narrow LDR. In a recent
article by Lv et al.?!! on MOF based electrochemical biosensor development for p53
detection, Cr-doped MIL-101-NH, MOF was fabricated to act as a hybrid sensor with
target responsive releasing and self-catalytic properties (Figure 1.7A). The MOF
encapsulated methylene blue (MB), a signal probe, which was sealed within MOF cavity
by a hairpin (HP) DNA acting as a gatekeeper, covalently immobilized on it. On
encountering the aptamer, it hybridized to form dsDNA which had a site for cleavage of
HP by the nicking endonuclease, to open the pore thereby releasing MB. The rich G-
sequences in the cleaved HP formed a Hemin/G-quadruplex DNAzymes which would
combine with MOF to catalyse MB in a redox reaction to observe a signal amplification.

The electrochemical detection used DPV in a voltage range from -0.5V to OV. The current
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signals generated from released MB corresponded to p53 concentration in a range of
1x10 to 1x10~" M with an LOD of 1.4x107*® M. This technique can also be adopted

for sensitive detection of diverse DNA sequences with specific recognition sites as well.

Insulin, being one of the most important peptide hormones of the body, caters the need
for glucose metabolism which thereby regulates normal blood glucose level?122t3,
Detection of insulin levels can be a holy grail for timely detection of diabetes. However,
the prominent detection methods rely on expensive machinery and suffer from poor
sensitivity and LOD?#%2!°, Therefore, electrochemical detection methods using
aptasensors have now been into major limelight for its ultrasensitive and cost-effective
detection. In a recent article by Sakthivel et al.?'®, two MOFs (ZIF-L and Cu-BTC) were
synthesized and made into composites to modify Au electrodes for insulin detection upto
0.027 pM within LDR of 0.1 pM to 5 uM (Figure 1.7B). Briefly, the electrode was
fabricated by dropcast method where the MOF composite was dropped on to disposable
Au electrode surface followed by further surface modification using insulin aptamer. 6-
mercapto-1-hexanol solution was utilized for blockage of remaining active sites. Insulin
solution with varying concentrations was prepared and dropped over modified electrode

surface to record the corresponding aptamer mediated reaction using DPV.
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Figure 1.7. A) Diagrammatic representation of MIL-101-NH> synthesis followed by electrochemical
sensing of p53 of varying concentrations in PBS buffer solution. Adopted with from Lv et al. [211],
copyright 2022. B) Schematic representation of 2D leaf-like ZIF-aptamer sensor for detection of
insulin. The DPV response was recorded at several insulin concentrations followed by real time
insulin monitoring. Reprinted with permission from Sakthivel et al. [216], copyright 2022.
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3.1.3.2. MOF-based Optical sensors for macromolecules detection

microRNAs are small, non-coding RNAs with a dimension of about 22 nucleotides, that
act as gene expression mediators, modulating cellular signalling pathways through
mRNA degradation and translational inhibitions?!"?'8, The expression levels of these
miRNAs play a pivotal role in prognosis and diagnosis of different diseases with its mis-
regulation also relating to cancers?%?%, In a latest study on detection of microRNA in
prostate cancer cell lines, an assembly of carbofluorescein FAM-Probe21 with NMOF-
FA was made to facilitate fluorescence sensing®?. Briefly, UiO-66-NH, MOF was
conjugated to folic acid, followed by mixing it with FAM-Probe21. The expression level
of miRNA was determined for different prostate cancer cells like DU145, PC3 and
LNCaP of which PC3 is well known for its high expression of folic acid receptors.
Fluorescence studies revealed that the target miRNA released the dye-labelled
oligonucleotide (Probe21) from the NMOF causing an increase in the fluorescent
intensity which was quenched previously due to MOF encapsulation. Therefore, an
increase in the miRNA concentration was found proportionate to the fluorescence
intensity at 520 nm. The sensor probe was found to be sensitive towards miRNA detection

within an LDR of 0 to 1000nM and an LOD of 10 pM.

Apart from RNA molecules, (circulating tumor DNA) ctDNA is also of clinical
importance which is a primary triple-negative breast cancer biomarker at an early stage.
Its quantitative detection is of significant prognostic and postoperative importance. In a
recent work by Zha et al., an ultrasensitive sensing platform for ctDNA was developed
using Nd-MOFs (Figure 1.8A)%?2. The MOF nanosheet was functionalized with ionic
liquid along with AuNPs. This MOF-AuNP combination facilitated higher photocurrent
response along with a rise in overall surface area thereby increasing the probe active sites.

The GCE/NdMOF@AUNP was functionalized with CP which resulted into generation of
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an “off signal” for ctDNA in visible light conditions. Post encountering the ctDNA,
ferrocene-labelled signalling probes were allowed to attach on the sensing probe which
thereby generated a rise in current signals, observable through square-wave voltammetry,
termed as a “signal-on”. The model system was found capable of detecting ctDNA in a
concentration range of 1.0fmolL*to 10nmolLtas well as 1.0 fmol L™ to
1.0 nmol L1 for PEC and EC model systems, respectively. Two LODs were estimated

for the two systems that were 0.63 fmol L*and 0.3 fmol L.

Ulinastatin (UT1) is a glycoprotein-based protease inhibitor found in human urine??, Its
role is in the enhancement of microcirculation by prevention of multiple protease
generation?8, Its imbalance can lead to serious health risks which makes its ultrasensitive
detection a clinical necessity. Electrochemiluminescence (ECL) can be an important
technique for the purpose, using lanthanide-based MOFs (L-MOFs) as the ECL emitter.
In another study by Li et al.?*, europium-based L-MOF has been synthesized via one-pot
synthesis method and then, Eu-TATAB has been used as a chromophore for UTI
detection and K>S;Os was taken as a co-reactant. The electrode fabrication process
involved drop-casting of Eu-TATAB on a polished GCE surface followed by
modification with 1-methylimidazole solution for activation of carboxyl group. Then, the
surface was modified with antibody Ab; attachment followed by immersion of the
modified electrode into UTI solutions of varying concentrations. The electrode was
finally wrapped with Ab/CCB/MNPs subjecting it to ECL detection in K2S20s.
Characterization of the ECL sensor was done through EIS which showed a sharp decline
in transfer resistance of the modified electrode when compared to bare GCE. The sensor
detected UT1 within LDR of 0.1 ng mL*to 10° ng mL™* with an LOD of 9.7 pg mL™. The

feasibility of the sensor was demonstrated in spiked real serum samples.
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Amongst the clinically importance proteins, one of them is the C-reactive proteins (CRP)
which is produced in the liver as a response to inflammation??422°, |ts synthesis is
regulated by the action of IL-6 on gene accountable for its transcription at the site of
wound or affliction??’. This pentameric protein rises in different pathological conditions
ranging from edema, cardiac ailment, autoimmune disorders to even the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)?2822° Therefore, its detection method
development is on rise in recent times due to surging cases of CRP increase worldwide.
In an article by Ali and Omer?®, they fabricated an ultrasensitive optical biosensor
comprising of an aptamer-functionalized Cu-MOF fluorescent nanozyme which detected
CRP (Figure 1.8B). The biosensor can be operated on dual mode and could detect CRP
with an LOD of 40 pg mL in fluorescence mode and 240 pg mL™* in the colorimetric
mode. The POD activity of the Cu-MOF was exploited to oxidize TMB into ox-TMB
generating blue color whereas, on addition of RNA to the MOF restricted its POD like-
activity thereby diminishing the signal. An addition of CRP to the MOF/RNA composite
caused a release of RNA from the MOF surface leading to consequential restoration of
POD-like activity. The fluorescence-based method was found to be more sensitive
towards CRP levels. COVID-19 patient serum samples spiked with the CRP protein with

varying concentrations was used as the real sample for CRP detection.

Human Epidermal Growth Factor, a 185 kDa transmembrane glycoprotein complex, is
overexpressed in most of the primary invasive breast cancers (BC) causing uncontrolled
tumor growth and metastasis?®:232, A rise in its concentration in cancer patients to 15-75
ng mL? is observed, which is highly elevated to its normal concentration of about 2-15
ng mL™? 2%, So, development of detection methods for its (or its receptor’s human
epidermal growth factor receptor 2 (HER-2)) ultrasensitive quantification is of great

clinical significance. Recently, a group of scientists have worked on fabrication of an
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ECL biosensor towards its detection using a novel ECL system comprising of ZMB/S,0s?
234 They have used AuNPs decorated graphite-like carbon nitride (g-CsNs@Au) as the
sensing matrix that could function in a potential range of —1.2 V to 0 V to generate an
ECL signal in presence of peroxydisulfate (S20s*") co-reactant. Amino-modified capture
probes (CP) were immobilized on this complex via the Au-N bonds. Additionally, a Zr-
based MOF modified with boron carbon oxynitride (ZMB) was also synthesized which
exhibited ECL intensity in the potential range of —2.0 V to 0 V with 0.8 mM S,0s>". For
the fabrication of the ECL biosensor, a pre-treated GCE electrode surface was coated with
g-CaNs@Au. Then on drying, it was incubated with CP solution followed by treatment
with BSA to block the redundant non-specific binding sites. The surface was topped with
dropping the tracer label to form the modified electrode for HER-2 detection. ECL
experiments were performed in 0.1 M PBS (pH 7.0) containing 0.8 mM K>S>0s. An ECL
intensity which was initially hindered on addition of CP and BSA was greatly enhanced,
in form of cathode ECL emission, on introduction of the tracer label. On addition of HER-
2 solutions of varying concentration, the tracer label detached from the electrode surface
rooting a decline in ECL emissions again. The biosensor worked well in an LDR of
0 fg mL™ to 100 ng mL* with an LOD of 0.2 fg mL™%. The applicability of the sensor was
verified on real diluted human serum samples spiked with HER-2 solutions, exhibiting a
good recovery of almost 95%. Hence, the discussion proves utility of MOFs in sensing
matrices for ultrasensitive detection of macromolecules ranging from biomarkers to

hormones and many more.
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Figure 1.8. A) A schematic representation of Nd-MOF-based nanosheets capable of detecting
CtDNA facilitated by gold nanoparticles and ionic liquid. Reprinted with permission from Zha et
al.?22, copyright 2023. B) Graphical illustration of Cu-MOF functionalized with aptamer for
ultrasensitive detection of C-reactive protein. Reused with permission from Ali and Omer [230],

copyright 2022.

Recently reported MOF-based biosensors for detection of macromolecules have been
comprehensively discussed in Table 1.3 below with their respective target analytes,

detection techniques, fabrication strategies, real samples considerations and detection

efficiency parameters (LDR and LOD).
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Table 1.3. Detailed list of latest MOF-based biosensors for sensing of macromolecules. (N.R.: Not Reported)

S.No. Target Analyte

Detection

Sensor

Fabrication strategy

MechanisticRole

Real

Reference

the Eu-MOF growth. It was then
immobilized on a GCE electrode
surface successively with AuNPs.
Finally, Hl(target DNA strand)
was drop-casted on it for selective
cleavage and detection of the target
protein.

Mechanism Composite of MOF Sample
1. Lincomycin PEC Heterostructured Sulfofication of Ni-Zr MOF was High S.Area, Milk 0.0001to 1.25nM  0.067 pM Zhang et
NiS@NisS2/CdS done to synthesize a photoactive Syperior al.zs
photoactive composite which was modified photocurrent
composite further to form an aptamer-based response
derived froma  (APT) sensing electrode based on a
Ni-ZIF MOF coupling reaction.
2. G-triplex mediated CV,EIS,DPV  NHz2-MIL- GCE surface was electrodeposited Adsorption 10% goat 10°t0 106 M 1.00 pM You et al.?%
DNA of 53(Al) with AuNPs which were further matrix serum
Mycoplasma bovine immersed into PEG and MOF
pneumonia composite solution. The electrode
surface was then drop casted with
G3 DNA probe. Methylene blue
and phenothiazine were used as
electrochemical indicator
3. Glutathione S- Colorimetry Pi@Ce-doped The MOF composite was Oxidase-like Human 0.0002 to 0.006 0.19 muU/L Wang et al.1%
transferase Zr-based MOF  synthesized by the hydrothermal activity serum u/L
method and then was combined
with phosphate to enhance its
oxidase-like activity.
4, Alpha-fetoprotein ECL,CV,EIS  Nizn MOF NiZn as catalysts were synthesized Energy-sorption Human 5x105 to 102 0.98 fg/mL  Zhao et al.?¥"
(AFP) through partial pyrolysis and then for catalysis serum ng/mL
the surface was decorated with
AuNPs followed by
functionalization with anti-AFP
proteins on its surface for selective
detection of AFP.
5. 127L gene ECL Eu-MOFs A one-step room temperature ECL emitter Human 1fMto 10 nM 447 aM Dai et al. >
synthesis approach was adopted for serum
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6. Exosomal piR-823 Ratiometric AuNCs/UiO-66- UiO-66-NH2 MOF composite was Support matrix ~ Human 0.04 to 4 pM 10.2 fM Tong et al.?*®
Fluorescence NH: synthesized by hydrothermal route serum
and was subsequently conjugated
with AuNCs through Au-N bond.
7. Thrombin Photoluminescence, Ru@Nis(HITP). Ru@Ni3(HITP). was adorned on ECI- Human 1fMto1nM 0.62 fM Zhang et
ECL, CV, EIS the GCE, followed by dripping the conductivity serum al.2#0
surface with AuNPs. It was then enhancer
followed by immobilization of TB
aptamer on it. Thereafter, the
ferrocene-labelled single-stranded
DNA (Fc-S1) was added to
conjugate with the TB aptamer to
cause ECL signal quenching.
8. Neuron-specific ECL-RET, EIS  FeMOFs-sCuO FeMOFs were prepared through ECL-RET dual  Human 0.00005 to 100 20.4 fg/mL Hu et al .24
enolase (NSE) hydrothermal synthesis. They were quencher serum ng/mL
applied to load sCuO to obtain
FeMOFs-sCuO nanocomposite
which was used as a quenching
probe  for  P-C3N4-CoPdNPs
towards sensitive analysis of NSE.
9. CRISPR/Casl4a- DPV,EIS,CV  PtPd@PCN-224 Solvothermal synthesis of PCN-  Signal- Human 100aMto 10nM  12.8 aM Li et al.242
based Burkholderia 224 was followed by in situ amplification tag serum
pseudomallei specific generation of PtPdNPs to facilitate
DNA sequences its binding with P-ssDNA
detection
10.  Nanoscale ECL, CV TCPP/UiO-66- TCPP/UiO-66-NH2 synthesis was ECL emitter HepG2 cells 1.00x10*to 9.08x10° Wang et.
exosomes NH: carried out through a one-pot derived 3.16x108 particles/uL  al.?*3
solvothermal reaction followed by exosomes particles/uL
post-synthetic  metalation  with added in
Zn?*ions. Fluorine-doped tin oxide exosome
(FTO) electrodes were coated with depleted
positively  charged chitosan fetal bovine
followed dipping the electrode in serum (FBS)
negatively charged AuNP solution.
Thiol-modified CD63-binding
peptide was drop casted on
electrode surface.
11.  Glial Fibrillary CV, EIS Au@ZIF- One-pot solvothermal synthesis of High S. area Urine 50.0 to 10 000.0 50.0 fg/mL Mehmandoust
Acidic Protein 8@rGO ZIF-8 was done. In situ AuNPs fg/mL et al.2*

were synthesized in GO, ZIF-8
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solution mixture to form the

composite.

12.

MicroRNA

DPV

Co-MOFs

Co-MOFs were synthesized by
solvothermal route and then
functionalized with Streptavidin.
In another set of experiments, the
walker DNA (WD)/blocker DNA
(BD) complex, with which
miRNA-141 would react, were
decorated on the HP1-
functionalized Magnetic Beads’
surface to complete  probe
fabrication.

Signal probe

Human 1fMto 10 nM

serum

0.46 tM

Guan et al.2*

13.

a-Glucooxidase,
Alkaline
phosphatase, and
AAO

Colorimetry

AuNPs/UiO-66

Uio-66 MOF was prepared
through solvothermal synthesis
followed by composite formation
involving MOF and AuNPs for the
colorimetric analysis.

Enhanced
peroxidase-like
activity

Human o-
serum Glucooxidase:0.005
to 1.9 U/mL

Alkaline
phosphatase: 1.25
to 37.5 mU/mL
AAO: 0.5t0 10
mU/mL

a-
Glucooxidase:
0.002 U/mL

Alkaline
phosphatase:
0.14 muU/mL
AAO: 0.34
muU/mL

Liu et al.246

14.

Acetylcholinesterase
(AChE)

Colorimetry

Cu-CAT NSs
(Copper
chatecholate
Nanosheets)

2D MOF was synthesized based
upon Cu-CAT wusing dextran-
assisted ultrasound exfoliation of
the bulk Cu-CAT. The synthesized
Cu-CAT nanosheets exhibited
peroxidase like activity leading to
AChE sensing.

Peroxidase-like
activity

HA tablets  0.01 to 4.0 mU/mL

0.01 muU/mL

Wang et al.?¥’

15.

miRNA-10b

CV, EIS

NMOF@Cu?*

NMOF coordinated with Cu?* was
coupled with a 3D DNA walker.
The carboxyl group in the organic
ligand of NMOF assembled
complementary DNA strand for
biorecognition reaction.

DNA strand
assembly,
Catalysis

Human
serum

0.8 pM to 250 pM

0.5 pM

Tang et al.>*8

16.

miRNA-21

CV, LSV, DPV

ZIF8

Fluorine-doped tin oxide electrode
was primarily electrodeposited
with  AuNPs with subsequent
modification by GDH/NAD*
followed by controlled etching and
TA addition.

Encapsulation of
moieties

Spiked 0.01 to 1000 fM
healthy

human

serum,

human

normal liver

cells (L-02

2 aM

Yan et al.2*®
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cells),
human liver
cancer cells
(HepG2
cells), and
human BC
cells (MCF-
7 cells)
17.  Amyloid g 42 Aggregation- Au@UiO-66- GCE electrode was drop-casted ECL emission Spiked 10 fg/mL to 100 2.4 fg/mL Yang et al.?0
induced ECL NH2 with Ag@ZnPTC/BSA/Ab1. AB42 acceptor and human ng/mL
resonance energy antigen  solution of varying donor serum
transfer (AIECL- concentrations was added to the
RET), CV modified electrode surface. Then,
finally Au@UiO-66-
NH2/BSA/Abz was dropped on its
surface to complete the sandwich
biosensor.
18. HBV DNA ECL, CV Al-MOF Polished GCE surface was drop- ECL activity Human 100aM to 10pM  62.1aM Chen et al.?!
casted successively with Al-MOF serum
(synthesized through solvothermal
method) and AuNPs. Then, it was
dripped with S1 followed by DA-
S2. Afterwards, various
concentrations of HBV and Exo 111
were added to its surface
successively. Post washing with
PBS, the fabricated electrode was
tested in HEPES buffer.
19.  Exosomal miRNA- Surface Plasmon  Zr-MOF Aptamer-engineered RBCs were ~ Complexation Human 1fMto 1x106fM  2.03 fM Fan et al.??
155 Resonance labelled with PKH26 and and plasma
exosomes with PKH67. The strengthening of
fluorescence-labelled engineered ~ SPR response
RBCs and exosome suspensions
were visualized through
microscope.
20. SARS-CoV-2 spike Fluorescence MOF-5/CoNi2Ss MOF-5 was adorned  with Recombinant NR 5nM Rabiee et
antigen CoNi2Sa4 followed with HoTMP for SARS-CoV- al.s
the antigen detection. 2 spike
antigen
21. VEGF165 PEC, EIS Nd-MOF Nd-MOF/GCE electrode surface High S.Area Human 0.01t0 100 ng/mL  3.51 pg/mL  Zhong et
was introduced with dsDNA and serum al.?*
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ALP. Aptamer-antigen reaction led
to aptamer shedding from electrode
surface leading to decline in the
charge-transfer resistance.
Thereafter, ascorbic acid was
yielded by the catalysis of I-
ascorbic acid 2-phosphate which
subsequently reduced HAuUCI4 to
produce  AuNPs leading to
localized SPR and VEGF165
sensing.

22. CEA PEC Cu-MOF ITO electrode was coated with Cu- PEC material for Human 0.1 fg/mL to 0.1 0.045 fg/mL  Duet al.?*
MOF through drop-casting. Then, cathodic serum, Milk  ng/mL
HP1 DNA was coated over it later photocurrent
being blocked with generation
mercaptohexanol. Varying
concentrations of cDNA were
added dropwise finally

functionalizing with SP
DNA@ZIS/ZnS  QDs@Au-Ag
NPs.

Abbreviations: S.Area: Surface Area; AuNcs: Gold Nanoclusters; TB:Thrombin; GO: Graphene Oxide; HA: huperzine A; GDH: Glucose Dehydrogenase,
NADH: nicotinamide adenine dinucleotide; BC: Breast Cancer; TA:Tannic acid; RBCs: Red Blood Cells, CEA: Carcinoembryonic Antigen

[53]



Chapter 1

3.1.4. In vitro cell detection
3.1.4.1. Prokaryotic cell detection

Bacillus anthracis is a dangerous pathogen known to cause severe pulmonary anthrax in
mammals with a fatality of about 90%. Electrochemical and luminescence-based
approaches have been readily adopted for recognition of bacterial markers such as 2,6-
pyridine dicarboxylic acid (DPA) over other methods due to simpler operation and low
cost. In a recent research by Liu et al.?*®, NH, functionalized Eu-based MOF was used for
fluorescent-sensing of DPA molecules (Figure 1.9A). The MOF exhibited no
luminescence in ethanol (MOF dispersive medium) but with addition of DPA,
luminescence of both Eu* and amino ligand NH,-BDC got recovered due to stable
complexation of Eu®* with DPA. Fluorescence intensity of amino ligand at 460 nm was
found proportionate to DPA concentrations whereas that of Eu®* at 705 nm shifted to 624
nm, with an LDR of 0-100 uM. Two LODs as 0.36 uM and 0.8 uM were reported for two
different solvent systems water and ethanol, respectively. The values were much lower

than infectious bacterial spore load for humans.

Another pathogenic bacterium, Burkholderia pseudomallei known for its high fatality
infection in humans, is nowadays being detected sensitively using MOFs. In a recent
article by Wang et al.2®, this pathogenic species was detected using Co-doped MOF
adorned with AuNPs and N-(4-aminobutyl)-N-(ethylisoluminol) exhibiting improved
ECL activity as compared to previously reported biosensors. This was aided by its zero-
distance catalytic properties. The LOD was found to be 60.3 aM with a detection
capability as low as 9.0 CFU mL™. Briefly, the biosensor was prepared on GCE electrode
with immobilization of Au@Co-MOF@ABEI on its surface followed by aptamer DNA
strands which bound to dopamine and thereby quenched the ECL. Then another DNA
strand attachment turned the signal “on”. The characterization of electrode was done

using techniques such as EIS and CV at every step of electrode modification. LDR was
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found in the range of 10%to 108 aM. On verification of biosensing platform in serum
samples containing the pathogen, it had a good applicability for detecting B. pseudomallei

within a range of 1.5 x 10! to 1.5 x 10° CFU mL™.

Various microbial species are currently of public health concern including Staphylococcus
aureus which is known to cause life-threatening illness including sepsis, acute renal failure,
meningitis and gastrointestinal reaction?®’. It is often detected through techniques like
gPCR and ELISA which are rapid but have high cost and low stability. Therefore, these
shortcomings have been resolved through latest works by Chen et al.?%®, According to the
study group, development of MOF-based aptasensor with colorimetry and electrochemical
modes of detection was proposed. Cu-MOF conjugated with gold nanoparticles served the
dual purpose of catalysis (in chromogenic reaction) and electrochemical response genesis
by virtue of its Cu?* dopant (Figure 1.9B). Screen-printed carbon electrode was modified
with MB aptamer/ssDNA-AuU/CuMOF and scanned in the potential range of 0.2-0.6 V with
pulse amplitude of 50mV and pulse width of 0.05s for DPV response measurement. The
peroxidase-mimicking activity was also explored taking TMB-H>O> reaction system as a
typical model system which has a distinct oxidation peak of 450 nm in presence of Au/Cu-
MOF. The aptasensor indicated a good electrochemical response in a range of 10 to

108 CFU mL* with an LOD of 5 CFU mL™12%8,
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Figure 1.9. A) Graphical representation of Eu-MOF for detection of anthrax biomarker (DPA).
Inset image corresponds to SEM result for NH»-BDC-Eu-MOF composite. Reused with
permission from Liu et al. [255], copyright 2022. B) Pictorial representation of multifunctional
MOF-based dual mode (colorimetric and electrochemical) aptasensor for S. aureus detection.
Reported with permission from Chen et al. [258], copyright 2023.
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3.1.4.2. Eukaryotic cell detection

Breast cancer (BC) being one of the most common cancers affecting women globally, if
diagnosed at an early stage is usually non-aggressive in nature. However, the
aggressiveness of BC is attributed to over expressivity of multiple cell markers including
HER-22°9-2%2_ Therefore, identification of aggressive BC cells’ phenotype can help in
therapy and its timely prognosis. Addressing the problem, Wang et al.?%® in their recent
study have developed an electrochemical biosensor using a MOF-based probe
AUNPs@HRP@ZIF-8 (Figure 1.10A). They synthesized HRP-encapsulated ZIF-8
which was further modified using AuNPs. HER-2 protein is a transmembrane tyrosine
kinase receptor belonging to the family of epidermal growth factor receptors (EGFR or
ErbB). It is overexpressed in different cancer types such as ovarian, gastric, breast and
oral®®42%° The ZIF-8 surface used in the study catered attachment of peptides specific to
target protein HER-2 and MMP-2 due to presence of numerous active sites. Then this
recognition sequence was immobilized on indium tin oxide (ITO) electrode as well. On
encountering BC cells, the AUNPs@HRP@ZIF-8 was cleaved off leading to target
protein detection. The sensing performance was studied using CV and EIS measurements.
DPV was also performed from 0.5 V to -0.1 V and i-t curve was recorded at -0.1 V. The
results revealed detection range for HER-2 and MMP-2 from 50 fg mL™ to 50 ng mL™*
and 10 fg mL* to 10 ng mL* with an LOD of 16.8 fg mL ™ and 5.33 fg mL™?, respectively.
The results were verified on real samples to detect the phenotype of four different types
of BC cells to quantify these markers. SK-BR-3 and BT-474 cells were found to be more
aggressive on the level of HER-2 expression when compared to MCF-7 and MDA-MB-
231 triple-negative BC cells. In another study on electrochemical fluorescence-based
CDs@ZrHf-MOF, CDs were embedded in the MOF cavity?®. The sensor possessed a

very low detection limit of 19 fg mL* for HER-2 protein and 23 cellmL* for MCF-7
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cells, with their respective detection ranges of 0.001-10ngmL* and 1x10? to
1x10° cell mL. The aptasensor fabrication involved drop-casting of CDs@ZrHf-MOF
suspension on pre-treated Au surface succeeded by incubation with HER-2 aptamer
solution to embed the aptamer on its surface. EIS, CV and DPV measurements were
carried out to validate sensor assembly at each step. On interaction of HER-2 with the
aptamer, complex formation took place which resulted to an increase in the Rt value from
0.261 k€ to 0.480 kQ. Apart from BC, cancer cases in general are on rise with colorectal
cancers (CRC) contributing a major part of gastrointestinal malignancies globally?%7:28,
Electrochemical method when compared to other diagnosis approaches is highly time
efficient, low cost and fluorescent-label free with aptamer-based ones gaining more
attention®°20_In a study by Duan and group?’t, CT26 cells present in CRC were
selectively detected using Cr-MOF/CoPc hybrid immobilizing cell-targeted aptamer. Au
electrode was drop-casted with Cr-MOF@CoPc-2 followed by immersion into aptamer
solution. Finally, the modified electrode was dipped into CT26 cell suspension. EIS and
DPV studies showed LOD values for the cells to be 36 and 8 cells mL™* which was further
verified through real sample analysis using human serum samples spiked with CT26 cells

of varying concentrations.

Circulating tumor cells (CTCs) are easy and less painful source of cancer detection when
compared to conventional tissue biopsy?’2. However, the challenge lies in their rare
abundance in blood circulation with only 1-10 circulating cells mL™* on an average amid
a lot of significant interferents surrounding them?’®. Recently, Zhang et al.?’* have
proposed a dual-mode aptamer based electrochemical and fluorescent sensor detecting
MCF-7, HepG2, MB-468, HelLa, and MCF-10A cell types (Figure 1.10B). The Mapt-EF
sensor, fabricated on ITO electrode used Co-Fe bimetallic MOF which was capable of

catalysing the disintegration of H2O- to release oxygen. An aptamer chain was designed
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with a dual purpose of capturing three cancer biomarkers namely, PTK7, EpCAM and
MUC1 along with inhibiting the catalase like-activity of the MOF. The ITO electrode was
negatively biased to adsorb positively charged compound, MB and TMB molecules
imparting high fluorescence and electrochemical signal intensity. CV-based sensor
characterization was done followed with checking its applicability in real blood sample.
The sensor was found capable of detecting upto a single cell in the medium with an LOD
of 11, 9, 10, 10, 11 cells mL™* for HepG2, HeLa, MCF7, MDA-MB-468 and MCF-10 BC
cells, respectively. Colorimetry-based CTCs detection has also been demonstrated by
another group using CuFe-NH,-MIL-101 MOFs?®, The MOF possessing peroxidase-
mimicking activity derived its fluorescence ability in the excitation wavelength range of
280-410 nm from Cu present in the MOF composite. EpCAM receptors on the HCT116
cells were used as the transmembrane cell surface glycoprotein which were targeted using
specific antibodies to capture the cells. The fluorescence intensity was governed by
binding of CuFe-NH>-MIL-101 with EpCAM antibody. Moreover, the colorimetric
response increased with increase in the cell concentrations contrary to the fluorescence
readout which decreased over time. The sensor was capable enough to detect cells in the

range of 102 to 2x10° cells mL* with the LOD being 12 cells mL™.

Therefore, as per the detailed discussion in the above section it can emphasized that these
MOFs have been a material of choice in recent times for biosensor probe fabrication for
detection of all kinds of cells. They can be an optimal sensing matrix when conjugated

with cell specific antibodies for ultrasensitive cell detection.
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Figure 1.10. A) Diagrammatic illustration depicting MOF-based biosensor for identification of
aggressive BC cells using overexpressed HER-2. 1) DPV curve for analysis of HER-2 at varying
concentrations. 11) Amperometric response for varying concentrations of MMP-2. Adopted from
Wang et al. [263], copyright 2023. B) Diagrammatic representation of Co-Fe-MOF for
simultaneous detection of multiple cancer markers for CTC capturing, identification and
counting. Reprinted with permission from Zhang et al. [274], copyright 2023.

Recently reported MOF-based biosensors for detection of prokaryotic as well as
eukaryotic cells have been comprehensively discussed in Table 1.4 below with their
respective target analytes, detection techniques, fabrication strategies, real samples

considerations and detection efficiency parameters (LDR and LOD).
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Table 1.4. Detailed list of latest MOF-based biosensors for sensing of cells (prokaryotic and eukaryotic). (N.R.: Not Reported)

S.No. Target Detection Sensor Composite

Analyte Mechanism

Fabrication strategy

MechanisticRole
of MOF

Real
Sample

Reference

aptamer.

1. Salmonella Colorimetry MIL-88@Pd/Pt MIL-88@Pd/Pt composite was synthesized by in Peroxidase Chicken 4x10% to 32 Yuan et
typhimurium situ growth of Pd, Pt NPs over the surface of mimic and high  meat 4x10° CFU/mL  al.?®
MIL-88 MOF. The complex acted as a S.Area supernatant CFU/mL
peroxidase mimic which along with MNBs
caused specific separation and labelling of target
pathogen.
Salmonella Colorimetry NH2-MIL-101(Fe)  Modified  magnetic  nanobeads = MNB- High S.Area Spiked 15x10'to 14 Qi et al.?’”
Salmonella-MOF  sandwich complexes were chicken 1.5%x107 CFU/mL
made which were wused to catalyse o- meats CFU/mL
phenylenediamine to generate colorimetric
response.
Salmonella Colorimetry ZrPr-MOF Zirconium praseodymium MOF acted as Peroxidase- Water, Milk  102t0108 37 Mirsadoughi
nanozyme to detect the pathogen by converting mimic activity CFU/mL  CFU/mL  etal?®
TMB to ox-TMB, liberating colorimetric
response.
2. Escherichia PEC, CV, EIS In203/Ce02@MNC  PolyMOF(Ce) were hydrothermally synthesized High S. area, Raw milk, 10'to 107 1.12 Wang et
coli (E. coli) to adsorb trace indium ions (In3%). Further the large pore size,  Bread CFU/mL  CFU/mL  al.?™®
complex was calcined at high temperature multiple
forming In203/CeO2@mNC hybrids. functionalities
for PEC
E. coli Photoluminescence NHz-MIL-53(Fe) NH2-MIL-53(Fe) MOF-metal composite was Luminescent Bacteria 19to 8 CFU/mL  Bhatt et
MOF synthesized and conjugated with galactose and property and high culture cells 10x10° al. %0
mannose sugars. S. area CFU/mL
E. coli Fluorescence Zr-Ui0-66-B(OH)2 The MOF was functionalized with boric acid to Photocatalytic Drinking 5.0to 1.0 Zuo et al.?8!
adhere bacterial cells. Ab:-MNP-target bacteria- inactivation of water, Milk  2.5x10* CFU/mL
Zr-Ui0-66-B(OH)2 complex was created and bacteria, CFU/mL
dispersed in H20: solution for quantitative fluorescence
estimation of bacteria. properties
3. Staphylococcus EIS, DPV ML-Cu.0@Cu- A suspension of ML-Cu,0@Cu-MOF was Anchoring ability Milk, O0to1x10® 1.6 Tian et al.28
aureus (S. MOF dropcasted on a pre-treated Au electrode surface to aptamer, honey,and CFU/mL CFU/mL
aureus) which was later incubated with a targeting conductivity biscuit
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4. P. aeruginosa  Photoluminescence NHz2-MIL-53(Fe) NH2-MIL-53(Fe) MOF was synthesized and Luminescent Bacteria 170 to 202 Bhatt et
MOF conjugated with galactose and mannose sugars  property and high culture cells 33 x 107 CFU/mL al.%0
S. area CFU/mL
5. SARS-CoV-2 Colorimetry MIL-101(CuFe) CD147-modified MIL-101(CuFe) was prepared Peroxidase-like ~ SARS-CoV- SARS- SARS- Zhao et
which oxidized TMB, yielding ox-TMB in the activity 2 CoV-2 CoV-2 al.28
presence of H202, to generate a colorimetric pseudovirus pseudovirus pseudovirus
response. in human inhuman  in human
serumand  serum: serum: 0.09
real virus 0.003 to ng/mL;
sample 48.9 real virus
ng/mL; sample: 3
real virus ~ PFU/mL
sample:10
to 10*
PFU/mL
6. Cauliflower PET, FRET Fe-MIL-88 The FAM-ssDNA probe was fabricated High S. area, Transgenic 5pMto50 0.184pM  Liuetal.®
mosaic virus complementary to the targeted CAMV 35S. In its greater plant nM
35S promoter absence, the FAM ssDNA got adsorbed on quenching and genomic
(CamV 35S) surface of the Fe-MIL-88 MOF causing a DNA binding DNA
fluorescence quenching event. abilities
7. Breast cancer EIS, CV AUNPs@HRP@ZIF- ZIF-8 based probe was modified with AuNPs for High S. area BC cells HER-2:50 HER- Wang et
cells 8 binding with the target peptide (Au-S, Au-N fgto 50 ng/ 2:16.8 al. %63
(HER-2, bonding) and HRP. mL fg/mL
MMP-2) MMP-2:10 MMP-
fgto 10 ng/ 2:5.33 fg/
Ml mL

Abbreviations: S.Area: Surface Area; MNBs: Magnetic Nanobeads; PET: Photoinduced electron transfer; FRET: Fluorescence resonance energy transfer;

HRP: Horse Radish Peroxidase; BC: Breast Cancer
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3.2. Electrochemical MOF-based Biosensing matrices for Disease Diagnosis

In recent times, the convergence of nanotechnology, materials science, and bioengineering
has led to revolutionary progress in the advancement of biosensors, heralding a new age of
accurate diagnosis and personalized healthcare 22>2%, The increasing worldwide prevalence
of infectious and fatal diseases, including those that can be transmitted and others that
cannot, highlights the dire need for diagnostic methods that are simple, fast, accurate, and
affordable 227, Conventional laboratory diagnostic methods do not meet these requirements,
thereby requiring novel technologies which are capable of tackling the difficulties such as
early diagnosis, continuous monitoring, and point-of-care testing 2882%°, Electrochemical
biosensors have emerged as plausible solutions overcoming previous methodological

setbacks incorporating a plethora of nanomaterials®®.

Among the several materials investigated for the development of sensors, MOFs have
emerged as an extremely promising category of materials with distinct features that make
them well-suited for use in electrochemical sensing applications 2. MOFs, distinguished
by their elevated surface area, flexible porosity, and effortless functionalization have
improved performance and specificity of sensors to many folds 2°2. One of the key
characteristics of MOFs is their modular structure, consisting of metal nodes and organic
linkers, which enables the customization of their properties for the development of
sensors that can detect a wide array of proteins and other molecules linked to different
diseases 2%%2%, The combination of the diverse attributes of MOFs and the responsiveness
of electrochemical methods has facilitated the advancement of sensors that have improved
analytical capabilities, establishing them as preferred materials in the field of healthcare
2% One fundamental aspect of electrochemical sensors based on MOFs is their

296

application in different sensing methods, such as amperometry 2%, voltammetry 2%, and

impedance spectroscopy 2%. Such integration enables the identification of biomarkers at
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extremely low levels, hence allowing for the timely detection of diseases such as diabetes,

cancer, cardiovascular, pulmonary, neurological disorders and infectious conditions 2%,

Due to their ease in production and ability to work well with small electronic devices,
MOF-based electrochemical sensors have great potential in the advancement of portable
and user-friendly diagnostic systems. Commercial availability of MOFs such as ZIF-8,
MIL-53(Al), HKUST-1, Fe-BTC and others is an imperative of MOF-enabled product
demands in real world 3%, Point-of-care testing (POCT) devices have recently been
engineered with MOFs to simplify testing and improve analytical performance
supplementing devices to overcome the challenges associated with antibody-associated
POCTs *. The possibility of incorporating MOF-based sensors with smartphones and
wearable technology enhances the versatility of these sensors for the detection of multiple

biomarkers by virtue of organic functioning, extended shelf-life and thermal stability 32,

The global burden due to infectious and fatal diseases is increasing and millions of
mortalities are occurring from diabetes, viral infections, cardiovascular, pulmonary, and
many others 3%, Various studies on MOF-based electrochemical sensors for the detection
of different disease-specific biomarkers have recently highlighted MOF-mediated POCT
research progression. Li et. al described the MOF based electrochemical sensors solely
for the detection of glucose 3%, similarly Wang et. al in their study discussed about MOFs
used for electrochemical sensing of viruses 3®°, hence limiting their study to a particular
disease. Another study by Li et. al discussed about MOF based sensors for small,
macromolecules and cells but their study mainly revolved around the synthesis and
fabrication of MOF with a limited discussion on targeting biomolecules *°. Hitherto such
studies evidently suggest the rising interest of researchers towards these molecules, our
Scopus based analysis also backs the same. The studies that were limited to only a handful

of reports on MOF-based electrochemical sensors in 2013 have risen to >200 annual
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articles. All such reports have emphasized on the role of MOFs in sensor matrices through
molecular perspective while a study encompassing their crucial role through perspective
of a range of diseases and their relevant biomarkers is still lacking. This review focusses
on the recent advances in different kinds of MOFs, their functionalization strategies, and
applications in the realm of electrochemical sensors for disease diagnosis. We have
thoroughly studied the role of MOFs as a matrix component in conjugation with different
nanomaterials for their application in healthcare and human wellbeing. Additionally, we
have discussed various globally developed MOF-based sensor matrices for disease
diagnosis in tabulated form describing their target analyte, detection technique, sensor
composite, fabrication strategy, mechanistic role of MOF, real sample, linear dynamic
range (LDR) and limit of detection (LOD). Also, the challenges and future prospects of
MOF-based electrochemical sensors have been discussed which allows the readers to
ponder and eventually work towards innovative technological translations from the
laboratory to the clinical settings. In addition to improvement of analytical performance,
the incorporation of MOFs into electrochemical sensing platforms brings in a new era in
point-of-care diagnostics. We hope that our critical analysis will add to the expanding
amount of information highlighting the revolutionary potential of MOF-based

electrochemical sensors for more accurate diagnosis and enhanced medical outcomes.

Selective and sensitive detection of disease biomarker in a complex biological sample is
of utmost importance for early disease diagnosis and prognosis. Electrochemical signal
sampling plays a key role in POCT devices where the use of miniaturized electrochemical
sensors to detect a range of electrolytes is done by observing a change in current, potential
or impedance caused by the redox properties of the analyte species 1. Such changes in
signals within the MOF-based POCT devices are brought up by MOFs’ electronic and
catalytic properties levied by the functional groups such as amine and nitro which are

often associated with their linker components °. Not only this, Co, Ni and Cu centred
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MOFs have been found to be highly electrocatalytic in nature which is attributed to their
enriched electron transfer capabilities from their metal centers to their respective ligands
677 With advancement in technology, MOFs have gained importance in biomarker
detection due to enormous surface tailoring possibilities they offer, bestowing them with
catalytic potential, functionalization sites, porosity and huge surface area facilitating

molecular adhesions (Shubhangi et al., 2024).

Researchers globally have understood the importance of these porous structures in the
field of fluorescence and electrochemical sensing matrices for disease diagnosis. Some of
the major disease detection sensing probes with electrochemical MOF-based

nanocomposites’ constituents have been elaborated in the upcoming sections.
3.2.1. MOF-based electrochemical sensors for Diabetes

Diabetes accounts to almost 4.2 million deaths worldwide with a whopping number of
patients aged between 20-79 years, contributing to 11.3% of global deaths 3%, The World
Health Organization in 2014 projected about >422 million world adult population to be
suffering from diabetes mellitus with its prevalence on rise continuously 3%°. The current
impact of this disease is maximal in low and middle-income nations which necessitates its
prevention and early diagnosis on an urgent basis. Its consequential impact can be seen on
different vital organs; however, its major impact can be governed through its primary marker
being elevated blood glucose levels 31°. MOF-based glucose detection systems can be an
enticing approach serving two major roles, either as signal transduction systems or, as a
substrate for embedding enzymes and nanoparticles . MOF-based glucose sensors can be

pristine or modified MOFs which can be used as a part of electrochemical sensing matrices.

In a recent study by Xu et al., catalytic potential of MOF in basic medium was illuminated
312 A MOF/a-cyclodextrin-reduced graphene oxide (MOF/a-CD-rGO) hybrid was

synthesized on a titanium mesh where the Ni-based MOF acted as an electrocatalyst
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whereas, the rGO enriched the composite’s electrochemical performance (Figure 1.11A).
The Ni(IT)/Ni(l11) redox couple assisted by the OH" in the electrolytic solution oxidized
glucose to form gluconolactone, thereby generating amperometric oxidation peak current
responses at +0.55 V. Two LDRs from 0.65 uM-4.828 mM and 4.828-9.178 mM with a
LOD of 0.3 uM was obtained with a rapid response time of 1.9s. Fetal bovine serum
sample was used for evaluation of sensor practicability exhibiting high recoveries. Similar
enzymatic potential was seen for a non-toxic Fe(ll)-MOF in acidic epidermal sweat
environment 3. The 3D printed device had a MOF-based Fe-centered nanozyme
immobilized on its working electrode (WE) surface which oxidized glucose to
gluconolactone generating a defined anodic peak response at -1.2 V. An interesting
observation in this case would be a shift in the analytical peak potential from +0.55 V to
-1.2 V, from the former discussed sensor, with change in the pH of the electrolyte solution
from basic to acidic. The carbon black-polylactic acid (PLA) filament used as a WE which
was drop-casted with a solvothermally synthesized Fe(11)-MOF, entrapped using a Nafion
film (Figure 1.11B). The Fe(ll) component of the MOF underwent a cascadic reduction
[Fe(0)] and thereafter oxidation [Fe(lll)] by sweeping the potential between -1.4V to
+2.0V. At the oxidized state, the Fe(lll) enabled an oxidative conversion of glucose,
thereby bringing back the oxidation state of Fe to its original. The sensor had an optimum
LDR of 0-600 umol L and a LOD of 17.6 umol L. It is interesting to note that such
MOF-based sweat glucose sensors have been focussed upon recently for wearable
electrochemical glucose monitoring devices as well. In a study by Xia et al., multiwalled
carbon nanotubes/Polydimethylsiloxane (PDMS) based film electrode surface, stamped
with CNTs, was functionalized with enzyme mimicking Ni-Co bimetallic MOF to
fabricate a wearable glucose sensor 314, In this case, the redox reaction occurred between
the bimetallic centres Ni and Co in an alkaline medium where Ni(lll) and Co(IV) species

were converted to Ni(Il) and Co(lll) states respectively, thereby aiding the oxidation of
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glucose to gluconolactone at +0.5 V (Figure 1.11C). The highly electrocatalytic coating
endowed the sensor with a LDR of 20 uM-1.1 mM and a LOD of 6.78 uM. The non-
invasive MOF-based sensors not only have been explored to estimate sweat glucose but
also salivary glucose levels. In a recent work on conductive carbon paper layered with
Ni-MOF, the probe was configured with extended gate field effect transistor for sensing
glucose in a LDR of 20 uM-47 mM, working in physiological pH range at a potential of
+0.7 V 3, Such MOF-mediated analytical systems can be integrated with smart phone-

enabled portable devices too to simplify and introduce the sensor application into public

domain and better reachability 316
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Figure 1.11. A) Schematic representation of Ni-MOF a-CD-rGO hybrid based electrochemical
sensor for catalytic conversion of glucose to gluconolactone generating amperometric response
(adopted from Xu et al., copyright 2022). B) Fe(11)-MOF based biocompatible nanozyme sweat
glucose sensor fabrication strategy, reprinted with permission from Koukouviti et al., copyright
2023. C) Incorporation of Ni-Co bimetallic MOFs, as enzyme mimics, in glucose sweat sensor
(adopted from Xia et al., copyright 2023).

In addition to these few representative examples there are several reports MOF-based
biosensors for diagnosis of diabetes which have been comprehensively discussed in Table
1.5 with their respective target analytes, detection techniques, sensor composite,

fabrication strategies, mechanistic role of MOF, real samples considerations and detection

efficiency parameters (LDR and LOD).
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Table 1.5. Detailed list of latest MOF-based electrochemical biosensors for diagnosis of diabetes

Detection
Technique

Sensor Composite

Fabrication Strategy

Mechanistic Role of
MOF

Reference

S.No. Target
Analyte
1. Glucose
2. Glucose
3. Glucose
4, Glucose
5. Glucose
6. Glucose
7. Glucose
8. Glucose

Amperometry,
cVv

Amperometry

Amperometry,
CV, DPV

CV,
Amperometry,
EIS

CVv

Amperometry

Cv,
Amperometry

CV,
Amperometry

NF/NiC0204sNWs@Co030sNPs

Ni/Mn-LDH-MOF

Ni/Co MOF

Ni/Co-BTC MOF

Ni/Co MOF

Ni/Co-BTC MOF

Ni/Co MOF

2D M-BDC MOFs where M=

Cu, Mn, Ni, Zr

NF was topped with NiCo204 NWs which acted as
a substrate for growth of NPs derived from C0304
MOF to complete the electrode fabrication.

GCE electrode was used as WE by simply drop-
casting the Ni/Mn MOF-74 suspension solution
dispersed in Nafion.

Nitric acid treated CC was used as a substrate for
growing Ni/Co(HHTP)MOF through the process of
electrodeposition.

Polished GCE was potential cycled in the presence
of 0.1 M NaOH for 10 consecutive cycles. Then,
the electrode was immersed in a solution containing
Co(NOs)2:6H20, Ni(NOs)2-6H20, and KNOs for a
period of 200s followed by dipping into a solution
of ethanolic HsBTC to synthesize Ni/Co-BTC
MOF on its surface.

The electrode fabrication started with gold layer
deposition over a hydrophilic PDMS surface
followed by drop-casting Ni/Co MOF nanosheets.

Screen printed PET substrate was modified with
CC and Ni/Co-BTC MOF by pasting it to the
electrode surface with the aid of a conducting resin
followed by covering with KOH-PVA gel.

rGO/PU fiber was coated with Ag glue on the
electrode surface. Then, Ni/Co MOF with 1%
Nafion was drop-casted on the modified electrode
to obtain the final Ni/Co MOF/Ag/rGO/PU surface.

The MOF powder was mixed with isopropanol and
Nafion, and drop-casted on to the surface of
polished GCE to obtain the desired probe.
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Good structural
stability and high
conductivity

Electrocatalytic
activity

Large surface area,
effective active sites,
electrocatalytic
activity

Electrocatalytic
activity

Electrocatalytic
activity

High  conductivity
and metal synergy
leading to improved
catalytic activity

Large specific surface
area and high
catalytic activity

Electrocatalytic
potential

Mouse
serum

Human
serum

Human
serum,
tea,
orange
juice
Human
serum

Human
sweat

Human
sweat

Human
sweat

N.R.

0.001- 0.5 uM
1.7 mmol/L
4.9 uM- 0.87 uM
2.2mM
0.3 uM- 100 nM
2.312 mM
0.001- 0.187
1.78mM; uM
1.78-5.03mM
20-790 uM  4.25 uM
5-205 uM  0.09uM
10uM- 3.28uM
0.66mM
Ni-BDC 6.68 UM
MOF: 0.01-
0.8 mM
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9. Glucose CV, Ni-MOF Polished GCE electrode was modified by drop- High specific surface Human 0.001-20 0.7uM 3%
Amperometry casting Ni-MOF on its surface to obtain the desired area and abundant serum mM, and 2.0-
electrode. active catalytic sites 3.4 mM
10.  Glucose CV, Cu-MOF Cu-MOF/C composite dispersed in DMF was drop- Electrocatalytic Human 0.3-1150 pM  0.090 326
Amperometry casted onto the GCE. Then, the surface was synergy between Cu saliva uM
electrodeposited with NiNPs to obtain NiNP/Cu- and Ni metals.
MOF-C/GCE.
11.  Glucose Amperometry Ni/Co MOF CCFs were cleaned and pretreated to be used as Electrocatalytic Human 0.04-3.13  0.348 321
substrate for MOF growth. Co and Ni salts along potential blood mM and uM
with the ligand were dissolved in DMF and the CCF serum, 3.63-8.28
was soaked into this solution followed by Saliva mM

hydrothermal synthesis in autoclave. The obtained
MOF decorated on the CCF surface was used as the
sensor probe.

Abbreviations: NF: Nickel Foam; NW: Nanowires; NPs: Nanoparticles; GCE: Glassy Carbon Electrode; WE: Working Electrode; CV: Cyclic Voltammetry;
DPV: Differential Pulse Voltammetry; EIS: Electrochemical Impedance Spectroscopy; CC: Carbon cloth; HHTP: Triphenylene-2,3,6,7,10,11-hexaol; PDMS:
Polydimethylsiloxane; PET: Polyethylene terephthalate; BTC: Trimesic acid; PVA: Polyvinyl Alcohol; rGO: Reduced Graphene oxide; PU: Polyurethane;
NiNPs: Nickel Nanoparticles; CCF: Commercial Cotton Fabrics; DMF: Dimethyl Formamide; NR: Not Reported
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3.2.2. MOF-based electrochemical sensors for Virus and bacteria-borne infectious

Diseases
3.2.2.1. Viral diseases

Infectious diseases originating from viral pathogens can aggravate and result into
pandemics as evident from our recent past 328, These can overturn economies and can lead
to human survival challenges. The world has encountered various viruses in recent times
ranging from single stranded RNA viruses like Corona virus (COVID-19) 32933 Middle
east respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), and
influenza viruses 33!, Where these viruses usually affect the pulmonary pathway of
humans, viruses like Zika 332, Hepatitis 33323 and Human immuno-deficiency virus (HIV)
335 can affect specific organs and thereby lead to multiple organ failures, due to
compromised immune system and opportunistic infections by other pathogens. Some
vector-transmitted viruses like Chikangunya 3% and dengue **' can cause febrile illness
leading to an annual mortality of more than 20,000 in tropical and sub-tropical regions of
the world. Recently, some viruses like human papillomavirus, herpes simplexvirus ¥ and
Epstein-barr viruses have been known to cause cancers with their unique route of

transmission which in cases can even transfer from mother to child 32°,

With the advent of these viral-borne diseases worldwide, there have been tremendous
diagnostic advancements in the field 313434 Viruses are mostly diagnosed using
detection techniques like real-time PCR, quantitative PCR or high-throughput sequencing
techniques which are usually high cost and sophisticated ones 342343, MOF-based virus
biosensors have recently gained limelight due to their positively charged metal centres
flanked with abundant functional groups within linker entities which endow them with
good charge transfer characteristics aided with hydrogen bonding, electrostatic and, ©-n

stacking interactions **2. In a study by Lin et al., a Cu-MOF based biosensor was projected
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to be efficient in detecting hepatitis B (HBV) viral DNA **, The Cu-MOF was adopted
as a signal probe and was coupled with electrochemically reduced graphene oxide
(ErGO), through =-m stacking interactions, as a signal amplification matrix. The MOF
possessed a 3D honey-comb like structure with Cu(ll) metal centres linked with
Hobtca (5-carboxybenzotriazole) as the bridging ligand, giving a penta-clustered
arrangement facilitating electron transfer along the b-axis of the MOF (Figure 1.12A).
The Cu component was also postulated to interact with amino functional groups of the
probe DNA molecule leading to their strong binding affinity. With attachment of the
target DNA to the sensor probe the redox signal intensity was weakened at -0.050 V
signifying the conversion of Cu?* — Cu® and further at 0.268 V corresponding to
Cu® — Cu?*. The sensor worked within an LDR of 50.0 fM-10.0 nM and LOD of 5.2 fM

with a DNA hybridization efficiency of 89.9%.

There are only a handful of reports of MOFs as electrochemical sensing matrix
component for macromolecular detection including viral proteins and its nucleotide. A
noticeable hurdle could be imparting selectivity to these molecules through suitable
functionalization, which can be addressed through application of supramolecular
chemistry principles. A recent study highlighting one such approach explains the
fabrication of sandwich type-DNA sensor for hepatitis B virus (HBV) determination 34,
In the probe fabrication strategy, WE was functionalized with rGO sheet adorned with
pillar[5]arene (WP-5) stabilized Pd NPs. This modified surface was immobilized with
methylene labelled DNA (MB-DNA) by virtue of interaction between MB-DNA with
WP5. In a separate setup, ZIF-67 MOF was modified to functionalize
hydroxylatopillar[5]arene-AuNPs  conjugate possessing superior electrocatalytic
properties assisting in signal amplification. The proposed model used the former setup to

attach the target antigen DNA sandwiched by the later setup at the top, as per depicted in
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Figure 1.12B. The developed probe worked in an LDR of 1 x 10™® mol/L-1 x 10" mol/L
with a LOD of 0.32 fmol/L. Such probes can be promising prospects for DNA sensor

development using MOFs as matrix components.
3.2.2.2. Bacterial Sepsis

With a rise in global viral diseases like COVID-19, the world experienced an advent rise
in opportunistic bacterial infections like those caused by Staphylococcus aureus (S.
aureus). There has also been a dramatic rise in multidrug resistant gram-negative bacterial
infections such as rifampin-resistant tuberculosis, caused due to the abrupt and
disproportionate usage of antibiotics ’4. Drug-resistant bacterial infections in bloodstream
have led to worldwide disease burden with priority concerns against Enterobacteriaceae
and Staphylococcaceae bacterial families, as per WHO 3%, contributing to almost
2,50,000 annual deaths in America and Europe alone ¥, Neonatal sepsis within the first
3 days of child birth still remains the leading cause for morbidity and mortality,
particularly in Asian countries primarily caused by staphylococcus species 348349 So, this
global scenario brings us to the urgency of detecting bacterial pathogens from diverse

domains through simpler and rapid detection techniques like electrochemistry.

In a recent study on pathogenic strain S. aureus, a ratiometric electrochemical sensor was
developed based on a ZIF/AuNP composite 3. The electrode fabrication comprised of a
polished GCE functionalized with a layer of ZIF-MOF, sealed with a film of Nafion. The
use of Nafion film was strategically done to adsorb the positively charged AuNPs,
followed by incubation in 2-mercaptothylamine for an hour. The electrode was further
treated with H1 DNA probe, followed by immersion in trigger DNA solution and
thereafter in H2-methylene blue (H2-MB), to facilitate the recycling of the latter. To
understand the generation of trigger DNA, Figure 1.12C sums up the steps involved in

the process which has been briefed as follows. The aptameric probe corresponding to the
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S. aureus DNA was initially bound to helper DNA (HP) which dissociated on attachment
of the target sequence. This detached HP then, got involved in a different set of process
where a padlock DNA was ligated to it through a T4 DNA ligase. This ligation triggered
a DNA polymerization reaction resulting into generation of two DNA fragments, viz.,
trigger DNA and ssDNA, aided by BbvCI nicking endonuclease. This trigger DNA,
subsequently combined with H1 probe followed by H2-MB probe, generating an
electrochemical response. The ratiometric response was a function of ferrocene (Fc) and
MB current ratio, with respect to the trigger DNA. With an increase in S. aureus
concentration, the Fc signal response at 0.43 V was reduced whereas, the oxidation of
MB was elevated at the same time at -0.087 V, attributing to a reversal in current change
tendency, as depicted through DPV curves in Figure 1.12C. The probe exhibited a
sensing ability for S. aureus within a LDR of 5-108 CFU/mL, with a LOD of 1 CFU/mL.
The sensor applicability was also tested in real samples such as milk and orange juice.
With all the discussions revolving around the probe performance so far, the vital role of
MOF grabbed the attention of readers towards the multi-fold enhancement of probe
surface area due to its incorporation in the matrix. Similar role of MOF-borne surface
area enhancement was attempted in a recent study by Ye et al. ** where they constructed
a dual-channel biosensor which could simultaneously detect two deadly foodborne
pathogens Salmonella typhimurium (S. typhimurium) and Listeria monocytogenes (L.
monocytogenes). The sensor comprised of MOF-based nanotags functionalized with gold
nanoparticles (Au@CuMOF and Au@PbMOF) with each containing specific target DNA
sequences corresponding to these bacterial species. The nanotags were hybridized onto
the surface of electrode and achieved sensitive detection through DPV. The dual channel
sensor detected the bacterial genes invA and invIA efficiently within a LDR of 1 x 10714-

1x 108 M and 1 x 103-1 x 108 M, respectively. As far as the detection of the bacteria
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directly was concerned, S. typhimuriumwas detected within a LDR of 5-
1.0 x 10* CFU mL™* (LOD of 2.33 CFU mL™), and L. monocytogenes within LDR of 10-
1.0 x 10* CFU mL* (LOD of 6.61 CFU mL?). Such studies are suggestive for guest
molecule holding capabilities of MOFs, thereby easing electrochemical probe assembly

fabrication.

Apart from their role as support matrices, MOFs have also been used as nanozymes in
sensors for detection of pathogenic bacterial strains. Peroxidase mimicking activity of
MOFs have been explored in recent times (Shubhangi, et al., 2023). One such was
explored in a case where bacteria captured through GCE functionalized with vancomycin
was detected through a separate AuNP-MOF decorated with Rabbit anti-S.
aureus rosenbach tropina antibody (Abz) 3. This whole system was eventually
generating cathodic current response by virtue of MOF exhibiting peroxidase activity and
catalysing o-phenylenediamine in presence of hydrogen peroxide. The generated signal
was proportional to the concentrations of S. aureus. The 2D Fe-based MOF was found
capable of detecting S. aureus in a concentration range of 10-7.5 x 10’ CFU/mL with a

LOD of 6 CFU/mL.
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Figure 1.12. A) and B) schematically demonstrate strategies for fabrication of MOF-based viral
disease biomarker, viz., HBV viral DNA (adopted and reprinted with permission from Lin et al.
2020; Qian et al., 2020). C) and D) correspond to studies on bacterial disease diagnosis through
electrochemical tools deploying ZIF, Cu and Pb MOFs targeting specific bacterial DNA
(reprinted with permission from Shan et al., 2023; Ye et al., 2023).

The above discussions can be more vividly established through elaborately stated recent
reports on MOF-based biosensors for diagnosis of viral and bacterial infectious diseases,
as per Table 1.6 with their respective target analytes, detection techniques, sensor
composite, fabrication strategies, mechanistic role of MOF, real samples considerations

and detection efficiency parameters (LDR and LOD).
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Table 1.6. Detailed list of latest MOF-based electrochemical biosensors for viral and bacterial disease diagnosis

S.No. Target Analyte Detection

Sensor

Fabrication Strategy

Mechanistic Role of

Real

Reference

Technique

1. a) Recombinant EIS
SARS-CoV-2
spike
glycoprotein
b) SARS-CoV-
2 pseudovirus

2. HIV-1 DNA EIS

3. SARS-CoV-2 EIS

4. HCV-RNA CV, EIS
5. Hantavirus DPV

Composite

CoFeBDCNH2-
CoFe204 MOF-
nanohybrids

Ni/Co-MOF

Nis(BTC)2 MOF

Ni-MOF

Cu-MOF

MOF

Viral Infection diagnosis

The MOF-nanohybrid was coated on
a gold chip was used as a substrate.
Further, the electrode surface was
modified by conjugating it with the
virus specific antibody using 11-
MUA as the linker entity through
SAM.

The Ni/Co-MOF was transformed
into NiC020s/CoO@CNTs. This
composite was then immobilized
with HIV-1 probe DNA for its
detection.

Ni3(BTC)2 MOF was coated on
SPCE surface which was further
modified with SARS-CoV-2 S
protein specific aptamer followed by
dopamine deposition through electro
polymerization.

The working electrode  was
fabricated using a GCE electrode
coated with the Ni-MOF. The MOF
surface was then functionalized with
polyaniline followed by a DNA
probe and BSA.

GCE surface was electrodeposited
with  AuNPs-rGO composite and
further immobilized with cDNA
aided by Au-S bonding. Subsequent
attachment of t-DNA was followed
by its coupling with Cu-MOF-sDNA
composite completing the sensing
platform.
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Conductive synergy
between CoFeBDCNH>-
MOF and
CoFe204 nanomaterials.

Carrier for probe DNA,
biocompatibility,
electrochemical
conductivity

High  surface  area
substrate for covalent
immobilization of
aptamer

Highly porous matrix for
loading target DNA
probe

As a signal tag

Sample

Serum

Human
serum

Serum from
sick and
healthy
individuals
with SARS-
CoV-2 virus

Serum

Real virus
samples

a) 10ng/mL- 100
fg/mL

b) 10ng/mL-10
fg/mL

0.1 pM-20 nM

10-108 PFU/mL

1 fM-100 nM

1015-10° M

a) 6.68 fg/mL
b) 6.20 fg/mL

16.7 ftM

3.3+0.04
PFU/mL

0.75fM

0.74 tM
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356
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10.

HCV-RNA DPV Ag/Zn MOF
Foot and mouth SWV TB@MOFs
disease  virus

(FMDV)

FMDV DPV CdS@zZn-MOF
HBV DNA DPV Cu-MOF

HBV DNA Amperometry ZIF-67

GCE electrode surface was modified
with the Ag/Zn bimetallic MOF and
was further modified with the
capture probe (nucleic acid-based)
for HCV detection.

GCE surface was drop-casted with
TB@MOF which was followed by
coating with AuNPs. The electrode
was then coated with Ab and then
treated with BSA for redundant site
blockage.

Pretreated GCE surface was coated
with solution of MWCNTs. The
modified electrode was then
functionalized with Ab; followed by
incubation and BSA treatment. The
electrode was then treated with
different concentrations of antigen
followed by Ab2 to complete
sandwich probe fabrication and
initiate immunoreaction. Zn-BTC
MOF was used as a label which was
stained with CdS for FMDV
detection.

Non-enzymatic sensor was
developed by functionalizing GCE
surface  with Cu-MOF  as
electroactive sensor probe. It was
further coated with GO, which was
electrochemically reduced to ErGO,
for signal amplification. Cu-MOF
due to its high affinity with DNA,
acts a functional platform for its
immobilization which can thereby
determine concentrations of the
target DNA.

Polished GCE surface was drop-
casted with WP5-Pd/rGO and dried
at room temperature. Then, MB-
DNA was functionalized onto the
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Immobilization  matrix Human 1 fM-100 nM 0.64 fM
for DNA probe serum

Large surface area for TB  Pig serum 0.1 pg/mL-10 0.008pg/mL

encapsulation ng/mL
As encapsulation matrix Human 05 fg/mL- 5 0.05fg/mL
for CdS serum ng/mL
As a signal probe and Human 50.0 fM-10.0nM 5.2 fM
multisite matrix serum,

urine
As nanobox anchor for Serum 1 fM-1nM 0.32fM
adhering probe
components

359

360

361

344
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modified electrode surface followed
by treatment with BSA to block
redundant sites. It was followed by
addition of different concentrations
of target DNA at RT to develop the
sandwich type DNA sensor.

Bacterial Infection diagnosis

11.  Pseudomonas  DPV Zr-MOF Cu doped Zr-MOF was used for Large surface area for Urine 10-108 CFU/mL 2 CFU/mL 362
aeruginosa (P. conjugating the aptamer/DNA/Super Cu-doping
aeruginosa) P signal probe on the surface of a
gold electrode.
12.  Escherichia coli DPV CdS@ZIF-8 ZIF-8 MOFs were encapsulated with  CdS encapsulation Milk 108 CEU/mL 3 CFU/mL 363
(E. coli) CdS QDs which was further matrix
0157:H7 functionalized with

polyethyleneimine  followed by
attachment of bacteria specific
antibody. The CdS particles act as
signal tags on releasing through HCI
leaching event, releasing Cd?* from
MOF cavity and consequently
detecting E. coli.

13. a) E. coli DPV Poly Mn-MOF  The poly Mn-MOF was synthesized Aptamer adherence, Milk, 10-108 CFU/mL  a) 1.5 CFU/mL 364
0157:H7 using polyH2BDC units linked to backbone stability and grqzen b) 3.5 CFU/mL
b 4,4"-bipyridine, MnCl2 and release of metal ions in gprim
Szaphylococcus polyvinyl pyrrolidone. ) The aqueous system (Sam ples ¢) 2.6, CFU/mL
aureus (. developed MOF was conjugated P ked
aureus) with the bacterium specific aptamer aiﬁ’ Spike
¢ Salmonella for their respective sensing. pathogen)
enterica
14. Mycobacterium SWV TB@MOFs GCE surface was drop-casted with Large surface area for TB Pig serum  0.1pg/mL- 0.002 pg/mL 360
bovis (MB) TB@MOF which was followed by encapsulation 10pg/mL
coating with AuNPs. The electrode
was then coated with Ab and then
treated with BSA for redundant site
blockage.
15. Mycobacterium DPV Fe-MOF Fe-MOF was functionalized with Electrochemical Human 1 fg/mL- 1 ng/mL 0.33 fg/mL 365
tuberculosis PEI to form P-MOF which was later conductivity, absorption serum  of

drop-casted on electrode surface. A of Au/Pt nanoparticles healthy and
thin film comprising of Au@Pt was
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16.

17.

18.

antigen
(MPT64)

S. aureus

S. aureus

E. coli

DPV

DPV

EIS

Cu-MOF

ZIF

Cu-MOF

deposited on the surface of this
MOF-coated electrode. On another
setup, CesoNPs-N-CNTs/GO was
doped AuNPs which was further
functionalized with MAA 11 to form
a tracer label. This tracer label and
the former modified electrode
bonded to the MPT64 antigen
selectively leading to its detection.

GCE surface treated with BSA was
attached to vancomycin via
EDC/NHS chemistry and then
incubated with varying
concentrations of bacteria.
Following it, Ab2/AuNPs/MOFs was
added to the modified electrode
surface sealed with Nafion.

GCE surface was modified by
coating its surface with ZIF-MOF. It
was then functionalized with AuNPs
aided by ethanolic Nafion. Further
treatment with mercaptoethylamine
was done for the adhesion of
H1(helper DNA) probe. Then, the
target DNA was attached to it
surface followed by attachment of
H2-MB probe.

Initially PANI was mixed with the
linker molecule HsBTC followed by
mixing with the MOF precursor salt
to form Cuz(BTC)2-PANI. The
prepared MOF composite was drop-
casted on the surface of ITO
followed by annealing the electrode
surface at 100 °C. Then, Ab was
incubated using EDC-NHS on
modified surface for an hour and un-
specific binding sites were blocked
through treatment with Tween-20.
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Peroxidase-mimic

nanozyme
Electron transport
promoter, provides
surface area for
absorption

Bio-interface for

attachment of anti-E. coli
antibodies

infected

individuals

N.R. 10-75 x 107 6 CFU/mL
CFU/mL

Orange 5- 108 CFU/mL 1 CFU/mL

juice, Milk

Water 2.0- 2 CFU/mL

2.0 x 108 CFU/mL

366

350
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19. Methicillin-
resistant S.
aureus

20. S. aureus

DPV

EIS, DPV

Ui0-66-NH2

Zn-Glu@PTBD-
COF

GCE surface was drop-casted with a
dispersed alcoholic mixture of N-
doped porous carbon material, dried
in oven. Two electroactive dyes,
methylene blue and epirubicin were
encapsulated within the MOF and
treated with different concentrations
of target DNA to obtain results.

The aptameric sensor was fabricated
through functionalization with L-
glutamic acid, 1,10-phenanthroline-
2,9-dicarbaldehyde and benzene-
1,4-diamine  linker  molecules.
Aptamer adhesion on composite
surface was aided by abundant active
sites on the MOF-COF surfaces
facilitating specific recognition of
SA.

Nano-carrier
Milk
samples

MOF defects provide Milk,
anchoring  sites  for Honey
aptamers

Tap water,

10- 108 CFU/mL

Bacterial genes: 3%

mecA gene:
3.7fm

nuc gene: 1.6 fM

EIS: 2.0 CFU/mL 369
DPV:1.0 CFU/mL

Abbreviations: EIS: Electrochemical Impedance Spectroscopy.; DPV: Differential Pulse Voltammetry; SWV: Square Wave Voltammetry; SAM: Self assembled
monolayers; HIV: human immunodeficiency virus; HCV: Hepatitis C virus; HBV: Hepatitis B virus; CNT: Carbon nanotubes; BTC: Trimesic acid; TB:
Toluidine blue; BSA: Bovine Serum Albumin; rGO: Reduced graphene oxide ;MB: Methylene Blue
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3.2.3. MOF-based electrochemical sensors for Neurological disorders

Neurological disorders are referred to diseases which target the nervous system and
include nerves, spine and the brain. They are the leading cause of severe-long term
disabilities and second largest cause of deaths in the world *°. More than 600 diseases
have been reported in this category and their symptoms largely aggravate with age and
are modulated by risk factors. Some of them include dementia, stroke, parkinson’s
disease, alzheimer’s, epilepsy etc. 3’1, The etiologic aspects of such diseases still remain
poorly understood therefore their timely detection remains crucial. Various neurological
diseases including some of the neurodegenerative disorders have shown involvement of
certain neurotransmitters and peptides which can be target analytes for their timely
diagnosis 3’2, MOFs-based electrochemical biosensing platforms can serve as point-of-

care diagnostic tools for the timely, sensitive and low-cost detection of these disorders.

Dopamine (DA), a catecholamine neurotransmitter is essentially utilized by cells for
conversion of chemical signals into impulses 3731t is responsible for modulation of the
central nervous system and cognitive functioning of organisms 74, Its abnormal levels
may affect the human nervous system triggering neurological dysfunctions 3. There
have been recent developments on the sensitive detection of DA however, have faced
challenges like complicated operations, complex sample handling and overlapping
signals. Electrochemical DA sensing could be plausible solution to such challenges. If the
recent developments of MOF-based sensors are looked upon, two different approaches
could be visualised. The first one focusses on detection of DA directly through
exploitation of its redox behaviour while the second approach relies on catalysing it to
further constituents. In a recent study by Zhou et al., CoNi MOF was ultrasonically mixed
with GO to develop a sensor probe where the components were coated electrochemically

on polished electrode surface to form the final sensor probe, as shown in Figure 1.13A
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376 The MOF structure exhibits an enhanced conductivity while also offers abundant sites
for DA absorption exhibiting sensitivity towards it in a wide LDR of 0.1-400 uM with a
LOD of 0.086 uM, when tested in DPV premises. Bimetallic MOF like this tends to
impart synergistic effect to the sensing matrices. In another study on DA detection using
a Co-based ZIF-67 MOF discussed about calcination of the ZIF followed by its
hydrothermal treatment in a solution of cerium nitrate hexahydrate 377, This different
strategy not only exposed the pre-existing active sites on the MOF but also prevented the
agglomeration of the constituted dopant CeO> (Figure 1.13B). Again, in this case the
electrocatalytic response was a result of Co and Ce metal centre synergies. The
GCE/CeOz /C0304 exhibited an LOD of 0.13 uM with a LDR of 0.13 pM-60 uM using
the DPV method. This catalytic sensor was capable of converting DA into DA-Q even in
human urine samples but dealt with a small dynamic range of detection. For clinically
relevant sensors a wide detection range is favoured which most of the MOF-based sensors
lack for 374, To overcome this issue, researchers have tried microenvironment modulation
in ZIFs where MOFs have been incorporated with composite materials to improve their
electrocatalytic behaviour (Shubhangi et al., 2023; Sun et al., 2024). Apart from the
examples discussed in the text, there have been many recent advancements on MOF-
based DA sensors which have been comprehensively discussed in Table 1.7. Apart from
DA, there lies a deep lacuna in the field of development of MOF-based electrochemical
sensors for this category of disease due to limitations in accessible biomarkers. 5-
hydroxytryptamine(5-HT), commonly known as serotonin, is also one of the
neurotransmitters which is less explored but plays role in regulating mood and related
functions *78. Its specific concentration in serum, urine and CSF is important and if altered
can cause depression, Alzheimer’s disease and irritable bowel syndrome 37°%%, |n a recent

study on its electrochemical MOF-based detection, a group utilized Nickel bis
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(dithiophen-dibenzoic acid) ligand to construct a nickel zinc bis(dithiolene) MOF with
good catalytic potential 3°. The MOF was ultrasonically dispersed with acidified
MWCNTSs (Ni Zn-MOF/MWCNTS) and dripped onto the electrode surface to develop the
final probe (Figure 1.13C). DPV-based oxidative detection of 5-HT was carried out in
Tris-HCI solution with a LDR of 0.5-115 uM and LOD of 0.03 puM. Human urine was
considered as the real sample matrix to understand the sensor’s utility which yielded
commendable recovery of 99.94 % to 102.02 %. The current studies though being quite
limited but hold tremendous scope for MOF based electrochemical sensing solutions for
amyloid disease biomarkers such as amyloid B peptides 1. Therefore, MOFs could be

more emerging sensor matrix components in coming times for neurological disorders.
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Figure 1.13. A) lllustration on step-wise fabrication of CoNi bimetallic MOF as an efficient
platform for dopamine detection, adopted with permission from Zhou et al., copyright 2023. B)
Synthesis strategy for electrocatalytic conversion of DA to DAQ through modified ZIF-67 and
thereby generation of DPV signal response, reprinted with permission from Ding et al., copyright
2023. C) Upper panel: Hydrothermal synthesis of bimetallic Ni Zn MOF; Lower panel:
Fabrication of MWCNT functionalized Ni Zn MOF for oxidative detection of 5-HT, adopted with
permission from Chen et al., copyright 2023.
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Table 1.7. Detailed list of latest MOF-based electrochemical biosensors for neurodegenerative disease diagnosis

S.No. Target
Analyte
1. Dopamine
2. Dopamine
3. Dopamine
4. Dopamine
5. Dopamine
6. Serotonin
7. Beta-site
secretase
(BACEL)

Detection
Technique

CV, DPV

DPV

DPV

DPV

CV, DPV

DPV

LSSV

Sensor Composite

Polyoxometalate-y-
cyclodextrin MOF

Ni-MOF

Fe-MOF

Ce (111, IV)-MOF

B-CD/Ni-MOF

ZnO-Cu MOF/NF

ph-AgNPs@Zr-
MOF

Fabrication Strategy

POM-yCD MOF was drop-casted on the laser-
scribed graphene electrode (LSGE) and dried at
ambient conditions to get POM-yCD MOF/LSGE.

A polished GCE electrode surface was coated with
Ni-MOF dispersed within ethanol. On drying, the
electrode surface was layered with 1% Nafion
solution to complete the fabrication process.

2D Fe-MOF was synthesized at room temperature
through a wet chemistry approach followed by its
pyrolysis at 900 °C forming Fe/CNS. It was then
soaked into conc. 1.0 M HzSO4 solution forming 2D
CNS. This solution was then dispersed in ultrapure
water and dropped on clean GCE to obtain the final
probe.

A polished GCE surface was coated with a layer of
CB/Ce (MV)-MOFs dispersed in 0.5 % alcoholic
Nafion solution. The modified electrode was then
dried at 60 °C, 5 minutes to obtain the final probe.

A clean polished GCE surface was coated with (-
CD/Ni—MOF suspension and dried under red lamp.

Uniform-sized Ni foam strip was cut and rinsed with
conc. HCI to remove any surface oxides. Then, it was
pretreated with ethanol, acetone and DI water and
later dried to obtain in the desired form. ZnOCu
MOF was ultrasonically prepared and dispersed in
water using sonication. 100 ul of this suspension was
drop casted onto the Ni-foam and dried at 70 °C for
1 h to obtain the final sensing probe.

Cytosine (C) rich sequence-templated AgNPs/Zr-
based metal-organic framework (MOF) composite is
modified by phenol groups, and then the prepared tag
(ph-AgNPs@MOF) is captured in microplate surface
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Mechanistic Role of
MOF

It acts as an
electrocatalyst and
provide  selective
detection

Enhances
electrocatalytic
activity of sensor

Increases  surface
area and electrical
conductivity

Provides high
surface area,
chemical stability

Increases catalytic
sites which
enhances redox
reaction

Higher surface area
and improved
electrocatalytic
activity

Large surface area
and water stability

Real Sample

Serum samples and

SH-SY5Y
neuroblastoma cells

Commercial
hydrochloride
injection

Human serum

DA injections, Urine

DA hydrochloride
injection, human
serum

Simulated blood serum

Serum

DA

50 nM-1.0 10 nM

mM

0.2-
100 uM

0.05-80
uM

0.3-

252.0 uM

0.7-

310.2 uM

1ng/mL-1

mg/mL

1-200 pM

60 nM

0.01 uM

0.0955 M

0.227 uM

0.49 nM

0.8 pM

Reference
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383

384

385

386

387
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8. B-amyloid DPV AUNPs/Cu-MOF
(AB)
oligomer
9. Dopamine CV,DPV  Cu-Co(2-
Meim)MOF@CNF
10. Dopamine CV,DPV DUT-67/ZnCo20s-

MWCNTSs

by the conjugation reaction of phenolic groups
between tyrosine and tag.

By using an aptamer-tethered gold nanoflower
(AuNF) modified electrode for target capture and
aptamer-tagged gold nanoparticles/Cu-MOF
(AuNPs/Cu-MOF)  conjugates, an  effective
sandwich sensor was obtained.

A CNF mat was fabricated using electrospinning
method. The mat was then hybridized with Cu-Co(2-
Melm)MOFs through solvothermal method. Post
hybridization the composite was washed with
ethanol/water mixture and dried at 70 °C.

A polished GCE surface was dried under N2 flow.
DUT-67/ZnC0204 and activated MWCNTs were
dispersed in DMF solution and dropcoated onto the
surface followed by drying under IR lamp.

Provides both
increased  surface
area and

conductivity

Enhances catalytic
activity and
sensitivity of sensor
towards analyte

Composite provide
specificity towards
dopamine

Human AP oligomer 1

(82E1-specific)
ELISA kit

DA: cheese
Tyramine: banana

DA injection

uM

5-
800 M

1.0-
180 uM

nM-2 0.45nM 389

DA: 390
442 nM
Tyramine:
52.7nM

12 nM 391

Abbreviations: EIS: Electrochemical Impedance Spectroscopy; DPV: Differential Pulse Voltammetry; CV: Cyclic Voltammetry; LSSV: linear sweep stripping
voltammetry; DMF: Dimethyl Formamide; IR: Infra red ; MelM: 2-methyl imidazole.
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3.2.4. MOF-based electrochemical sensors for Cardio-vascular diseases

Claimed to be one of the most common non-communicable diseases worldwide,
cardiovascular diseases are the leading cause deaths which are estimated to rise to a figure
of 22.2 million deaths by 2030. As per WHO, 31% of global deaths were cardio-vascular
disease-related with heart attacks and strokes being the highest contributors in the
statistics 2. Acute myocardial infarction (AMI) or heart attack is usually diagnosed
through various approaches commonly being electrocardiography, radioimmunoassay
and enzyme-linked immunosorbent assay 3°. However, biosensors involving MOFs
could be better choice for point-of-care rapid diagnostic solutions for better management

of this disease 3%*.

A crucial cardiac biomarker is Antigen galectin-3 (GL-3) which belongs to the family of
B-galactoside proteins which poses its significance in detection of cardiac fibrosis 3%°. A
study aiming its detection fabricated an amperometric sensor based upon AuUNPs
functionalized on graphitic carbon nitride nanosheet (g-CsNs@AuUNPs) surface with Ti-
MOF@COF covalent composite as the signal amplification component. A GCE electrode
surface was initially modified with g-Ca3N4s@Au NPs through a dispersive coating
followed by immobilization with anti-GL-3-Ab; assisted by amino-gold binding affinity.
Thereafter, a parallel preparation of Ti-MOF@COF composite was functionalized with
anti-GL-3-Abz which was sandwiched upon the former setup to develop the final
immunosensor probe. The amperometric measurements were performed in H2O> solution
which acted as a mediator for GL-3 detection (Figure 1.14A). The sensor was found to
be capable of detecting GL-3 in a wide LDR of 0.0001-20.0 ng mL*with a LOD of 25.0
fg mLL.In another case on detection of a blood-based AMI biomarker detection strategy
by Gupta et al., screen-printed electrodes were drop casted and annealed twice at 90 °C

for 4 h with ethanolic solutions of Cuz(BTC)2/PANI MOF composite to obtain uniform
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sensor matrix 3%. The electrodes were then incubated in carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) solution to facilitate attachment of cardiac troponin |
antibody (anti-cTnl) followed by blocking non-specific binding sites through 0.01%
Tween 20. The impedimetric immunosensor was found to be detecting the cardiac
troponin I (cTnl) antigen in a clinically significant LDR of 1- 400 ng mL ! with a LOD
of 0.8 ng mL™%. The significance of the sensor was also deduced by testing its
practicability in mice serum samples with satisfactory recoveries. The unique properties
of MOFs have created their impact on development of such label-free electrochemical
sensing approaches. A similar approach involving Cu-MOF for cTnl was attempted by
Ling et al. where they fabricated Cu-MOF-74 as a bifunctional material which not only
acted as antibody immobilization matrix but also attributed to signal generation 3%,
Briefly, the immunosensor was developed on a GCE surface which was initially
electrochemically pretreated with 2.5% K2Cr207 and 10% HNOgz solutions to obtain -
COOH groups on its surface. Subsequently, the electrode was activated with EDC/NHS
and NH.-rGO pitching a ground for electrodeposition of Cu-MOF. The MOF was
electrodeposited in two step process with an initial Cu-salt deposition at -0.4V followed
by electrochemical scanning in PBS solution containing Hadhtp to produce Cu-MOF-
74/NH,-rGO/GCE. Finally, the surface was adorned with anti-cTnl antibodies aided by -
NH2 condensation reaction between the antibody and EDC-NHS moieties (as shown in
Figure 1.14B). The DPV-based immunosensor could efficiently detect the target analyte
with a LDR of 0.01 pg mL2-1.0 ng mLand LOD of 4.5 fg mL™. The standard-addition
method-based serum sample analysis projected a commendable recovery of the spiked
samples vouching the reliability of the sensor. Similar label-free approaches using MOFs
against cTnl have also been adopted by others in recent times 973%, It is worthy to

mention that MOF-based sensors against the exploration of several other cardiac
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biomarkers like myoglobin, creatine kinase isoenzyme remains the need of the hour with

current global health scenario.
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Figure 1.14. A) An elaborated overview on the fabrlcatlon of sandwich- type MOF- based sensing
and detection principle for GL-3 biomarker. i) The panel describes about functionalization of
graphitic carbon nitride sheet with AuNPs followed by attachment of anti-GL3 Ab:. ii)
demonstrates the synthesis of Ti-MOF followed by hydrothermal synthesis of TIMOF@COF
composite with attachment of anti-GL3 Abs. iii) Assembly of setup i) and ii) to form sandwich type
sensor generating signal by virtue of H,O, as redox mediator (reprinted with permission from
Yola & Atar, copyright 2020. B) Depicts the schematic step-wise probe fabrication involving
functionalization of GCE with Cu-MOF-74/NH,-rGO/GCE anti-body based electrochemical
detection of cTnl (reprinted with permission from Ling et al., copyright 2022).

Apart from the examples elaborated in the section above, there have been some
noteworthy contributions recently in the field of MOF-based biosensors for diagnosis of
cardiovascular diseases using their specific biomarkers which have been highlighted in
Table 1.8 stating their respective target analytes, detection techniques, sensor composite,
fabrication strategies, mechanistic role of MOF, real samples considerations and detection

efficiency parameters (LDR and LOD).
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Table 1.8. Detailed list of latest MOF-based electrochemical biosensors for cardiac and pulmonary disease diagnosis

Detection

Sensor

Fabrication Strategy

Mechanistic Role of MOF

Reference

S.No. Target
Analyte

1 C-reactive
protein
(CRP)

2 CRP

3. CRP

4. cTnl

5. cTnl

6. cTnl

7. cTnl

Technique
DPV

DPV

DPV

EIS

DPV

DPV

EIS

Composite
Zn-MOF

Cu-MOF

Pt-COF

Cu-MOF

Zn-MOF

Cu-MOF-
74

FeCo-MOF

Carbon paste electrode was used and further modified with
ZnO/MPC and lonic liquid composite.

Toluidine blue loaded Cu-MOF was used with AuNPs and drop-
casted on GCE surface. Then anti-CRP was deposited after that BSA
was used for blocking non-specific sites. Further Au-MOFs-Ab2-
CRP was used for specific detection of CRP.

Pt-COF (PtNPs Modified Covalent Organic Frameworks) deposited
on electrode surface and then anti-CRP was used. After blocking the
nonspecific surface with BSA, MOFs anti-CRP was used for
detection.

Cus(BTC)2/PANI composite were synthesized using solvothermal
method. Then, the composite was drop-casted on the surface of SPEs
followed by immobilization of anti-cTnl antibodies.

Fe304—COOH was used as a electrocatalyst and Thi used as redox
specie and were separately introduced into Zn-MOF. The developed
Zn-MOF/Fe304~COOH/Thi nanocomposite was used further and
anti-cTnl monoclonal antibody was immobilized.

The pretreated electrode was covalently modified with NH2-rGO.
Further Cu-MOF-74 was electrodeposited over modified surface and
then anti-cTnl was immobilized to form final sensing surface.

FeCo bimetallic MOF was grown on Ni foam forming NH2-MIL-
88B(Fe2Co)-MOF/NF surface. Further anti-cTnl antibody was
immobilized for specific detection of cTnl.

Increase surface area and
conductivity and helps in
antibody immobilization

The 3-D structure provide
higher surface area which
carries antibody

Increases electrical

conductivity

Composite MOF  provide
higher  conductivity and
sensitivity

It helps in carrying large
number of electrocatalyst and
redox specie

It provides both surface for
immobilization of antibodies
and signal enhancement

Modified MOF
ample active
carrying antibody

provide
sites  for

Abbreviations: [BMIM]BF4 - 1-butyl-3-methylimidazolium tetrafluoroborate ; PAMAM- poly(amidoamine)
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Human
serum

Serum

Serum

Mice
serum

N.A.

Serum

Serum

0.01-1000 5
ng/mL pg/mL
0.5-200 0.167
ng/mL ng/mL
1-400 0.2
ng/mL ng/mL
1-400 0.8
ng/mL ng/mL
0.04-50 0.9
ng/mL pg/mL
0.01 45
pg/mL-1.0 fg/mL
ng/mL

10 ng/mL- 13

0.1 fg/mL fg/mL

399

400

401

402

403

396

404
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3.2.5. MOF-based electrochemical sensors for Cancer

Cancer is a global health burden with its whopping cases standing tall at 18.1 million with
9.6 million mortalities reported in 2018, as per a recent report by WHO (WHO report,
2020). These figures are expected to double by 2040 however, its global response is
believed to be uneven and inequitable with almost two-third cases in middle income
countries. The spectrum of cancer control interventions comprises of prevention followed
by timely and accurate screening and diagnosis. The challenge of cancer diagnosis lies on
specificity of sensor towards cancer cells through lesser invasive testing and better
detection index 22, Its early detection is only possible through a powerful sensing of
relevant biomarkers such as micro-RNA 21, carcinoembryonic antigen, human telomeric

DNA and many others*®.

Of all diagnostic tools currently available, electrochemical methods are one of the most
reliable ones due to their rational design, ease of fabrication, low cost and high-end
sensitivity towards biomolecules. Cancer biomarkers not just comprise of
macromolecules but also ROS like H20, *°” and superoxide which are now being explored
for its early diagnosis. Huang et al. in their recent study have highlighted the significance
of detecting H20; in a range of colon cancer cells (SW-48, NCM-460, and HCT-116) 48,
For the purpose of microelectrode fabrication, reduced graphene fiber was activated
(AGF) through 30% H20. solution which was further placed in polytetrafluoroethylene
(PTFE) autoclaves along with ZnO precursor solution at 90°C for 12 hours. The obtained
product was further treated at 400°C to obtain ZnO/AGF and then incubated into 2-
methylimidazole to obtain ZIF-8@ZnO/AGF. It was soaked in 0.5 M Cu(NOs3)2 solution
to finally obtain Cux(OH)sNOs@ZnO/AGF (Figure 1.15A). The probe was
electrochemically reducing H2O> at -0.8 V which was further calibrated using

choronoamperometry. The sensor was capable of detecting the radical in the range of
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1 uM-17.4 mM with a LOD of 1 puM. MOFs not only find their purpose as sensor matrix
support but also as catalytic metal center providers like in case of a recent study on sensing
superoxide anions (Weizhou, Fan, 2021). In this case, an Ag-based MOF was pyrolyzed
to form an AgNPs@C nanocomposite which was deposited onto the surface of a pre-
treated GCE electrode to detect O-~ released from HelLa cells with an LDR of

3.032x10713-5.719x10° M and LOD of 1.011x1071 M.

Apart from their role in single analyte detection, they have also been explored for
detection of multiple cancer biomarkers through a multiplexing approach 244°, A recent
article on detection of multiple liver cancer biomarkers, human tissue transglutaminase 2
(TGM2) and heterogeneous nuclear ribonucleoprotein A1 (hnRNP Al), focusses on
development of a Fe304/MIL-101(Fe)-(NH)(CO)-COOH (FO/MOF) adorned with
alkaline phosphatase (ALP)-labelled detection antibodies #1°. In a single chip, a spatially
separated array of eight distinct electrodes was screen-printed in parallel fashion where
each electrode comprised of two carbon-ink WE and CE electrodes, and an Ag/AgCl ink
RE. Sandwich assays comprising of anti-TGM2 (JU30-02)-FO/MOF/TGM2/ALP-anti-
TGM2 (2F4) and hnRNP Al aptamer-FO/MOF/hnRNP Al1l/ALP-anti-hnRNP Al were
magnetically assembled onto each WE (Figure 1.15A-ii). The ALP present on them could
enzymatically convert 4-aminophenyl phosphate (APP) producing electroactive species
thereby releasing 2e-and 2H" which facilitated the quantitative analysis of both the
biomarkers. The developed probe was designed to detect two biomarkers at a time but the
model could be well deployed for detection of up to eight biomarkers simultaneously.
The DPV based assay also demonstrated results in clinical undiluted serum samples with
promising results for future liver cancer diagnostics however, lacked an upscaling device
fabrication approach. An attempt towards solving this was made by Zhang et al. where

Z1F-90-ZnO-MoS; nanohybrid-based integrated electrochemical liquid biopsy (ELB)
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platform was developed for direct profiling cancer exosomes from blood *. The
multiplexed point-of-care ELB platform comprised of three WE, one CE and one RE
printed on a polyethylene terephthalate substrate sealed with PDMS. Solid-phase redox
chemical species (silver/carbon band) were placed underneath the WE to facilitate
Ag%Ag* redox reaction to eliminate external redox chemicals and matrix effects. ZIF-90-
ZnO-MoS; was hierarchically grown over the substrate which were immobilized with
exosome recognition antibodies through the MOFs -CHO groups. BSA was interlaced for
its antifouling property to detect exosomes from culture supernatant of human non-small
cell lung cancer cell line (A549) through DPV (Figure 1.15B). The developed sensors
could efficiently sense trace amounts of CD9, CD63 and CD81 with an LOD of 10fg/mL,
1fg/ mL and, 1fg/mL, respectively. Practical application of the microchip was evaluated
by also considering healthy and diseased blood samples generating higher current values
for normal samples. Such rational engineering approaches could pioneer clinically
significant MOF-based multiplexing sensing platforms in coming years. These recently
reported MOF-based biosensors for diagnosis of cancer using its specific biomarkers can
be further complimented with other studies elaborately discussed in Table 1.9 with their
respective target analytes, detection techniques, sensor composite, fabrication strategies,
mechanistic role of MOF, real samples considerations and detection efficiency parameters

(LDR and LOD).
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Flgure 1.15. A) |) Representatlve scheme |Ilustrat|ng the entire process for fabrication of two
types of signalling systems, where the first one comprises of FO/MOF conjugated with capturing
bioreceptors and the second comprises of ALP-labeled specific antibodies. TEM and EDS
mapping of FO/MOF (left inset box) and FO/MOF/hnRNP A1/ALP-anti-hnRNP Al (right inset
box). ii) Representative mechanism of simultaneous detection of TGM2 and hnRNP Al
on fabricated electrode surface. SEM images of bare (left inset box) and final probe (right inset
box). iii) CV data corresponding to target protein detection in alkaline medium (pH 9.0),
reproduced with permission from J. Li et al., copyright 2023. B) Schematic representation of
strategy to impart sensing properties to ZIF-90-ZnO-MoS; based integrated electrochemical
liquid biopsy platform for effective screening of cancer exosomes (adopted from Y. Zhang et al.,
copyright 2022).
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Table 1.9. Detailed list of latest MOF-based electrochemical biosensors for cancer detection

S.No. Target Analyte Detection Sensor Composite Fabrication Strategy Mechanistic Role Real Sample LDR Reference
Technique of MOF
1. i) Human Epidermal SWV ZIF-8/Co-MOF Co-MOF nanosheets were synthesized hydrothermally. High surface area Human 0-15 pg mL" i) 3.8 fg/mL 42
Growth Factor-2 ITO was chosen as the WE and was immersed in a solution with increased serum 1 ii)6.8 fg/mL
(HER-2) of ZIF-8 precursors to coat its surface with a thin film. It conductivity and spiked with
ii) Estrogen receptor was further coated with a drop-casted layer of Co-MOF also provide HER2  and

followed by coating it with labeled ssSDNA aptamers. The adsorption of ER
fabricated electrode was incubated with PBS solution aptamer
containing the target proteins.

2. Circulating  tumor SWV Nd-MOF Template-assisted reagent substitution reaction was used Large surface area Healthy 1.0 fM- 0.30 fM 413
DNA (ctDNA) for the synthesis of nanosheets of Nd-MOF which was providing site to human 1.0nM
then integrated with AuNPs to coat onto the GCE adsorb AuNPs serum
electrode surface. The surface was then further
functionalized with thiol functionalized capture probes
(CPs). On encountering the Fc-labeled signaling probes,
the ctDNA-probe hybridization leads to signal generation.
3. HER-2 DPV La-MOF-PhO; GCE electrode was drop-casted with Polyethyleneimine High specific Human 100 fg mL1- 15.64 fM 414
functionalized ~ MoS2NFs  (PEI-MoS2NFs)  then surface area serum 10 pg mL?
electrocoated with Au nanocrystals. It was followed by providing large
electrode incubation with Abzand thereby treatment with number of active

HER2 samples of varying concentrations. sites
4. Matrix CV, DPV Fe-MOF Fe-MOF was synthesized and functionalized with AuNPs Increase in Serum from 0.5 pg-mL1- 1.30 pg-mLt 4
metalloproteinase-9 and then with peptide2 through sulfhydryl bonding. conductivity metastatic 500 ng-mL!
In another process Au electrode was immobilized with liver cancer
peptide 1. Then the two peptides could integrate with patients
cucurbit[8] uril to complete the probe fabrication.
5. Alpha-fetoprotein ~ DPV Cu-UMOFNs@Au  Cleaned GCE electrode surface was casted with Both MOFs are Human AFP: 0.001- AFP:0.28 46
(AFP) NPs and Co- Au@Fe304 NPs dispersed in 0.5% Nafion solution. It was providing high serum 100 ng mL?* pg mL*!
Cancer embryo UMOFNs@Au NPs  followed by immersion of the electrode in the mixture of surface area, CEA: 0.001- CEA: 0.31
antigen (CEA) 0.1 mg mL'anti-AFP and 0.1 mg mL™anti-CEA, chemical stability 80ngmL? pgmL?

incubation and later immobilization with Abiat RT. The and are carrier for
last step was blocking of non-specific binding sites using antibodies

BSA.
6. Programmed death EIS Cu-F/Hs (Copper Gold was chosen as the working electrode which was Cu-F/Hs  shows Serum 0.5ng/mL- 0.11ng/mL %7
Ligand 1 (PD-L1) MOF) polished and treated with piranha solution followed by  oxidase like 200 ng/mL
washing and drying under N2 atmosphere. To fabricate  activity and

the electrode, it was cycled in 0.5 M H2SO4to remove enhance catalytic
any oxide layer. Then, PD-L1 aptamer was mixed with  activity

TCEP followed by modification with MCH to avoid any

unspecific binding. Then, PD-L1 and Ab-Cu-F/Hs were
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subsequently added to the electrode surface to form
sandwich-like arrangement. Finally, the probe was
completed post addition and incubation by DA and
ODA.

0.5% Nafion solution to obtain a homogeneous mixture. binding
This mixture was dropped onto the surface of the MCPE
followed by dropping CuBTC-AIA solution over it. It was
followed by dispersion of Fe@rGO and PANHS solution

and further saturation with DMF vapour. The modified

probe was immobilized with miR-155 capture probe to

obtain the final sensing probe.

7. HER-2 DPV Zn—Co- Zn-Co-MOF film was electrodeposited onto the electrode Provide active Human 0.75- 0.37 pg/mL 418
MOF@ferrocene surface as a thin film. The formed bimetallic MOF film surface for serum 250 pg/mL
(Fc) and Fe—Co- was used for immobilization of aptamer doped with Fc aptamer
MOF@methylene which acts as a capture probe. In a parallel setup, Fe-Co attachment
blue (MB) MOF was synthesized through the hydrothermal route
which encapsulated the MB signal molecule. The two
MOFs jointly acted as ratiometric sensor probe against
target analyte.

8. Interleukin-1 EIS FeCo-MOF/NF Sliced commercial NF was treated and dried to use as Large surface area Human 10 fg/mL-  PBS Buffer: 4
receptor antagonist FeCo MOF growth substrate in hydrothermal setup. providing site to serum 10 ng/mL  7.30 fg/mL
(IL-1RA) Functionalization of the formed material was done by adsorb AuNPs Serum:

initial incubation in EDC-NHS followed by IL-1RA 7.22 fg/mL
antibody at 4 °C. It was followed by washing in Tween
20-PBS solution and blocking of unwanted sites through
BSA. It was then refrigerated for further usage.
9. Mucinl DPV Mn-MOF-74 The aptasensor was constructed with GCE as the WE High specific Human DPV: DPV:0.31 4%
CA being electrodeposited with AgNPs followed by coating it surface area serum 0.001 nM- pM
with aptamer solution aided by thiol bonding. Later, MCH providing large 100 nM CA:0.25 pM
solution was used to block the non-specific sites followed number of active CA:
by functionalizing with varying concentrations of MUCL. sites 0.001 nM-
Then, Apt/MnO@C@AUNPs were dropped onto the 10 nM
modified electrode surface and was washed with PBS. The
probe was stored at 4 °C to finish the final probe.

10. microRNA 155 DPV Cu-MOF At first, magnetic rod carbon paste electrodes (MCPE) Platform for Human 0.2 fM— 0.08 fM 421

were prepared. In a separate setup, CNF was dispersed in microRNA serum 500 pM

Abbreviations: GCE: Glassy Carbon Electrode; CV: Cyclic Voltammetry; DPV: Differential Pulse Voltammetry; CA: Chronoamperometry; CC: Carbon cloth;
CNF: Carbon nanofibers; PANHS: 1-pyrenebutyric acid-N-hydroxysuccinimide ester; AlA: 5-aminoisophthalic acid; NR: Not Reported
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